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Abstract
The central nervous system (CNS) is the main processing center of the body and is comprised of the brain and spinal
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cord. Some diseases of the CNS, including neurodegenerative diseases such as cognitive decline and dementia, are
associated with advancing age. However, unwanted exposure to stressors may promote or accelerate these
disorders. For example, ionizing radiation is an exposure which can disrupt cellular homeostasis in the brain. Herein,
an adverse outcome pathway (AOP) is described from the molecular initiating event (MIE) of deposition of energy to
the adverse outcome (AO) of learning and memory impairment. This AOP uses well-understood mechanistic events
that encompass oxidative stress, DNA damage, tissue resident cell activation, altered stress response signaling,
neuroinflammation, and their interactions, leading to eventual abnormal neural remodeling. The empirical evidence to
support this AOP is primarily derived from studies that utilize ionizing radiation stressors relevant to space travel and
radiotherapy treatments. Following deposition of energy (MIE, KE#1686), the adjacent key events are oxidative stress
(KE#1392), tissue resident cell activation (KE#1492) and increased DNA strand breaks (KE#1635). Uncontrolled
radical production within the cell has an adjacent connection with increased DNA strand breaks (KE#1635), altered
stress response signaling (KE#2244) and tissue resident cell activation (KE#1492). Tissue resident cell activation has
an adjacent connection to increased proinflammatory mediators (KE#1493). Prolonged neuroinflammation and
altered stress response signaling have adjacent connections with abnormal neural remodeling (KE#2098) and
subsequently learning and memory impairment (AO, KE#341). The AOP also includes multiple non-adjacent
connections between key events. The overall weight of evidence for this AOP is moderate. Despite multiple
knowledge gaps that are present, the evidence demonstrates a high-level of biological plausibility. The quantitative
understanding is low as there is high uncertainty in the quantitative predictions between the KEs. This AOP has wide
applicability and is particularly relevant to exposures from long-duration space flight and medical exposures using
radiation therapy.  

Background

Understanding the impact of ionizing radiation on CNS is essential as there are many possibilities for humans to be
exposed to ionizing radiation including from medical procedures, accidental or wartime exposures, and occupational
exposures, such as industrial radiographers or astronaut crewmembers. Various studies have reported cognitive
deficits after high-doses of radiation exposure from radiotherapy, though there is a reported individual variability in
human cohorts (Greene-Schloesser et al., 2012; Katsura et al., 2021; Turnquist et al., 2020). In preclinical animal
models, studies suggest that even low-to-moderate doses of ionizing radiation from heavy ions can cause structural
and functional impairments to the CNS including reductions in neurogenesis, changes in dendritic properties,
activation of glial cells, leading to neural remodeling (Cekanaviciute et al., 2018; Kiffer et al., 2019b). However, how
key changes in structural and functional properties of the CNS from ionizing radiation exposure are related to changes
in cognitive function have yet to be delineated. Furthermore, preclinical studies also suggest that ionizing radiation
may impact two major cognitive processes: learning and memory. Learning is the ability to create new associative or
non-associative relationships and memory is the ability to recall sensory, short-term or long-term information (Desai
et al., 2022, Kiffer et al., 2019b). Both learning and memory involve multiple brain areas including the hippocampal
region, as well as the amygdala, the prefrontal cortex and the basal ganglia (Cucinotta et al., 2014; Desai et al., 2022;
NCRP Commentary, 2016). The link between learning and memory is complexly intertwined, as their processes share
mechanisms such as changes in neuronal plasticity, alternations in neurotransmitter release and reuptake and
alterations in gray and white matter structure (Toricelli et al., 2021). Thus far, direct pathways linking ionizing
radiation to key cellular and molecular events leading to an AO of impaired learning and memory have not been
established.   

This AOP can serve as a foundational pathway for expansion to other cognitive disorders and CNS diseases from an
MIE of deposition of energy. The strength of this AOP is in its rigorous and systematic collection and evaluation of
evidence with moderate to high levels of qualitative evidence supporting the KERs.  

Summary of the AOP

Events

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type Event ID Title Short name

MIE 1686 Deposition of Energy Energy Deposition

KE 1392 Oxidative Stress Oxidative Stress
KE 2244 Altered Stress Response Signaling Altered Stress Response Signaling
KE 1492 Tissue resident cell activation Tissue resident cell activation

KE 2097 Increase, Pro-Inflammatory Mediators Increase, Pro-Inflammatory
Mediators

KE 2098 Increase, Abnormal Neural
Remodeling Abnormal Neural Remodeling

KE 1635 Increase, DNA strand breaks Increase, DNA strand breaks
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AO 341 Impairment, Learning and memory Impairment, Learning and memory
Sequence Type Event ID Title Short name

Key Event Relationships

Upstream Event Relationship
Type Downstream Event Evidence Quantitative

Understanding

Deposition of Energy adjacent Oxidative Stress High Moderate
Deposition of Energy adjacent Tissue resident cell activation Moderate Moderate

Oxidative Stress adjacent Altered Stress Response
Signaling High Low

Oxidative Stress adjacent Tissue resident cell activation Moderate Low

Tissue resident cell activation adjacent Increase, Pro-Inflammatory
Mediators Moderate Low

Increase, Pro-Inflammatory
Mediators adjacent Increase, Abnormal Neural

Remodeling Moderate Low

Increase, Abnormal Neural
Remodeling adjacent Impairment, Learning and

memory Moderate Low

Altered Stress Response
Signaling adjacent Increase, Abnormal Neural

Remodeling Moderate Low

Increase, DNA strand breaks adjacent Increase, Abnormal Neural
Remodeling Moderate Low

Oxidative Stress adjacent Increase, DNA strand breaks Moderate Moderate
Deposition of Energy adjacent Increase, DNA strand breaks High High

Increase, DNA strand breaks adjacent Altered Stress Response
Signaling Moderate Low

Deposition of Energy non-adjacent Increase, Abnormal Neural
Remodeling Moderate Low

Deposition of Energy non-adjacent Impairment, Learning and
memory Moderate Low

Increase, Pro-Inflammatory
Mediators non-adjacent Impairment, Learning and

memory Moderate Low

Stressors

Name Evidence

Ionizing
Radiation

Overall Assessment of the AOP
This AOP was derived from data that investigates the CNS of humans, animals and cellular models following
predominantly exposure to ionizing radiation. The AOP is qualitative in nature and not intended to be specific to any
particular exposure parameter. The exposure parameters informing the AOP include doses of moderate-high (>1 Gy)
and both high and low-LET radiation qualities.  However, the extent to which cognitive deficits exist at low-to-
moderate ionizing radiation doses (0.1 Gy - 1 Gy) across all the KEs in the AOP remains incompletely understood as
limited empirical evidence was retrieved to support this understanding. Since KERs are independent units from the
rest of the AOP and can support multiple AOs,  some macromolecular KERs may include studies from cell types (e.g.,
lens cells) and stressors (e.g.,  UV) not relevant to the AO.    

The goal of this AOP is to identify the qualitative biological perturbations of the MIE of deposition of energy through
the molecular, cellular and tissue-level KEs that lead to abnormal neural remodeling and the AO of impaired learning
and memory. While neural remodeling is a natural process that allows the brain to continue to adapt, long-term
exposure to stressors such as the space environment (e.g., microgravity and space radiation) may lead to chronic
inflammation and possible changes in structure and function of neural cells ultimately resulting in cognitive deficits.
The progression of KEs along the proposed hypothetical AOP is driven by persistent oxidative stress and chronic
release of pro-inflammatory markers, creating an environment of neuroinflammation. The KEs chosen for this AOP had
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adequate empirical evidence, however, other KEs may be added later to incorporate new mechanisms and AOs into
its broader network. Since the AOP is stressor agnostic, this pathway is applicable to impaired learning and memory in
the context of multiple stressors of deposition of energy including ionizing radiation exposure from space travel and
radiotherapy. 

 

Biological Plausibility  

The overall biological plausibility in this AOP is high. The KERs in the AOP have either moderate or high evidence for
the mechanistic understanding of the relationships between the upstream and downstream KEs. The KEs are well-
studied, and an understanding of the structural and functional linkages are well-established. 

This AOP is initiated with deposition of energy. Deposition of energy can damage DNA via direct mechanisms, by
which the electrons ionize DNA molecules themselves, or via indirect mechanisms, by which the ionization of water
produces hydroxyl radicals that can damage DNA bases causing DNA strand breaks (Nikjoo et al., 2016; Wilkinson et
al., 2023) or directly upregulating enzymes involved in reactive oxygen and nitrogen species (RONS) production (i.e.,
catalase) (de Jager, Cockrell and Du Plessis, 2017). Both reactive oxygen species (ROS) as well as reactive nitrogen
species (RNS) (Ahmadi et al., 2022; Karimi et al., 2017; Slezak et al., 2015; Tahimic & Globus, 2017; Wang et al.,
2019a) may be produced after deposition of energy. If RONS cannot be eliminated quickly and efficiently by the cell’s
defense system, oxidative stress ensues (Balasubramanian, 2000; Ganea & Harding, 2006; Karimi et al., 2017). Within
the brain, oxidative stress can lead to the activation of microglial cells (Fishman et al., 2009; Schnegg et al., 2012;
Zhang et al., 2017) and astrocytes (Daverey & Agrawal, 2016; Wang et al., 2017). These cells then release pro-
inflammatory mediators and initiate antioxidant defenses (Lee, Cha & Lee, 2021; Simpson & Oliver, 2020). However, if
the antioxidant capacity is overwhelmed, chronic inflammation may result. 

Oxidative stress can also lead to altered stress response signaling. Directly, ROS causes oxidation of amino acid
residues resulting in conformational changes, protein expansion, and protein degradation. This can cause changes in
the activity and level of signaling proteins (Ping et al., 2020; Li et al., 2013). Oxidation of key functional amino acids
can also alter the activity of signaling proteins, resulting in downstream alterations in signaling pathways (Ping et al.,
2020; Schmidt-Ullrich et al., 2000; Valerie et al., 2007; Lehtinen & Bonni, 2006; Ramalingam & Kim, 2012). DNA
strand breaks from oxidative damage can activate DNA damage response signaling and modify the expression of
other signaling proteins (Ping et al., 2020; Nagane et al., 2021; Schmidt-Ullrich et al., 2000; Valerie et al., 2007). 

Both increased pro-inflammatory mediators and altered stress response signaling can lead to abnormal neural
remodeling. Various pro-inflammatory cytokines can affect neural activity/function, the most common being IL-1β,
TNF-α, IL-6 and IFN-γ. During an inflammatory response, these cytokines act on different receptors to initiate several
signaling pathways to induce neuronal degeneration, apoptosis or to propagate further pro-inflammatory responses
(Mousa & Bakhiet, 2013; Prieto & Cotman, 2018). These signaling pathways include, but are not limited to PI3K/Akt
pathways, MAPK pathways, senescence signaling, and apoptosis pathways. The PI3K/Akt and MAPK pathways are
involved in many processes in neurons, including cell survival, morphology, proliferation, differentiation, and synaptic
activity (Davis and Laroche, 2006; Falcicchia et al., 2020; Long et al., 2021; Mazzucchelli and Brambilla, 2000; Mielke
and Herdegen, 2000; Nebreda and Porras, 2000; Rai et al., 2019; Rodgers and Theibert, 2002; Sherrin, Blank, and
Todorovic, 2011). The apoptosis pathway decreases cell number, while senescence signaling can influence the
regenerative potential of the cell and therefore, neurogenesis (Betlazar et al., 2016; McHugh and Gil, 2018; Mielke
and Herdegen, 2000). Disruptions to components of these pathways will lead to abnormal neural remodeling, which
includes alterations in both morphological properties and functional properties of the neurons (Betlazar et al., 2016;
Davis and Laroche, 2006; Mazzucchelli and Brambilla, 2000; Nebreda and Porras, 2000). However, the biological
changes that follow perturbation of these pathways is not understood in every context and cell type, making the
biological plausibility for this relationship moderate (Nebreda and Porras, 2000). Decreased morphological properties
of neurons, including reductions in dendritic complexities and spine densities, as well as altered functional properties
of neurons including altered synaptic signaling and neurogenesis, has been associated with learning and memory
impairment (Bálentová & Adamkov, 2020; Hladik & Tapio, 2016; Monje & Palmer, 2003; Romanella et al., 2020; Tomé
et al., 2015). 

 

Empirical Support (Temporal, Dose, and Incidence Concordance) 

This AOP demonstrates moderate empirical evidence to support the modified Bradford Hill criteria. Overall, many
studies demonstrated that upstream KEs occurred at lower or the same doses and at earlier or the same times as
downstream KEs. There were some inconsistencies where the KEs were only measured at one dose or time. The
evidence collected was gathered from various studies using in vitro and in vivo rat, mice, rabbit, squirrel, bovine and
human models. Various stressors were applied, including UV, UVB, UVA, gamma ray, X-ray, protons, alpha particle,
neutron, and heavy ion irradiation. 

Regarding time concordance, deposition of energy occurs immediately following irradiation, and downstream events
will always occur at a later time-point. DNA damage occurs within nanoseconds of deposition of energy with DNA
strand breaks measured from seconds to minutes later and altered signaling measured minutes to days later
(Acharya et al., 2010; Antonelli et al., 2015; Mosconi et al., 2011; Rogakou et al., 1999; Rothkamm and Lo, 2003;
Sabirzhanov et al., 2020; Zhang et al., 2017). Rapid increases in ROS (Limoli et al., 2004; Giedzinski et al., 2005;
Suman et al., 2013) and activation of microglia and astrocytes have been observed within hours of irradiation and
can persist for 12 months (Kyrkanides et al., 1999; Hwang et al., 2006; Suman et al., 2013). For tissue resident cell
activation and increase in pro-inflammatory mediators, studies generally show that these events occur at a similar
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time frame (Parihar et al., 2018; Liu et al., 2010; Dong et al., 2015; Lee et al., 2010; Zhou et al., 2017). The alteration
of signaling pathways is a molecular-level KE like oxidative stress, and both can occur concurrently (Xu et al., 2019),
although increased ROS levels can be initiated significantly before altered stress response signaling (Suman et al.,
2013). Abnormal neural remodeling has been observed at various time points from hours to months after exposure to
a stressor, and its upstream KEs (altered signaling and increased pro-inflammatory mediators) generally appear
earlier (Kanzawa et al., 2006; Limoli et al., 2004; Pius-Sadowska et al., 2016) or at similar times, respectively (Zonis
et al., 2015; Wong et al., 2004, Green et al., 2012; Ryan et al., 2013; Vallieres et al., 2002). In response to irradiation,
impaired learning and memory is typically observed at similar time-points as markers of  abnormal neural remodeling
due to the timing of measurements (Raber et al., 2004; Parihar et al., 2016; Madsen et al., 2003; Winocur et al.,
2006; Rola et al., 2004). 

Regarding dose concordance, multiple studies also demonstrate that the upstream KEs occur at lower or the same
doses as downstream KEs as energy is deposited immediately at any dose of radiation. Some studies report a linear-
dose-dependent increases in DNA strand breaks for a large range of doses (Antonelli et al., 2015; Hamada et al, 2006;
Rübe et al., 2008). In addition, neural precursor cells irradiated with protons at 1, 2, 5 and 10 Gy showed a dose-
dependent increase in ROS levels (Giedzinski et al., 2005). In another study, activation of microglia and astrocytes
were seen at doses as low as 5 cGy that persisted to 30 cGy (Parihar et al., 2018). However, dose concordance is not
consistently observed across studies, which can be attributed to differences in experimental design. Some studies
also only measured the KEs at one dose, which presented further inconsistencies. 

Few studies showed incidence concordance where the upstream KE demonstrated a greater change than the
downstream KE following a stressor. Not all KERs displayed an incident-concordant relationship, but for those that did,
only a small proportion of the empirical evidence supported this relationship. For example, mice exposed to 2 Gy of
gamma irradiation showed increases of pro- apoptotic markers p53 and BAX by 8.4- and 2.3-fold, respectively. A 0.6-
fold decrease in Bcl-2 (anti-apoptotic marker) was also observed, and gamma rays cause a decrease in cortical
thickness by 0.9-fold (Suman et al., 2013). 

Uncertainties, Inconsistencies, and Data Gaps 

There are a few inconsistencies in this AOP. Some studies show sex-specific changes in the KEs. For example, two
studies reported that tissue resident cell activation was not affected in female mice after 0.3 and 0.5 Gy of radiation
(Krukowski et al., 2018a; Parihar et al., 2020) while a separate study showed that only female mice had activated
cells after 2 Gy (Raber et al., 2019). Another study reported a greater radiation-induced reduction in neurogenesis in
male mice compared with female mice (Kalm et al., 2013). More research is necessary to identify if these results are
sex-specific or due to other modulating factors. 

There have been some inconsistencies reported in the KER Deposition of Energy (KE#1686) to Increase DNA Strand
Breaks (KE#1635). For example, dose-rates and radiation quality may influence dose-response relationships (Brooks
et al., 2016, Sutherland et al., 2000; Nikjoo et al., 2001; Jorge et al., 2012). More research is necessary to understand
the impact low-doses of ionizing radiation exposure on DNA damage as some studies report low-dose exposures may
invoke protection against spontaneous genomic damage (as reviewed by ICRP (2007) and UNSCEAR (2008)). 

Anatomical location of change in the KEs may impact its response. For example, in response to ionizing radiation,
changes occurred in hippocampal dendritic spines CA1 subregion of hippocampus but not in the dorsal dentate gyrus
(Kiffer et al., 2019a). 

Changes in KEs and the AO may be dose and stressor specific when assessed using animal models. For example, cue
feared conditioning, a measure of learning and memory had different responses in mice at 0.2 Gy vs. 1 Gy of 28Si
exposure (Whoolery et al., 2017). Also in mice, object memory was impaired after 0.1 or 0.25 Gy 16O exposure and
social novelty learning was impaired after 0.25 Gy 16O exposure, but neither dose impaired short-term spatial
memory (Kiffer et al., 2019a). 

Changes in signaling pathways may provide inconsistent outcomes related to abnormal neural remodeling. For
example, the p38 pathway is involved in many, often opposing, biological processes (Nebreda and Porras, 2000).
Furthermore, the MAPK pathways can exhibit varied responses after exposure to oxidative stress (Azimzadeh et al.,
2015). 

Many studies do not report direct measures of oxidative stress. As free radicals are quickly scavenged, the
quantitative understanding of this relationship can be inconsistent, due to varied response of antioxidant enzymes
across experimental conditions and time measurements. This has led to some inconsistencies within the KERs. For
example, in contrast to other studies demonstrating an increase in oxidative stress following deposition of energy,
neutron radiation decreased malondialdehyde, a product of oxidative stress (Chen et al., 2021). 

The scope of several KEs in this AOP is broad and this reflects a level of uncertainty in exact endpoints that
specifically link to the AO, therefore several  KEs (e.g. abnormal neural remodeling and signaling pathways) are
defined by multiple structural and functional measurements. 

Inflammatory markers exhibit a dual role, with the capacity for both anti-inflammatory and pro-inflammatory actions.
Variables such as concentration, timing, and the specific microenvironment play pivotal roles in determining whether
a mediator acts in a pro-inflammatory or anti-inflammatory manner (Lawrence & Gilroy, 2007; Nathan & Ding, 2010). 

The use of different assays to assess the KEs may lead to variations in the quantitative understanding of observations
across studies. 

Limited data is available to support an understanding of oxidative stress and pro-inflammatory mediators at low
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doses < 0.1 Gy. 

Finally, many of the KERs do not include studies in humans. More research could be needed to observe these
relationships in human models. 

There were multiple challenges present in the development of this AOP which identified numerous gaps in the data.
The majority of the evidence for this AOP is extracted from preclinical animal and cellular models. Therefore, the low
availability of human studies presents a challenge as translation of the animal and cellular models to humans is
difficult due to differences in physiology, methods and measurements. In addition, although both age and sex are
listed as modulating factors, there is more research necessary to elucidate the interaction between age and sex on
the KEs, particularly how these factors may modulate the causal connectivity of the relationships and the AO. Direct
comparisons between studies were also difficult due to differences in model, radiation quality, dose, dose rate and
endpoint which led to some inconsistencies. Many studies reported limited dose ranges or time-points and often
measured a single KE, limiting evidence for direct KERs. The current AOP has low quantitative evidence supporting the
KERs, however, this AOP can be expanded with experiments that further exemplify the level of dose- and time-
concordance across multiple endpoints. This will improve the quantitative understanding of the relationships which
can then support the development of risk models and tools for mitigating risk. 

Domain of Applicability

Life Stage Applicability
Life Stage Evidence

All life
stages High

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI
rabbit Oryctolagus cuniculus Low NCBI
dog Canis lupus familiaris Low NCBI
pigs Sus scrofa Low NCBI
cow Bos taurus Low NCBI

Sex Applicability
Sex Evidence

Unspecific High
Male Moderate
Female Low

This AOP is relevant to vertebrates, such as humans, mice, rats. The taxonomic evidence supporting the AOP comes
from the use of human (Homo sapiens), human-derived cell line, beagle dog (Canis lupus familiaris), rat (Rattus
orvegicus), and mouse (Mus musculus) studies. Across all species, most available data was derived from adult and
adolescent models with a moderate to high level of evidence compared to less available data from preadolescent
models. Many of the KEs demonstrated moderate to high evidence for males and low evidence for females. In multiple
KEs, sex was unspecified. 

 

Essentiality of the Key Events

Overall, the KEs in this AOP demonstrate moderate essentiality. Essentiality is demonstrated when upstream KEs are
blocked or inhibited eliciting a change in the downstream KE. 

Essentiality of the Deposition of Energy (MIE, KE#1686)  

 Deposition of energy is difficult to test for essentiality as deposition of energy is a physical stressor and cannot
be blocked/decreased using chemicals. Since deposited energy initiates events immediately, the removal of
deposited energy, a physical stressor, also supports the essentiality of the key event. Studies that do not deposit
energy are observed to have no downstream effects. 

Essentiality of Oxidative Stress (KE#1392)  

The effect of antioxidants on altered stress response signaling (KE#2244) 
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Antioxidants including Melandrii Herba extract, N-acetyl-L-cysteine (NAC), gallocatechin gallate/epigallocatechin-
3-gallate, Cornus officinalis (CC) and fermented CC (FCC), L-165041, fucoxanthin, and edaravone were shown to
decrease phosphorylation of MAPKs such as ERK1/2, JNK1/2 and p38 after exposure to radiation, H2O2 or
lipopolysaccharide (LPS) (Lee et al., 2017; Deng et al., 2012; Park et al., 2021; Tian et al., 2020; Schnegg et al.,
2012; Zhao et al., 2017; Zhao et al., 2013; El-Missiry et al., 2018). 

The effects of antioxidants on tissue resident cell activation (KE#1492) 

Antioxidants including Kukoamine A (KuA) and curcumin were found to reduce levels of microglia and astrocyte
activation (Zhang et al. 2017; Daverey & Agrawal, 2016; Wang et al., 2017). 

The effect of knocking out a ROS-producing enzyme 

 A knockout model of mitochondrial superoxide dismutase 2 (SOD2) resulted in an increase in reactivity of
microglial cells (Fishman et. al 2009). 

Essentiality of Increase, DNA Strand Breaks (KE#1635)  

The effects of blocking DNA strand breaks on altered stress response signaling (KE#2244) 

Treatment with mesenchymal stem cell-conditioned medium (MSC-CM) reduced γ-H2AX, decreased the levels of
p53, Bax, cleaved caspase 3 and increased the levels of Bcl-2 in HT22 cells irradiated with 10 Gy of X-rays
(Huang et al., 2021). 

The inhibition of microRNA (miR)-711 decreased levels of DNA damage markers, p-ATM, p-ATR and γ-H2AX, and
decreased signaling molecules including p-p53, p21 and cleaved caspase 3 (Sabirzhanov et al., 2020). 

The effects of blocking DNA strand breaks on abnormal neural remodeling (KE#2098) 

Treatment of HT22 hippocampal neuronal cells with minocycline inhibited the expression of γ-H2AX and the p-
ATM/ATM ratio as well as reduced apoptosis following X-ray exposure (Zhang et al., 2017). Similarly, MSC-CM
reduced the expression of γ- H2AX and reduced apoptosis, reversing the changes induced by X-ray radiation
(Huang et al., 2021). 

Lithium chloride was also shown to reduce γ-H2AX levels and increase proliferation in neural stem cells
irradiated with 60Co gamma rays (Zanni et al., 2015). 

Essentiality of Altered Stress Response Signaling (KE#2244)  

The effects of modulating cell signaling on abnormal neural remodeling (KE#2098) 

Knockout models of key molecules in the MAPK pathways and apoptotic pathway reduced apoptotic activity and
restored neuron numbers induced by simulated ischemic stroke or radiation (Tian et al., 2020; Chow, Li and
Wong, 2000; Limoli et al., 2004). 

 Inhibition of key signaling molecules involved in the MAPK pathways and the PI3K/Akt pathway restored neural
stem cell numbers, neuronal differentiation, and neuronal structure induced by radiation (Eom et al., 2016;
Kanzawa et al., 2006; Zhang et al. 2018) 

Essentiality of Tissue Resident Cell Activation (KE#1492) 

The effects of modulating cell activation on pro-inflammatory mediators (KE#1493) 

Drugs including tamoxifen, retinoic acid, N-acetyl-L-cysteine (NAC), SP 600125 (SP), a specific c-jun kinase
inhibitor, and NS- 398, a microglial activator attenuated the activation of tissue-resident cells and consequently
reduced the levels of pro- inflammatory mediators (Liu et al., 2010; van Neerven et al., 2010; Komatsu et al.,
2017; Ramanan, 2008; Kyrkanides et al., 2002). 

 

Essentiality of Pro-Inflammatory Mediators (KE#1493) 

The effects of modulating pro-inflammatory mediators on abnormal neural remodeling (KE#2098) 

Treatments including MW-151, a selective inhibitor of pro-inflammatory cytokine production, KuA, and histamine
restored neurogenic signaling, hippocampal apoptosis, and neuronal complexity (Jenrow et al., 2013; Zhang et
al., 2017; Saraiva et al., 2019). 

Multiple studies use cytokine receptor antagonists or knock-out key receptors to block the effects of IL-1β, TNF-
α, and CCL2, which preserves neuron survival (Green et al., 2012; Ryan et al., 2013; Wu et al., 2012; Chen and
Palmer, 2013). 

Complement component 3 (C3) knockout models also caused increased synaptic number, reduced neuron loss
and ameliorated synaptic morphology impairment (Shi et al., 2017). 

The effects of modulating pro-inflammatory mediators on learning and memory impairment (AO, KE#341) 
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 Anti-inflammatory drugs or hormones including MW-151, a selective inhibitor of pro-inflammatory cytokine
production, lidocaine, an anesthetic with anti-inflammatory properties, ethyl-eicosapentaenoate (E-EPA) and 1-
[(4-nitrophenyl)sulfonyl]-4- phenylpiperazine (NSPP), both of which are anti-inflammatory drugs and α-
Melanocyte stimulating hormone (α-MSH), which antagonizes the effects of pro-inflammatory cytokines, have
rescued the impairments seen in learning and memory (Bhat et al., 2020; Gonzalez et al., 2009; Jenrow et al.,
2013; Taepavarapruk & Song, 2010; Tan et al., 2014). 

Essentiality of Abnormal Neural Remodeling (KE#2098)  

No identified studies describe essentiality of abnormal neural remodeling as it cannot be blocked / decreased using
chemicals 

Weight of Evidence Summary

Biological Plausibility 

1. Support
for Biological
Plausibility of
KERs 

Defining Question High (Strong) Moderate Low (Weak) 
Is there a
mechanistic
relationship between
KEup and KEdown
consistent with
established biological
knowledge? 

Extensive understanding
of the KER based on
extensive previous
documentation and broad
acceptance; Established
mechanistic basis 

KER is plausible based
on analogy to accepted
biological relationships,
but scientific
understanding is not
completely established 

There is empirical support
for statistical association
between KEs, but the
structural or functional
relationship between them
is not understood 

Deposition of
Energy (MIE,
KE#1686) →
Oxidative
Stress
(KE#1392) 

High 

There is high evidence surrounding the biological plausibility of deposition of energy leading to
increased oxidative stress. When energy reaches a cell, it reacts with water and organic materials to
produce ROS. Oxidative stress occurs when antioxidant systems cannot eliminate ROS.  

Deposition of
Energy (MIE,
KE#1686) →
Tissue
Resident Cell
Activation
(KE#1492) 

High 

There is high evidence surrounding biological plausibility of deposition of energy leading to tissue
resident cell activation. It is well understood that deposition of radiation energy leads to a recruitment
of immune cells within the local tissue which can induce an immune and inflammatory response,
characterized by the recruitment and activation of local macrophages in the brain. 

Oxidative
Stress
(KE#1392) →
Increase,
DNA Strand
Breaks
(KE#1635) 

High 

There is high evidence surrounding biological plausibility of oxidative stress leading to DNA strand
breaks. Oxidative stress can induce DNA damage by oxidizing or deleting DNA bases leading to strand
breaks.  

Increase,
DNA Strand
Breaks
(KE#1635) →
Altered
Stress
Response
Signaling
(KE#2244) 

High 

There is high evidence surrounding biological plausibility of increased DNA strand breaks to altered
stress response signaling. DNA strand breaks induce DNA damage responses which result in the
induction of various stress response signaling. 

Oxidative
Stress
(KE#1392) →
Tissue
Resident Cell
Activation
(KE#1492) 

Moderate 

There is moderate evidence surrounding biological plausibility of increased oxidative stress leading to
tissue resident cell activation. Increases in oxidative stress elicits activation of microglial cells and
astrocytes in the brain. Activated microglia and astrocytes release pro-inflammatory mediators and
promote antioxidant defenses. Feedforward and feedback loops of RONS and inflammatory pathways
make the direct link between oxidative stress and microglial cell or astrocyte activation difficult to
discern. 

Oxidative
Stress
(KE#1392) →
Altered
Stress
Response
Signaling
(KE#2244) 

High 

There is high evidence surrounding the biological plausibility of increased oxidative stress to altered
stress response signaling. Oxidative stress can lead to altered stress response signaling both directly
and indirectly. Directly, oxidative stress conditions can lead to oxidation of amino acid residues. This
causes conformational changes, protein expansion, and protein degradation, leading to changes in the
activity and level of signaling proteins that result in downstream alterations in signaling pathways.
Indirectly, oxidative stress can damage DNA causing changes in the expression of signaling proteins as
well as the activation of DNA damage response signaling. 
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Altered
Stress
Response
 Signaling
 (KE#2244)
→ Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Moderate 

There is moderate evidence surrounding biological plausibility of altered stress response signaling to
abnormal neural remodeling. Abnormal neural remodeling is controlled by signaling pathways in the
brain, including PI3K/Akt pathway, MAPK pathways, senescence pathways, and apoptosis pathways.
The PI3K/Akt and MAPK pathways are involved in many processes in neurons, including cell survival,
morphology, proliferation, differentiation, and synaptic activity.  The apoptosis pathway influences cell
numbers, while the senescence pathway can influence neurogenesis. Disruptions to components of
these pathways will lead to abnormal neural remodeling in a relationship that is structurally well-
understood.  However, the biological changes that follow perturbation of these pathways is not
understood in every context and cell type.  

Tissue
Resident Cell
Activation
(KE#1492) →
Increase,
Pro-
inflammatory
Mediators
(KE#2097)  

High 

There is high evidence surrounding biological plausibility of tissue resident activation to increase in
pro-inflammatory mediators. In the brain, activated astrocytes and microglia undergo gliosis and
proliferate, releasing pro-inflammatory mediators and production of cytokines. This response is normal
after exposure to pathogens, but prolonged activation can prolong the inflammatory response.
Cytokines and chemokines can also increase the permeability of the blood-brain barrier, further
increasing pro-inflammatory mediator levels.   

Increase,
Pro-
inflammatory
Mediators
(KE#2097) →
Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Moderate 

There is moderate evidence surrounding the biological plausibility of increased pro-inflammatory
mediators to abnormal neural remodeling. There are various pro-inflammatory cytokines that can
affect neuronal integrity an inflammatory response and these cytokines act on different receptors to
initiate several signaling pathways to induce neuronal degeneration, apoptosis or to propagate pro-
inflammatory responses. However, the exact mechanistic relationship remains to be elucidated due to
the complexity of cytokine cascading events. 

Increase,
Abnormal
Neural
Remodeling
(KE#2098) →
Impairment,
Learning and
Memory (AO,
KE#341)   

Moderate 

There is moderate evidence surrounding biological plausibility of abnormal neural remodeling leading
to impaired learning and memory. Evidence of abnormal neural remodeling, such as reductions in
spine density, reduced adult neurogenesis and impaired neuronal networks are associated with
cognitive impairments, as evident from studies in multiple different species 

Deposition of
Energy (MIE,
KE# 1686)
→  Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Moderate 

There is moderate evidence surrounding biological plausibility of deposition of energy to abnormal
neural remodeling. Irradiation induces oxidative stress and neuroinflammation, which alter neuronal
integrity. Many reviews examine the radiation-induced neural damage and identify correlation with
oxidative stress and neuroinflammatory mechanisms.  

Deposition of
Energy (MIE,
KE#1686) →
Impairment,
Learning and
Memory (AO,
KE#341)   

High 

There is high evidence surrounding biological plausibility of deposition of energy to impaired learning
and memory. Energy deposition in the form of ionizing radiation can result in behavioral changes and
impairments in learning and memory. Under normal conditions, diminished cognitive functions is
influenced by aging or can occur if there is a predisposition to neurodegenerative diseases such as
Alzheimer’s, however, exposure to ionizing radiation may accelerate risk for age-related cognitive
decline. 

Deposition of
Energy (MIE,
KE#1686) →
Increase,
DNA Strand
Breaks
(KE#1635) 

High 

There is high evidence surrounding biological plausibility of deposition of energy to DNA strand breaks.
Direct DNA damage can occur after deposition of energy by direct oxidation of the DNA. Indirect DNA
damage from deposition of energy can also occur via generation of ROS that can subsequently oxidize
and damage DNA. 
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Increase,
DNA Strand
Breaks
(KE#1635) →
Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Moderate 

There is moderate evidence surrounding biological plausibility of increased DNA strand breaks to
increase, abnormal neural remodeling. DNA strand breaks may initiate apoptotic signaling and impact
synaptic activity, neural plasticity, differentiation, and proliferation. 

Pro-
inflammatory
Mediators
(KE#2097) →
Impairment,
Learning and
Memory (AO,
KE#341)   

Moderate 

There is moderate support for the biological plausibility of the key event relationship between pro-
inflammatory mediators to impaired learning and memory. In a neuroinflammatory response, pro-
inflammatory mediators including cytokines induce physiological and/or structural changes within the
brain that can ultimately lead to impaired learning and memory. The exact mechanistic relationship is
still unclear due to the complexity of cytokine cascading events. 

 

Empirical Support 

Review of the
Empirical support for
each KER 

Defining Question High (Strong) Moderate Low (Weak) 

Does KEupstream occur
at lower doses and
earlier time points
than KEdownstream; is
the incidence or
frequency
of KEupstream greater
than that
for KEdownstream for
the same dose of
tested stressor?    

There is a
dependent
change in both
events
following
exposure to a
wide range of
specific
stressors
(extensive
evidence for
temporal, dose-
response and
incidence
concordance)
and no or few
data gaps or
conflicting
data. 

There is
demonstrated
dependent change in
both events following
exposure to a small
number of specific
stressors and some
evidence inconsistent
with the expected
pattern that can be
explained by factors
such as experimental
design, technical
considerations,
differences among
laboratories, etc 

There are limited or no
studies reporting dependent
change in both events
following exposure to a
specific stressor (i.e.,
endpoints never measured in
the same study or not at all),
and/or lacking evidence of
temporal or dose-response
concordance, or identification
of significant inconsistencies
in empirical support across
taxa and species that don’t
align with the expected
pattern for
the hypothesised AOP 

Deposition of Energy
(MIE, KE#1686) →
Oxidative Stress
(KE#1392) 

High 

 Ample evidence from in vitro and in vivo rat, mice, rabbit, squirrel, bovine and human
models support time and dose response effects related to deposition of energy from various
ionizing radiation sources leading to an increase in oxidative stress. 

Deposition of Energy
(MIE, KE#1686) →
Tissue Resident Cell
Activation (KE#1492) 

Moderate 

 With increasing dose of ionizing radiation, there are increasing amounts of resident tissue
activation in both astrocytes and microglial cells. Multiple studies show dose-response and
time-response effects with both high and low dose studies, as well as time ranges from hours
to months, though additional studies at low-doses would improve empirical support.  

Oxidative Stress
(KE#1392) → Increase,
DNA Strand Breaks
(KE#1635) 

Moderate 

Empirical evidence from in vivo and in vitro studies demonstrates increased DNA strand
breaks from oxidative stress. Multiple studies show dose-response effects, though time
response effects are difficult to monitor for both KEs.  

Increase, DNA Strand
Breaks (KE#1635) →
Altered Stress
Response Signaling
 (KE#2244) 

Moderate 

A few studies demonstrate dose-concordance, and multiple studies demonstrate time-
concordance for this relationship. DNA strand breaks were observed prior to altered stress
response signaling. 

Oxidative Stress
(KE#1392) → Tissue
Resident Cell
Activation (KE#1492) 

 Moderate 

 The literature demonstrates that an increase in the level of stressor related to oxidative
stress results in an increase in cellular activation of microglial cells or astrocytes and this
relationship is consistent between studies. However, dose and time concordance are unclear
as there is limited data that describes oxidative stress occurring at lower doses or before
tissue resident cell activation. 
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Oxidative Stress
(KE#1392) → Altered
Stress Response
Signaling (KE#2244) 

Moderate 

Many studies demonstrate dose-concordance, and few demonstrate time-concordance for
this relationship. Oxidative stress was often observed at lower, or the same doses as altered
signaling and sometimes also at earlier times as altered signaling. However, only a few
specific stressors are used in this KER and inconsistencies are present, likely due to different
experimental designs. 

Altered Stress
Response  Signaling
(KE#2244) →  Increase,
Abnormal Neural
Remodeling
(KE#2098) 

 Moderate 

 Many studies demonstrate dose-concordance in multiple signaling pathways. Studies have
also shown that signaling pathways are altered before abnormal neural remodeling is
observed. However, inconsistent changes in signaling pathways may be due to the context-
dependence of signaling pathways as they can have different biological processes. 

Tissue Resident Cell
Activation (KE#1492)
→ Increase, Pro-
inflammatory
Mediators (KE#2097)  

Moderate 

 Studies consistently observed changes in astrocyte and microglial activation at lower or the
same dose as increased pro-inflammatory mediators and many studies also found changes
in astrocyte and microglial activation earlier or at the same time as increased pro-
inflammatory mediators. However, inconsistencies could be due to differences in
experimental conditions. 

Increase, Pro-
inflammatory
Mediators (KE#2097)
→ Increase, Abnormal
Neural Remodeling
(KE#2098) 

Moderate 

 There are multiple studies that show time-concordance, though studies on dose-
concordance are lacking. Studies suggest that pro-inflammatory mediators are increased
before abnormal neural remodeling occurs, reporting changes as early as 3 hours and
persisting as long as 3 months. However, additional studies describing dose-concordance
would improve empirical support. 

Increase, Abnormal
Neural Remodeling
(KE#2098) →
Impairment, Learning
and Memory (AO,
KE#341)   

Moderate 

 Multiple studies suggest dose- and time-response effects of deposited energy leading to
abnormal neural remodeling and impaired learning and memory. However, additional
studies at low doses would improve empirical support. Also, discrepancies in the data may
be due to experimental set up and type of exposure from the stressor.  

Deposition of Energy
(MIE, KE#1686) →
 Increase, Abnormal
Neural Remodeling
(KE#2098) 

Moderate 

Multiple studies suggest dose- and time-response effects of deposition of energy to
abnormal neural remodeling. Studies report changes at very low doses. However, responses
may be dependent on exposure type. Also, additional studies describing time-concordance
would improve empirical support. 

Deposition of Energy
(MIE, KE#1686) →
Impairment, Learning
and Memory (AO,
KE#341)   

Moderate 

 Various studies show that ionizing radiation can lead to impairments in learning and
memory in a dose and time dependent manner. Although the impairment to learning and
memory is well-studied across various doses and over multiple time points, studies often do
not show impaired learning and memory with every cognitive test used, contributing to
inconsistency in the relationship. 

Deposition of Energy
(MIE, KE#1686) →
Increase, DNA Strand
Breaks (KE#1635) 

High 

There is ample empirical evidence demonstrating the relationship between deposition of
energy and increase, DNA strand breaks. Multiple studies in various models show both dose-
concordance and time-concordance. 

Increase, DNA Strand
Breaks (KE#1635) →
Increase, Abnormal
Neural Remodeling
(KE#2098) 

Moderate 

Multiple studies demonstrate that increased DNA strand breaks lead to increased abnormal
neural remodeling. However, additional studies describing both dose-concordance and time-
concordance would improve empirical support.  

Increase, Pro-
inflammatory
Mediators (KE#2097)
→ Impairment,
Learning and Memory
(AO, KE#341)   

Moderate 

 Evidence shows that pro-inflammatory mediators increase at lower or the same stressor
doses than impaired learning. Also, pro-inflammatory mediators increase before impaired
learning and memory is observed. Significant inconsistencies in empirical support across
taxa and species that do not align with the expected pattern have not been identified. 

 

Essentiality  

Support for

Defining
Question High (Strong) Moderate Low (Weak) 
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Support for
Essentiality
of KEs 

Are downstream
KEs and/or the AO
prevented if an
upstream KE is
blocked? 

Direct evidence from specifically
designed experimental studies
illustrating essentiality for at
least one of the important KEs 

Indirect evidence that
sufficient modification of an
expected modulating factor
attenuates or augments a
KE 

No or contradictory
experimental
evidence of the
essentiality of any of
the KEs 

MIE, KE#1686:
Deposition of energy 

Moderate 

 Deposition of energy is difficult to test for essentiality as deposition of energy is a physical
stressor and cannot be blocked/decreased using chemicals. In the absence of energy
deposition or presence of shielding as demonstrated there should be no alterations to the
relevant downstream KE. 

KE#1392: Oxidative
stress 

Moderate 

Treatments with antioxidants, which reduce oxidative stress, attenuate downstream microglial
activation and DNA strand breaks. 

KE#1635: Increase,
DNA Strand Breaks 

Moderate 

Prevention of DNA strand breaks, for example treatment with mesenchymal stem cell-
conditioned medium or minocycline, has restored altered signaling and prevented abnormal
neural remodeling.  

KE#2244: Altered
Stress Response
 Signaling  

Moderate 

Knockout models or inhibition of key signaling molecules, have all been shown to influence the
effects of altered stress response signaling on abnormal neural remodeling through the
attenuation of stressor-induced changes in neuronal morphology and growth. The KE has also
been shown to be modulated by sex and exercise. 

KE#1492: Tissue
Resident Cell
Activation 

Moderate 

For example, the attenuation of the activation of tissue-resident cells and consequent
reduction in pro- inflammatory mediators has been reported using multiple drugs 

KE#2097: Increase,
Pro-inflammatory
Mediators 

Moderate 

Treatments with anti-inflammatory drugs, antioxidants or hormones have influenced the
effects of pro- inflammatory mediators and improved neuronal structure and function. Anti-
inflammatory drugs have also influenced the effects of pro-inflammatory mediators and
rescued the impairments seen in learning and memory.  

KE#2098: Increase,
Abnormal Neural
Remodeling 

Moderate 

No identified studies describe essentiality of neural remodeling as it cannot be blocked /
decreased using 

chemicals. 

   

Quantitative Consideration

Overall quantitative understanding for the KERs in the AOP is low. Despite evidence supporting the KERs, there is
limited understanding of the trends of the relationships between KEs. In the KERs of this AOP, there are positive
relationships between the KEs (i.e., an increase in the upstream KE elicits a change in the downstream KE); however,
the trends and shapes of the relationships are not well established due to differences in experimental parameters,
such as model, radiation type, doses, dose rate, and time of measurements. The measures of the KEs cannot be
precisely predicted based on relevant measures of the other KEs in the KER and the quantitative descriptions does not
account for all known modulating factors and feedback or feedforward mechanisms. 

Defining Question High (Strong) Moderate Low (Weak) 
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Review of the
Quantitative
Understanding
for each KER 

To what extent can a
change in a
KEdownstream can be
predicted for a
KEupstream? With
what precision the
uncertainty in the
prediction of the
KEdownstream can be
quantified? To what
extent are the known
modulating factors of
feedback mechanisms
accounted for? To
what extent to which
the relationships
described can be
reliably generalized
across the applicability
domain of the KER? 

Change in KEdownstream
can be precisely predicted
based on a relevant
measure of KEupstream;
Uncertainty in the
quantitative prediction can
be precisely estimated
from the variability in the
relevant KEupstream
measure; Known
modulating factors and
feedback/ feedforward
mechanisms are accounted
for in the quantitative
description; Evidence that
the quantitative
relationship between the
KEs generalizes across the
relevant applicability
domain of the KER 

Change in KEdownstream
can be precisely predicted
based on relevant measure
of KEupstream;
Uncertainty in the
quantitative prediction is
influenced by factors other
than the variability in the
relevant KEupstream
measure; Quantitative
description does not
account for all known
modulating factors and/or
known feedback/
feedforward mechanisms;
Quantitative relationship
has only been
demonstrated for a subset
of the overall applicability
domain of the KER 

Only a qualitative
or semi-quantitative
prediction of the
change in
KEdownstream can
be determined from
a measure of
KEupstream; Known
modulating factors
and feedback/
feedforward
mechanisms are not
accounted for;
Quantitative
relationship has
only been
demonstrated for a
narrow subset of
the overall
applicability domain
of the KER   

Deposition of
Energy (MIE,
KE#1686) →
Oxidative Stress
(KE#1392) 

Moderate 

The evidence for this KER suggests that increased deposition of energy elicits increased oxidative
stress, and this is supported by measurements from a large range of doses and dose rates. Despite
a large amount of available evidence, the shape of the relationship is not clear, and may depend on
the endpoints used to measure oxidative stress. 

Deposition of
Energy (MIE,
KE#1686) →
Tissue Resident
Cell Activation
(KE#1492) 

Moderate 

Despite a moderate amount of evidence supporting this KER such that increased deposition of
energy leads to increased tissue resident cell activation, no clear trends have been established to
allow for prediction of the precise amount of tissue resident cell activation based on the deposition
of energy. It is likely that the abundance of tissue resident cell activation depends on the biological
model, radiation type, radiation dose range and radiation dose rate. 

Oxidative Stress
(KE#1392) →
Increase, DNA
Strand Breaks
(KE#1635) 

Moderate 

There are models available that predict DNA strand breaks after deposition of energy; however the
exact contribution of indirect DNA damage from oxidative stress is unknown. The quantitative
understanding of the relationship depends on the biological target, the radiation quality, and the
dose. 

Increase, DNA
Strand Breaks
(KE#1635) →
Altered Stress
Response
 Signaling
(KE#2244) 

Low 

There are no trends or mathematical models that describe this relationship. Quantitative
relationships between these two KEs depend on experimental model and dose. 

 Oxidative
Stress
(KE#1392) →
Tissue Resident
Cell Activation
(KE#1492) 

 Low 

Overall, the evidence suggests that there is a positive relationship between increased oxidative
stress and tissue resident cell activation. However, studies often report a single dose or time-point,
making it difficult to quantitatively predict the amount of tissue resident cell activation after an
increase in oxidative stress. 

 Oxidative
Stress
(KE#1392) →
Altered Stress
Response
Signaling
 (KE#2244) 

Low 

A precise quantitative relationship between oxidative stress and altered stress response signalingis
difficult to determine because each study uses a different experimental design. The exact changes
to signaling pathways due to oxidative stress will depend on the cell type and species. In addition,
modulating factors are often not indicated or accounted for in studies. 

Altered Stress
Response
Signaling
(KE#2244) →
Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Low 

The complexity of the many synergistic and antagonistic signaling pathways influenced by a
stressor will lead to a cumulative change not representative of the change to a single or a few
signaling pathways. Therefore, no trend or mathematical model has been established to
quantitatively determine the relationship between altered stress response signaling and endpoints
related to abnormal neural remodeling. 
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Tissue Resident
Cell Activation
(KE#1492) →
Increase, Pro-
inflammatory
Mediators
(KE#2097)  

Low 

Despite evidence to show that tissue-resident cell activation leads to an increase in pro-
inflammatory mediators, it is difficult to compare results and identify a trend as each study uses
different models, stressors, doses and time scales. No trend or mathematical model has been
established to quantitatively determine the increase in pro-inflammatory mediators after glial cell
activation. 

Increase, Pro-
inflammatory
Mediators
(KE#2097) →
Increase, Neural
Remodeling
(KE#2098) 

Low 

Despite studies showing time concordance, no trends or mathematical models have been
established that can describe the relationship between increased pro-inflammatory mediators and
abnormal neural remodeling. 

Increase,
Abnormal
Neural
Remodeling
(KE#2098) →
Impairment,
Learning and
Memory (AO,
KE#341)   

Low 

Although a linear relationship was found between reductions in spine density and impairment on a
test of learning and memory, no further trends have been established. There may be sex-, dose-,
time- and radiation type-dependent differences in the effects of ionizing radiation on abnormal
neural remodeling to impairment in learning and memory. 

Deposition of
Energy (MIE,
KE#1686) → 
Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Low 

Evidence in support of this KER suggests that deposition of energy elicits a dose-dependent change
in neural remodeling. However, the evidence base for the KER has some inconsistencies. In
addition, the age of the subjects may impact the trend of the relationship. Ultimately the shape of
the trend between the two KEs is unclear and may depend on the biological model used, age of the
subjects, type of radiation and radiation dose/dose-rate. 

Deposition of
Energy (MIE,
KE#1686) →
Impairment,
Learning and
Memory (AO,
KE#341)   

Low 

Deposition of energy from ionizing radiation is consistently shown to impair learning and memory.
However, no trend or mathematical model has been established to accurately describe this
relationship. Much of the evidence for this KER comes from different experimental model species,
exposures, time scales and cognitive function tests to assess the AO, making comparisons between
studies and quantitative model development difficult. 

Deposition of
Energy (MIE,
KE#1686) →
Increase, DNA
Strand Breaks
(KE#1635) 

High 

There are models available that predict DNA strand breaks after deposition of energy due to
exposure to ionizing radiation. The quantitative understanding of the relationship depends on the
biological target, the radiation quality, and the dose and these have been well studied.  

Increase, DNA
Strand Breaks
(KE#1635) →
Increase,
Abnormal
Neural
Remodeling
(KE#2098) 

Low 

There are multiple studies that report abnormal neural remodeling in response to DNA strand
breaks. However, no trend or mathematical model has been established to accurately describe this
relationship. 

Pro-
inflammatory
Mediators
(KE#2097) →
Impairment,
Learning and
Memory (AO,
KE#341)   

Low 

Most studies report that an increase in pro-inflammatory mediators to impaired learning and
memory; however, semi-quantitative measurements have been described for either upstream or
downstream KE. Some, but not all, known modulating factors have been accounted for, mainly
consisting of anti-inflammatory treatments. No trends or quantitative models have described this
relationship.  

Considerations for Potential Applications of the AOP (optional)
This AOP was developed to bring together mechanistic knowledge in the area of impairments in learning and memory
from exposure to radiation. It includes studies from multiple species at multiple life stages and radiation exposures
that contain different doses, dose-rates, and radiation qualities. Relevant studies have been selected, consolidated,
and reported using the framework. 

There are multiple considerations for potential applications of the AOP. Since exposure to radiation can occur in
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humans from multiple events, including occupational settings, accidental exposures, nuclear events, radiotherapy
treatment and space travel, understanding its impact on CNS structure and function is essential. This AOP outlines a
biological framework for the connection between the MIE and AO. It can be expanded to other pathophysiologies of
the CNS. The qualitative information presented within each KER can be used to inform on risk-model strategies,
countermeasure development, and identification of gaps in the evidence base where more research is necessary.
Importantly, this AOP is a dynamic document so it can be modified as new evidence emerges. 
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Appendix 1

List of MIEs in this AOP

Event: 1686: Deposition of Energy

Short Name: Energy Deposition

Key Event Component

Process Object Action

energy deposition event increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:272 - Deposition of energy leading to lung cancer MolecularInitiatingEvent
Aop:432 - Deposition of Energy by Ionizing Radiation leading to Acute Myeloid Leukemia MolecularInitiatingEvent
Aop:386 - Deposition of ionizing energy leading to population decline via inhibition of
photosynthesis MolecularInitiatingEvent

Aop:387 - Deposition of ionising energy leading to population decline via mitochondrial
dysfunction MolecularInitiatingEvent

Aop:388 - Deposition of ionising energy leading to population decline via programmed cell
death

MolecularInitiatingEvent

Aop:435 - Deposition of ionising energy leads to population decline via pollen abnormal MolecularInitiatingEvent
Aop:216 - Deposition of energy leading to population decline via DNA strand breaks and
follicular atresia MolecularInitiatingEvent

Aop:238 - Deposition of energy leading to population decline via DNA strand breaks and
oocyte apoptosis MolecularInitiatingEvent

Aop:311 - Deposition of energy leading to population decline via DNA oxidation and oocyte
apoptosis MolecularInitiatingEvent

Aop:299 - Deposition of energy leading to population decline via DNA oxidation and
follicular atresia MolecularInitiatingEvent

Aop:441 - Ionizing radiation-induced DNA damage leads to microcephaly via apoptosis and
premature cell differentiation MolecularInitiatingEvent

Aop:444 - Ionizing radiation leads to reduced reproduction in Eisenia fetida via reduced
spermatogenesis and cocoon hatchability MolecularInitiatingEvent

Aop:470 - Deposition of energy leads to abnormal vascular remodeling MolecularInitiatingEvent
Aop:473 - Energy deposition from internalized Ra-226 decay lower oxygen binding
capacity of hemocyanin MolecularInitiatingEvent

Aop:478 - Deposition of energy leading to occurrence of cataracts MolecularInitiatingEvent
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Aop:482 - Deposition of energy leading to occurrence of bone loss MolecularInitiatingEvent
Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment MolecularInitiatingEvent

AOP ID and Name Event Type

Stressors

Name

Ionizing
Radiation

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI
nematode Caenorhabditis elegans High NCBI
zebrafish Danio rerio High NCBI
thale-cress Arabidopsis thaliana High NCBI
Scotch pine Pinus sylvestris Moderate NCBI
Daphnia magna Daphnia magna High NCBI
Chlamydomonas
reinhardtii

Chlamydomonas
reinhardtii Moderate NCBI

common brandling worm eisenia fetida Moderate NCBI
Lemna minor Lemna minor High NCBI
Salmo salar Salmo salar Low NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages High

Sex Applicability
Sex Evidence

Unspecific Low

Energy can be deposited into any substrate, both living and non-living; it is independent of age, taxa, sex, or life-
stage. 

Taxonomic applicability: This MIE is not taxonomically specific. 

Life stage applicability: This MIE is not life stage specific. 

Sex applicability: This MIE is not sex specific. 

Key Event Description

Deposition of energy refers to events where energetic subatomic particles, nuclei, or electromagnetic radiation
deposit energy in the media through which they transverse. The energy may either be sufficient (e.g. ionizing
radiation) or insufficient (e.g. non-ionizing radiation) to ionize atoms or molecules (Beir et al.,1999). 
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Ionizing radiation can cause the ejection of electrons from atoms and molecules, thereby resulting in their ionization
and the breakage of chemical bonds.  The excitation of molecules can also occur without ionization. These events are
stochastic and unpredictable. The energy of these subatomic particles or electromagnetic waves ranges from 124 keV
to 5.4 MeV and is dependent on the source and type of radiation (Zyla et al., 2020). Not all electromagnetic radiation
is ionizing; as the incident radiation must have sufficient energy to free electrons from the electron orbitals of the
atom or molecule. The energy deposited can induce direct and indirect ionization events and can result from internal
(injections, inhalation, ingestion) or external exposure. 

Direct ionization is the principal path where charged particles interact with biological structures such as DNA, proteins
or  membranes to cause biological damage. Photons, which are electromagnetic waves can also deposit energy to
cause direct which themselves can indirectly damage critical targets such as DNA (Beir et al., 1999; Balagamwala et
al., 2013) or alter cellular processes. Given the fundamental nature of energy deposition by radioactive/unstable
nuclei, nucleons or elementary particles in material, this process is universal to all biological contexts. 

The spatial structure of ionizing energy deposition along the resulting particle track is represented as linear energy
transfer (LET) (Hall and Giaccia, 2018 UNSCEAR, 2020). High LET refers to energy mostly above 10 keV μm-1 which
produces more complex, dense structural damage than low LET radiation (below 10 keV μm-1). Low-LET particles
produce sparse ionization events such as photons (X- and gamma rays), as well as high-energy protons. Low LET
radiation travels farther into tissue but deposits smaller amounts of energy, whereas high LET radiation, which
includes heavy ions, alpha particles and high-energy neutrons, does not travel as far but deposits larger amounts of
energy into tissue at the same absorbed dose. The biological effect of the deposition of energy can be modulated by
varying dose and dose rate of exposure, such as acute, chronic, or fractionated exposures (Hall and Giaccia, 2018). 

Non-ionizing radiation is electromagnetic waves that does not have enough energy to break bonds and induce ion
formation but it can cause molecules to excite and vibrate faster resulting in biological effects. Examples of non-
ionizing radiation include radio waves (wavelength: 100 km-1m), microwaves (wavelength: 1m-1mm), infrared
radiation (wavelength: 1mm- 1 um), visible light (wavelengths: 400-700 nm), and ultraviolet radiation of longer
wavelengths such as UVB (wavelengths: 315-400nm) and UVA (wavelengths: 280-315 nm). 

How it is Measured or Detected

Radiation
type Assay Name References Description 

OECD
Approved
Assay 

Ionizing
radiation 

Monte Carlo
Simulations (eg.
Geant4) 

Douglass et
al., 2013;
Douglass et
al., 2012;
Zyla et al.,
2020 

Monte Carlo simulations are based on a computational
algorithm that mathematically models the deposition of
energy into materials. 

No 

Ionizing
radiation 

Fluorescent Nuclear
Track Detector
(FNTD) 

Sawakuchi,
2016;
Niklas,
2013;
Kodaira &
Konishi,
2015 

FNTDs are biocompatible chips with crystals of aluminum
oxide doped with carbon and magnesium; used in
conjunction with fluorescent microscopy, these FNTDs allow
for the visualization and the linear energy transfer (LET)
quantification of tracks produced by the deposition of
energy into a material. 

No 

Ionizing
radiation 

Tissue equivalent
proportional counter
(TEPC) 

Straume et
al, 2015 

Measure the LET spectrum and calculate the equivalent
dose No 

Ionizing
radiation 

alanine
dosimeters/NanoDots 

Lind et al.
2019 

Xie et al.,
2022 

Alanine dosimeters use the amino acid alanine to detect
radiation-induced changes, and nanodots leverage nano-
scale technology to provide high precision and sensitivity in
radiation dose measurements

No 

Non-
ionizing
radiation 

UV meters or
radiometers 

Xie et al.,
2020 

UVA/UVB (irradiance intensity), UV dosimeters (accumulated
irradiance over time), Spectrophotometer (absorption of UV
by a substance or material) 

No 
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List of Key Events in the AOP

Event: 1392: Oxidative Stress

Short Name: Oxidative Stress

Key Event Component

Process Object Action

oxidative stress increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:220 - Cyp2E1 Activation Leading to Liver Cancer KeyEvent
Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-
proteins involved in protection against oxidative stress during brain development leads to
impairment of learning and memory

KeyEvent

Aop:284 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to
seleno-proteins involved in protection against oxidative stress leads to chronic kidney
disease

KeyEvent

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading to Multi
Organ Failure involving Acute Respiratory Distress Syndrome (ARDS) KeyEvent

Aop:411 - Oxidative stress Leading to Decreased Lung Function MolecularInitiatingEvent
Aop:424 - Oxidative stress Leading to Decreased Lung Function via CFTR dysfunction MolecularInitiatingEvent
Aop:425 - Oxidative Stress Leading to Decreased Lung Function via Decreased FOXJ1 MolecularInitiatingEvent
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Aop:429 - A cholesterol/glucose dysmetabolism initiated Tau-driven AOP toward memory
loss (AO) in sporadic Alzheimer's Disease with plausible MIE's plug-ins for environmental
neurotoxicants

KeyEvent

Aop:452 - Adverse outcome pathway of PM-induced respiratory toxicity KeyEvent
Aop:464 - Calcium overload in dopaminergic neurons of the substantia nigra leading to
parkinsonian motor deficits KeyEvent

Aop:470 - Deposition of energy leads to abnormal vascular remodeling KeyEvent
Aop:478 - Deposition of energy leading to occurrence of cataracts KeyEvent
Aop:479 - Mitochondrial complexes inhibition leading to left ventricular function decrease
via increased myocardial oxidative stress KeyEvent

Aop:481 - AOPs of amorphous silica nanoparticles: ROS-mediated oxidative stress
increased respiratory dysfunction and diseases. KeyEvent

Aop:482 - Deposition of energy leading to occurrence of bone loss KeyEvent
Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment KeyEvent
Aop:505 - Reactive Oxygen Species (ROS) formation leads to cancer via inflammation
pathway KeyEvent

Aop:521 - Essential element imbalance leads to reproductive failure via oxidative stress KeyEvent
Aop:26 - Calcium-mediated neuronal ROS production and energy imbalance AdverseOutcome
Aop:488 - Increased reactive oxygen species production leading to decreased cognitive
function KeyEvent

Aop:396 - Deposition of ionizing energy leads to population decline via impaired meiosis KeyEvent
Aop:437 - Inhibition of mitochondrial electron transport chain (ETC) complexes leading to
kidney toxicity KeyEvent

Aop:535 - Binding and activation of GPER leading to learning and memory impairments KeyEvent
Aop:171 - Chronic cytotoxicity of the serous membrane leading to pleural/peritoneal
mesotheliomas in the rat.

KeyEvent

Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and mortality KeyEvent
Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and mortality KeyEvent
Aop:186 - unknown MIE leading to renal failure and mortality KeyEvent
Aop:200 - Estrogen receptor activation leading to breast cancer KeyEvent
Aop:444 - Ionizing radiation leads to reduced reproduction in Eisenia fetida via reduced
spermatogenesis and cocoon hatchability KeyEvent

Aop:447 - Kidney failure induced by inhibition of mitochondrial electron transfer chain
through apoptosis, inflammation and oxidative stress pathways KeyEvent

Aop:476 - Adverse Outcome Pathways diagram related to PBDEs associated male
reproductive toxicity KeyEvent

Aop:497 - ERa inactivation alters mitochondrial functions and insulin signalling in skeletal
muscle and leads to insulin resistance and metabolic syndrome KeyEvent

Aop:457 - Succinate dehydrogenase inhibition leading to increased insulin resistance
through reduction in circulating thyroxine KeyEvent

Aop:459 - AhR activation in the thyroid leading to Subsequent Adverse
Neurodevelopmental Outcomes in Mammals KeyEvent

Aop:507 - Nrf2 inhibition leading to vascular disrupting effects via inflammation pathway KeyEvent
Aop:509 - Nrf2 inhibition leading to vascular disrupting effects through activating apoptosis
signal pathway and mitochondrial dysfunction KeyEvent

Aop:510 - Demethylation of PPAR promotor leading to vascular disrupting effects KeyEvent
Aop:511 - The AOP framework on ROS-mediated oxidative stress induced vascular
disrupting effects KeyEvent

AOP ID and Name Event Type
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https://aopwiki.org/aops/509
https://aopwiki.org/aops/510
https://aopwiki.org/aops/511


Aop:538 - Adverse outcome pathway of PFAS-induced vascular disrupting effects via
activating oxidative stress related pathways KeyEvent

Aop:260 - CYP2E1 activation and formation of protein adducts leading to
neurodegeneration KeyEvent

Aop:450 - Inhibition of AChE and activation of CYP2E1 leading to sensory axonal peripheral
neuropathy and mortality KeyEvent

Aop:501 - Excessive iron accumulation leading to neurological disorders KeyEvent
Aop:540 - Oxidative Stress in the Fish Ovary Leads to Reproductive Impairment via
Reduced Vitellogenin Production KeyEvent

Aop:471 - Various neuronal effects induced by elavl3, sox10, and mbp KeyEvent
Aop:31 - Oxidation of iron in hemoglobin leading to hematotoxicity KeyEvent

AOP ID and Name Event Type

Stressors

Name

Acetaminophen
Chloroform
furan
Platinum
Aluminum
Cadmium
Mercury
Uranium
Arsenic
Silver
Manganese
Nickel
Zinc
nanoparticles

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

rodents rodents High NCBI
Homo
sapiens Homo sapiens High NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages High

Sex Applicability
Sex Evidence
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https://aopwiki.org/aops/538
https://aopwiki.org/aops/260
https://aopwiki.org/aops/450
https://aopwiki.org/aops/501
https://aopwiki.org/aops/540
https://aopwiki.org/aops/471
https://aopwiki.org/aops/31
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606


Mixed High
Sex Evidence

Taxonomic applicability: Occurrence of oxidative stress is not species specific.  

Life stage applicability: Occurrence of oxidative stress is not life stage specific. 

Sex applicability: Occurrence of oxidative stress is not sex specific. 

Evidence for perturbation by prototypic stressor: There is evidence of the increase of oxidative stress following
perturbation from a variety of stressors including exposure to ionizing radiation and altered gravity (Bai et al., 2020;
Ungvari et al., 2013; Zhang et al., 2009).  

Key Event Description

Oxidative stress is defined as an imbalance in the production of reactive oxygen species (ROS) and antioxidant
defenses. High levels of oxidizing free radicals can be very damaging to cells and molecules within the cell.  As a
result, the cell has important defense mechanisms to protect itself from ROS. For example, Nrf2 is a transcription
factor and master regulator of the oxidative stress response. During periods of oxidative stress, Nrf2-dependent
changes in gene expression are important in regaining cellular homeostasis (Nguyen, et al., 2009) and can be used as
indicators of the presence of oxidative stress in the cell. 

In addition to the directly damaging actions of ROS, cellular oxidative stress also changes cellular activities on a
molecular level. Redox sensitive proteins have altered physiology in the presence and absence of ROS, which is
caused by the oxidation of sulfhydryls to disulfides on neighboring amino acids (Antelmann & Helmann 2011).
Importantly Keap1, the negative regulator of Nrf2, is regulated in this manner (Itoh, et al. 2010). 

ROS also undermine the mitochondrial defense system from oxidative damage. The antioxidant systems consist of
superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase, as well as antioxidants such as α-
tocopherol and ubiquinol, or antioxidant vitamins and minerals including vitamin E, C, carotene, lutein, zeaxanthin,
selenium, and zinc (Fletcher, 2010). The enzymes, vitamins and minerals catalyze the conversion of ROS to non-toxic
molecules such as water and O2. However, these antioxidant systems are not perfect and endogenous metabolic
processes and/or exogenous oxidative influences can trigger cumulative oxidative injuries to the mitochondria,
causing a decline in their functionality and efficiency, which further promotes cellular oxidative stress
(Balasubramanian, 2000; Ganea & Harding, 2006; Guo et al., 2013; Karimi et al., 2017).  

However, an emerging viewpoint suggests that ROS-induced modifications may not be as detrimental as previously
thought, but rather contribute to signaling processes (Foyer et al., 2017). 

 

Sources of ROS Production 

Direct Sources: Direct sources involve the deposition of energy onto water molecules, breaking them into active
radical species. When ionizing radiation hits water, it breaks it into hydrogen (H*) and hydroxyl (OH*) radicals by
destroying its bonds. The hydrogen will create hydroxyperoxyl free radicals (HO2*) if oxygen is available, which can
then react with another of itself to form hydrogen peroxide (H2O2) and more O2 (Elgazzar and Kazem, 2015).
Antioxidant mechanisms are also affected by radiation, with catalase (CAT) and peroxidase (POD) levels rising as a
result of exposure (Seen et al. 2018; Ahmad et al. 2021).  

Indirect Sources: An indirect source of ROS is the mitochondria, which is one of the primary producers in eukaryotic
cells (Powers et al., 2008).  As much as 2% of the electrons that should be going through the electron transport chain
in the mitochondria escape, allowing them an opportunity to interact with surrounding structures. Electron-oxygen
reactions result in free radical production, including the formation of hydrogen peroxide (H2O2) (Zhao et al., 2019).
The electron transport chain, which also creates ROS, is activated by free adenosine diphosphate (ADP), O2, and
inorganic phosphate (Pi) (Hargreaves et al. 2020; Raimondi et al. 2020; Vargas-Mendoza et al. 2021). The first and
third complexes of the transport chain are the most relevant to mammalian ROS production (Raimondi et al., 2020).
The mitochondria has its own set of DNA and it is a prime target of oxidative damage (Guo et al., 2013). ROS is also
produced through nicotinamide adenine dinucleotide phosphate oxidase (Nox) stimulation, an event commenced by
angiotensin II, a product/effector of the renin-angiotensin system (Nguyen Dinh Cat et al. 2013; Forrester et al. 2018).
Other ROS producers include xanthine oxidase, immune cells (macrophage, neutrophils, monocytes, and eosinophils),
phospholipase A2 (PLA2), monoamine oxidase (MAO), and carbon-based nanomaterials (Powers et al. 2008; Jacobsen
et al. 2008; Vargas-Mendoza et al. 2021). 

How it is Measured or Detected

Oxidative Stress: Direct measurement of ROS is difficult because ROS are unstable. The presence of ROS can be
assayed indirectly by measurement of cellular antioxidants, or by ROS-dependent cellular damage. Listed below are
common methods for detecting the KE, however there may be other comparable methods that are not listed 

Detection of ROS by chemiluminescence
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(https://www.sciencedirect.com/science/article/abs/pii/S0165993606001683) 
Detection of ROS by chemiluminescence is also described in OECD TG 495 to assess phototoxic potential. 
Glutathione (GSH) depletion. GSH can be measured by assaying the ratio of reduced to oxidized glutathione
(GSH:GSSG) using a commercially available kit (e.g., http://www.abcam.com/gshgssg-ratio-detection-assay-kit-
fluorometric-green- ab138881.html). 
TBARS. Oxidative damage to lipids can be measured by assaying for lipid peroxidation using TBARS
(thiobarbituric acid reactive substances) using a commercially available kit. 
8-oxo-dG. Oxidative damage to nucleic acids can be assayed by measuring 8-oxo-dG adducts (for which there
are a number of ELISA based commercially available kits),or HPLC, described in Chepelev et al. (Chepelev, et al.
2015). 

  

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assay
for Nrf2 activity include: 

Immunohistochemistry for increases in Nrf2 protein levels and translocation into the nucleus Western blot for
increased Nrf2 protein levels 
Western blot of cytoplasmic and nuclear fractions to observe translocation of Nrf2 protein from the cytoplasm to
the nucleus qPCR of Nrf2 target genes (e.g., Nqo1, Hmox-1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially
available pathway-based qPCR array (e.g., oxidative stress array from SABiosciences) 
Whole transcriptome profiling by microarray or RNA-seq followed by pathway analysis (in IPA, DAVID, metacore,
etc.) for enrichment of the Nrf2 oxidative stress response pathway (e.g., Jackson et al. 2014) 
OECD TG422D describes an ARE-Nrf2 Luciferase test method 

In general, there are a variety of commercially available colorimetric or fluorescent kits for detecting Nrf2
activationOxidative Stress. Direct measurement of ROS is difficult because ROS are unstable. The presence of ROS
can be assayed indirectly by measurement of cellular antioxidants, or by ROS-dependent cellular damage. Listed
below are common methods for detecting the KE, however there may be other comparable methods that are not
listed 

 

Detection of ROS by chemiluminescence
(https://www.sciencedirect.com/science/article/abs/pii/S0165993606001683) 

Detection of ROS by chemiluminescence is also described in OECD TG 495 to assess phototoxic potential. 

Glutathione (GSH) depletion. GSH can be measured by assaying the ratio of reduced to oxidized glutathione
(GSH:GSSG) using a commercially available kit (e.g., http://www.abcam.com/gshgssg-ratio-detection-assay-kit-
fluorometric-green- ab138881.html). 

TBARS. Oxidative damage to lipids can be measured by assaying for lipid peroxidation using TBARS
(thiobarbituric acid reactive substances) using a commercially available kit. 

8-oxo-dG. Oxidative damage to nucleic acids can be assayed by measuring 8-oxo-dG adducts (for which there
are a number of ELISA based commercially available kits),or HPLC, described in Chepelev et al. (Chepelev, et al.
2015). 

  

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assay
for Nrf2 activity include: 

  

Immunohistochemistry for increases in Nrf2 protein levels and translocation into the nucleus Western blot for
increased Nrf2 protein levels 

Western blot of cytoplasmic and nuclear fractions to observe translocation of Nrf2 protein from the cytoplasm to
the nucleus qPCR of Nrf2 target genes (e.g., Nqo1, Hmox-1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially
available pathway-based qPCR array (e.g., oxidative stress array from SABiosciences) 

Whole transcriptome profiling by microarray or RNA-seq followed by pathway analysis (in IPA, DAVID, metacore,
etc.) for enrichment of the Nrf2 oxidative stress response pathway (e.g., Jackson et al. 2014) 

OECD TG422D describes an ARE-Nrf2 Luciferase test method 

In general, there are a variety of commercially available colorimetric or fluorescent kits for detecting Nrf2 activation 

Assay Type &
Measured
Content 

Description 
Dose
Range
Studied 

Assay
Characteristics
(Length/Ease
of
use/Accuracy) 
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ROS 

Formation in the
Mitochondria
assay (Shaki et
al., 2012) 

“The mitochondrial ROS measurement was performed flow cytometry
using DCFH-DA. Briefly, isolated kidney mitochondria were incubated
with UA (0, 50, 100 and 200 µM) in respiration buffer containing (0.32
mM sucrose, 10mM Tris, 20 mM Mops, 50 µM EGTA, 0.5 mM MgCl2,
0.1 mM KH2PO4 and 5 mM sodium succinate) [32]. In the interval
times of 5, 30 and 60 min following the UA addition, a sample was
taken and DCFH-DA was added (final concentration, 10 µM) to
mitochondria and was then incubated for 10 min.Uranyl acetate-
induced ROS generation in isolated kidney mitochondria were
determined through the flow cytometry (Partec, Deutschland)
equipped with a 488-nm argon ion laser and supplied with the Flomax
software and the signals were obtained using a 530-nm bandpass
filter (FL-1 channel). Each determination is based on the mean
fluorescence intensity of 15,000 counts.” 

 

0, 50,100
and 200
µM of
Uranyl
Acetate 

 

 Long/ Easy High
accuracy 

 

Mitochondrial
Antioxidant
Content Assay
Measuring GSH
content (Shaki et
al., 2012) 

 

“GSH content was determined using DTNB as the indicator and
spectrophotometer method for the isolated mitochondria. The
mitochondrial fractions (0.5 mg protein/ml) were incubated with
various concentrations of uranyl acetate for 1 h at 30 °C and then 0.1
ml of mitochondrial fractions was added into 0.1 mol/l of phosphate
buffers and 0.04% DTNB in a total volume of 3.0 ml (pH 7.4). The
developed yellow color was read at 412 nm on a spectrophotometer
(UV-1601 PC, Shimadzu, Japan). GSH content was expressed as
µg/mg protein.” 

0, 50, 

100, or 

200 µM 

Uranyl
Acetate 

 

H2O2 Production
Assay Measuring
H2O2 Production
in isolated
mitochondria
(Heyno et al.,
2008) 

 

“Effect of CdCl2 and antimycin A (AA) on H2O2 production in isolated
mitochondria from potato. H2O2 production was measured as
scopoletin oxidation. Mitochondria were incubated for 30 min in the
measuring buffer 

(see the Materials and Methods) containing 0.5 mM succinate as an
electron donor and 0.2 µM mesoxalonitrile 3‐chlorophenylhydrazone
(CCCP) as an uncoupler, 10 U horseradish peroxidase and 5 µM
scopoletin.”  

0, 10, 30 

µM Cd2+ 

  

2 µM
antimycin
A 

 

Flow Cytometry
ROS & Cell
Viability (Kruiderig
et al., 1997) 

 

“For determination of ROS, samples taken at the indicated time
points were directly transferred to FACScan tubes. Dih123 (10 mM,
final concentration) was added and cells were incubated at 37°C in a
humidified atmosphere (95% air/5% CO2) for 10 min. At t 5 9,
propidium iodide (10 mM, final concentration) was added, and cells
were analyzed by flow cytometry at 60 ml/min. Nonfluorescent
Dih123 is cleaved by ROS to fluorescent R123 and detected by the
FL1 detector as described above for Dc (Van de Water 1995)”“For
determination of ROS, samples taken at the indicated time points
were directly transferred to FACScan tubes. Dih123 (10 mM, final
concentration) was added and cells were incubated at 37°C in a
humidified atmosphere (95% air/5% CO2) for 10 min. At t 5 9,
propidium iodide (10 mM, final concentration) was added, and cells
were analyzed by flow cytometry at 60 ml/min. Nonfluorescent
Dih123 is cleaved by ROS to fluorescent R123 and detected by the
FL1 detector as described above for Dc (Van de Water 1995)” 

 

 

 

 

 

 

Strong/easy
medium 

DCFH-DA 

Assay Detection
of hydrogen
peroxide
production (Yuan
et al., 

2016) 

Intracellular ROS production was measured using DCFH-DA as a
probe. Hydrogen peroxide oxidizes DCFH to DCF. The probe is
hydrolyzed intracellularly to DCFH carboxylate anion. No direct
reaction with H2O2 to form fluorescent production. 

 

0-400 

µM 
Long/ Easy High
accuracy 

H2-DCF-DAAssay
Detection of
superoxide
production
(Thiebault etal.,
2007) 

 

This dye is a stable nonpolar compound which diffuses readily into
the cells and yields H2-DCF. Intracellular OH or ONOO- react with H2-
DCF when cells contain peroxides, to form the highly fluorescent
compound DCF, which effluxes the cell. Fluorescence intensity of DCF
is measured using a fluorescence spectrophotometer. 

0–600 

µM 
Long/ Easy High
accuracy 
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CM-H2DCFDA 

Assay (Eruslanov
 & Kusmartsev,
2009) 

The dye (CM-H2DCFDA) diffuses into the cell and is cleaved by
esterases, the thiol reactive chlormethyl group reacts with
intracellular glutathione which can be detected using flow cytometry. 

 Long/Easy/ High
Accuracy 

 

Method of Measurement  References  Description  
OECD-
Approved
Assay 

Chemiluminescence  

(Lu, C. et al.,
2006;  

Griendling, K.
K., et al.,
2016) 

ROS can induce electron transitions in molecules,
leading to electronically excited products. When the
electrons transition back to ground state,
chemiluminescence is emitted and can be measured.
Reagents such as luminol and lucigenin are commonly
used to amplify the signal.  

No 

 

Spectrophotometry  
(Griendling,
K. K., et al.,
2016) 

NO has a short half-life. However, if it has been
reduced to nitrite (NO2-), stable azocompounds can
be formed via the Griess Reaction, and further
measured by spectrophotometry.  

No 

Direct or Spin Trapping-Based
electron paramagnetic resonance
(EPR) Spectroscopy  

(Griendling,
K. K., et al.,
2016) 

The unpaired electrons (free radicals) found in ROS
can be detected with EPR and is known as electron
paramagnetic resonance. A variety of spin traps can
be used.  

No 

Nitroblue Tetrazolium Assay  
(Griendling,
K. K., et al.,
2016) 

The Nitroblue Tetrazolium assay is used to measure
O2.− levels. O2.− reduces nitroblue tetrazolium (a
yellow dye) to formazan (a blue dye), and can be
measured at 620 nm.  

No 

Fluorescence analysis of
dihydroethidium (DHE)
or Hydrocyans  

(Griendling,
K. K., et al.,
2016) 

Fluorescence analysis of DHE is used to measure O2.
− levels.  O2.− is reduced to O2 as DHE is oxidized to
2-hydroxyethidium, and this reaction can be
measured by fluorescence. Similarly, hydrocyans can
be oxidized by any ROS, and measured via
fluorescence.  

No 

Amplex Red Assay  
(Griendling,
K. K., et al.,
2016) 

Fluorescence analysis to measure extramitochondrial
or extracellular H2O2 levels. In the presence of
horseradish peroxidase and H2O2, Amplex Red is
oxidized to resorufin, a fluorescent molecule
measurable by plate reader.  

No 

Dichlorodihydrofluorescein Diacetate
(DCFH-DA)  

(Griendling,
K. K., et al.,
2016) 

An indirect fluorescence analysis to measure
intracellular H2O2 levels.  H2O2 interacts with
peroxidase or heme proteins, which further react with
DCFH, oxidizing it to dichlorofluorescein (DCF), a
fluorescent product.  

No 

HyPer Probe  
(Griendling,
K. K., et al.,
2016) 

Fluorescent measurement of intracellular H2O2
levels. HyPer is a genetically encoded fluorescent
sensor that can be used for in vivo and in
situ imaging.  

No 

Cytochrome c Reduction Assay  
(Griendling,
K. K., et al.,
2016) 

The cytochrome c reduction assay is used to measure
O2.− levels. O O2.− is reduced to O2 as
ferricytochrome c is oxidized to ferrocytochrome c,
and this reaction can be measured by an absorbance
increase at 550 nm.  

No 

Proton-electron double-resonance
imaging (PEDRI)  

(Griendling,
K. K., et al.,
2016) 

The redox state of tissue is detected through nuclear
magnetic resonance/magnetic resonance imaging,
with the use of a nitroxide spin probe or biradical
molecule.  

No 
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Glutathione (GSH) depletion  
(Biesemann,
N. et al.,
2018)  

A downstream target of the Nrf2 pathway is involved
in GSH synthesis. As an indication of oxidation status,
GSH can be measured by assaying the ratio of
reduced to oxidized glutathione (GSH:GSSG) using a
commercially available kit
(e.g., http://www.abcam.com/gshgssg-ratio-detection-
assay-kit-fluorometric-green-ab138881.html).   

No 

Thiobarbituric acid reactive
substances (TBARS)  

(Griendling,
K. K., et al.,
2016) 

Oxidative damage to lipids can be measured by
assaying for lipid peroxidation with TBARS using a
commercially available kit.   

No 

Protein oxidation (carbonylation) 

(Azimzadeh
et al., 2017;
Azimzadeh et
al., 2015;
Ping et al.,
2020) 

Can be determined with ELISA or a commercial assay
kit. Protein oxidation can indicate the level of
oxidative stress. 

No 

Seahorse XFp Analyzer Leung et al.
2018 

The Seahorse XFp Analyzer provides information on
mitochondrial function, oxidative stress, and
metabolic dysfunction of viable cells by measuring
respiration (oxygen consumption rate; OCR) and
extracellular pH (extracellular acidification rate;
ECAR). 

No 

 

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assays
for Nrf2 activity include:  

Method of Measurement  References  Description  
OECD-
Approved
Assay 

Immunohistochemistry  
(Amsen, D., de
Visser, K. E.,
and Town, T.,
2009) 

Immunohistochemistry for increases in Nrf2 protein levels
and translocation into the nucleus   No 

qPCR  (Forlenza et al.,
2012) 

qPCR of Nrf2 target genes (e.g., Nqo1, Hmox-
1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially available
pathway-based qPCR array (e.g., oxidative stress array
from SABiosciences)  

No 

Whole transcriptome profiling
via microarray or via RNA-seq
followed by a pathway
analysis 

(Jackson, A. F.
et al., 2014) 

Whole transcriptome profiling by microarray or RNA-seq
followed by pathway analysis (in IPA, DAVID, metacore,
etc.) for enrichment of the Nrf2 oxidative stress response
pathway 

No 
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Event: 2244: Altered Stress Response Signaling

Short Name: Altered Stress Response Signaling

Key Event Component

Process Object Action

cell surface receptor signaling
pathway increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:470 - Deposition of energy leads to abnormal vascular remodeling KeyEvent
Aop:483 - Deposition of Energy Leading to Learning and Memory
Impairment KeyEvent

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI

rat Rattus norvegicus Moderate NCBI
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mouse Mus musculus Moderate NCBI
Term Scientific Term Evidence Links

Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Low

Taxonomic applicability: Altered stress response signaling is applicable to all animals as cell signaling occurs among
animal cells. This includes vertebrates such as humans, mice and rats (Nair et al., 2019). 

Life stage applicability: This key event is not life stage specific. 

Sex applicability: This key event is not sex specific. 

Evidence for perturbation by a stressor: Multiple studies show that signaling pathways can be disrupted by many
types of stressors including ionizing radiation and altered gravity (Cheng et al., 2020; Coleman et al., 2021; Su et al.,
2020; Yentrapalli et al., 2013). 

Key Event Description

Cells rely on a balance of signaling pathways to maintain their functionality and viability. These pathways integrate
signals from both external and internal stressors to coordinate protective responses, thereby enhancing the cell's
ability to cope with adverse conditions. Key components of these pathways include the activation of stress-responsive
transcription factors such as NF-κB, p53, and AP-1, which regulate the expression of genes involved in cell cycle
arrest, DNA repair, and apoptosis. DNA double-strand breaks, for instance, initiate a cascade of events involving the
ataxia-telangiectasia mutated (ATM) kinase, the DNA-dependent protein kinase (DNA-PK), and the p53 pathway,
ultimately leading to cell cycle arrest and repair mechanisms or apoptosis if the damage is irreparable (Kastan and
Lim, 2000). Furthermore, the mitogen-activated protein kinase (MAPK) pathways, including ERK, JNK, and p38, are
crucial for the cellular stress response and inflammatory processes (Dent et al., 2003). 

These pathways are essential in regulating cellular survival and mediating apoptosis under various physiological and
pathological conditions. Persistent signaling or a pre-existing inflammatory environment can significantly influence
cell fate. For instance, the cAMP-PKA pathway, which is involved in neurotransmitter signaling, impacts synaptic
plasticity and memory formation (Zhang et al., 2024). The MAPK pathway, encompassing ERK, JNK, and p38 MAP
kinases, is vital for cell differentiation, proliferation, and response to stress stimuli (Arthur and Ley, 2013; Yue and
Lopez, 2020). The PI3K-Akt pathway promotes cell survival and growth by inhibiting apoptotic processes and
supporting metabolic functions (Manning and Cantley, 2007). The p53 pathway is a key regulator of the cellular stress
response, often leading to apoptosis in the context of severe DNA damage or oxidative stress (Kruiswijk et al., 2015). 

Exposure to stressors, such as radiation, can disrupt these stress response signaling pathways or lead to persistent
activation. For example, the cAMP-PKA pathway can be hindered by reduced cAMP levels and impaired PKA activity,
leading to decreased CREB phosphorylation (Zhang et al., 2024). The MAPK pathway is affected by external stressors
through the inhibition of ERK activation and subsequent gene expression (Kim and Choi, 2010). The PI3K-Akt pathway,
which is vital for cell survival, experiences reduced PI3K activity and Akt signaling, impairing mTOR-mediated protein
synthesis (Glaviano et al., 2023; Martini et al., 2014). Activation of the p53 pathway in response to DNA damage can
also potentially induce cellular senescence if the damage is irreparable (Ou et al., 2018). Persistent disruptions in
these pathways can lead to a wide range of pathophysiological conditions, including neurodegenerative diseases,
chronic inflammation, cardiovascular disease, and cancer. 

Key Stress Response Pathways: Description and Components for Measurement 

 

A broad way to measure these pathways concurrently is through the use of omics technologies, Omics technologies
(Dai and Shen. 2022) involve comprehensive, high-throughput analysis of DNA, RNA, proteins, and metabolites to
understand cellular functions and dynamics, offering a systems-level view of biological processes. Pathway analysis
can then be used to gain insights from large amounts of omics data (Palli et al. 2019). Transcriptomics RNA sequence
libraries are generated, clustering analysis is done, then sequencing for gene analysis (Qin et al. 2023). Proteins have
been analyzed with proteomic analysis through LC-MS/MS analysis, bioinformatic analysis, western blot, qRT-PCR
analysis or molecular docking. Metabolites are mass analyzed using the Thermo Q EXACTIVE, and then the edited
data matrix is imported to Metabo Analyst for analysis (Hu et al. 2022). 

Additionally, Post-translational modifications (PTMs) can also be measured using techniques such as mass
spectrometry, which identifies and quantifies modifications like ubiquitination, glycosylation, and phosphorylation.
Western blotting and immunoassays detect specific PTMs using antibodies tailored to particular modifications, while
labeling methods can highlight modifications like acetylation and methylation. These measurements help elucidate
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protein function, stability, and interactions within cellular processes.  

 

AMP-PKA Pathway:  

The AMP-PKA pathway is activated by stressors which engage G protein-coupled receptors (GPCRs). GPCRs activation
leads to the production of cyclic adenosine monophosphate (cAMP) by adenylyl cyclase. cAMP then goes on to
activate protein kinase A (PKA), which is one of the primary kinases required for several functions in the cell such as
DNA repair and initiating a response to oxidative stress (Hunter, 2000; Jessulat et al., 2021; Steinberg and Hardie,
2023). This results in PKA phosphorylating various target proteins, thereby influencing gene expression, metabolism
and cell survival.  

MAPK Pathway:  

MAPK pathway is triggered by a variety of stressors, including growth factors, cytokines, hormones and various
cellular stressors such as oxidative stress (Kim and Choi., 2010). The pathway involves a kinase cascade starting from
receptor tyrosine kinases (RTKs) or GPCRs, leading to the activation of Ras, Raf, MEK, and ERK. Activated ERK then
translocates to the nucleus and regulates gene expression, affecting cell growth, differentiation, and apoptosis
(Morrison, 2012).  

PI3K-Akt Pathway:  

The PI3K-Akt pathway is activated by stressors through receptor tyrosine kinases (RTKs) or GPCRs. Activation of
phosphoinositide 3-kinase (PI3K) generates phosphatidylinositol (3,4,5)-trisphosphate (PIP3), recruiting and activating
Akt. Akt then phosphorylates downstream targets, resulting in promotion of cell survival, growth, and metabolism
while inhibiting apoptosis (Martini et al., 2014; Jin et al., 2022).  

NF-κB Pathway:  

NF- κB is activated by pro-inflammatory cytokines, pathogens, and stress signals. This pathway involves the
activation of IκB kinase (IKK), which phosphorylates IκB, leading to its degradation and the release of NF-κB. NF-κB
then translocates to the nucleus and promotes the expression of genes involved in inflammation, immune response,
and cell survival (Liu et al., 2017)  

JAK-STAT Pathway:  

The JAK-STAT signaling pathway is triggered by cytokines and growth factors. Janus kinases (JAKs) are then activated,
which phosphorylate and activate signal transducer and activator of transcription (STAT) proteins. Activated STATs
dimerize and translocate to the nucleus to regulate gene expression, impacting cell proliferation, differentiation, and
immune function. This signaling pathway is involved in multiple important biological processes such as differentiation,
apoptosis, cell proliferation and immune regulation (Xin et al., 2020).  

HSP (Heat Shock Protein) Pathway:  

HSP (Heat Shock Protein) pathway is induced by heat shock, oxidative stress, and other proteotoxic stresses. Stress
signals lead to the activation of heat shock factor 1 (HSF1), which translocates to the nucleus and promotes the
expression of heat shock proteins (HSPs). HSPs act as molecular chaperones, aiding in protein folding, preventing
aggregation, and promoting protein degradation. These proteins can also work as danger signaling biomarkers, being
secreted to the exterior of the cell in response to stress (Zininga et al., 2018)   

p53 Pathway:  

The p53 pathway is activated by DNA damage, oxidative stress, and other genotoxic stresses. DNA damage activates
kinases like ATM and ATR, which phosphorylate and stabilize p53. p53 then regulates the expression of genes
involved in cell cycle arrest, DNA repair, and apoptosis (Joerger and Fersht, 2016). p53 functions also expand to roles
in development, metabolic regulation and stem cell biology.  

Unfolded Protein Response (UPR):  

Unfolded Protein Response (UPR) is triggered by the accumulation of unfolded or misfolded proteins in the
endoplasmic reticulum (ER) (Hetz et al., 2020). This pathway involves sensors such as IRE1, PERK, and ATF6, which
detect ER stress and activate downstream signaling pathways (Ron and Walter, 2007). UPR aims to restore ER
homeostasis by enhancing protein folding capacity, degrading misfolded proteins, and reducing protein synthesis
(Grootjans et al., 2016). 

How it is Measured or Detected

Pathway Method of
Measurement Description Reference 

OECD
Approved
Assay 

cAMP-
PKA ELISA Measures intracellular cAMP concentrations to

assess activation of the cAMP-PKA pathway. Zhu et al., 2016 No 
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 cAMP-Glo™ Assay 
Monitors the level of intracellular cAMP in the
cell with receptors that are modulated by lipid
and free fatty acid agonists. 

Hu et al., 2019 No 

 Western Blot  Detects phosphorylation of PKA substrates,
indicating pathway activation. Zhang et al., 2021 No 

 
Direct cAMP Enzyme
Immunoassay 

 

Uses a cAMP polyclonal antibody to
competitively bind the cAMP in the sample
which has cAMP covalently bonded. 

 

Nogueira et al., 2015 No 

 
 RT-PCR 

 

 Quantifies mRNA levels of PKA-RII and PKA-C. 

 
Zhu et al., 2016 No 

MAPK Western Blot  
Detects the phosphorylation state of MAPK
family members (ERK, JNK, p38), indicating
activation. 

Tan et al., 2022; Xia and
Tang 2023 No 

 Immunohistochemistry 
Visualizes the activation of MAPKs (JNK and
p38) in tissue sections using specific
antibodies. 

Er et al., 2022 No 

 
qRT-PCR 

 

Quantifies mRNA levels of JNK, MAPK1(ERK),
and MAPK14(p38) 

 

Xia and Tang 2023 

 
No 

PI3K-Akt Western Blot  Detects phosphorylation of proteins such as
PI3K and AKT. 

Jin et al., 2022; Xia and
Tang 2023; Bamodu et
al., 2020 

No 

 qRT-PCR Quantifies mRNA levels of AKT1 and PI3K. Xia and Tang 2023 No 

p53 Western Blot  Measures levels of p53 and its downstream
target proteins to assess activation. 

Wei et al., 2024,
Mendes et al. 2015 No 

 qPCR  Quantifies mRNA levels of p53-regulated genes
such as p21, Bax, and H3K27me3. Wei et al., 2024 No 

 
Chromatin
immunoprecipitation
(ChIP)  

 Detects p53 binding to DNA at target gene
promoters. 

Vousden and Prives,
2009; Wei et al., 2024 No 

 
Co-
immunoprecipitation
(Co-IP)  

Identifies p53 protein to protein interactions. Wei et al., 2024 No 

 Immunofluorescence 
Visualizes localization and expression of p53. 

 

Wei et al., 2024 

 
No 

NF-κB Western Blot  
Detects phosphorylation and degradation of
IκBα, indicating activation of the NF-κB
pathway. 

Mao et al., 2023; Meier-
Soelch et al., 2021; Xia
and Tang 2023 

No 

 Electrophoretic Mobility
Shift Assay (EMSA)  

Measures DNA-binding activity of NF-κB to
specific response elements. 

Meier-Soelch et al.,
2021; Ramaswami and
Hayden, 2015 

No 

 ELISA  Quantifies NF-κB DNA-binding activity in
nuclear extracts. 

Meier-Soelch et al.,
2021 No 

JAK-
STAT Western Blot  Measures levels of JAK2 and STAT3 Broughton and Burfoot,

2001; Mao et al., 2023 No 

 Electrophoretic Mobility
Shift Assay (EMSA)  

Measures DNA-binding activity of STAT proteins
to specific response elements. 

Broughton and Burfoot;
Jiao et al., 2003 No 

HSP Western Blot  Measures levels of heat shock proteins such as
HSP70 and HSP83. 

Kaur and Kaur, 2013;
Thakur et al., 2019 No 

 ELISA  Quantifies levels of specific heat shock proteins
in cell extracts. Kaur and Kaur, 2013 No 

 Immunofluorescence  
Visualizes localization and expression of heat
shock proteins in cells. Thakur et al., 2019 No 

UPR Western Blot  Measures levels of UPR markers such as PERK,
IRE1α, ATF-6 

Sita et al., 2023;
Kennedy et al., 2015;
Zheng et al., 2019  

No 

 qPCR and RT-PCR  Quantifies mRNA levels of UPR-regulated genes
such as ATF4 and CHOP. 

Kennedy et al., 2015;
Zheng et al., 2019  No 

 Immunofluorescence  Visualizes localization and expression of UPR
markers in cells. Zheng et al., 2019 No 
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Event: 1492: Tissue resident cell activation

Short Name: Tissue resident cell activation

Key Event Component

Process Object Action

cell activation involved in immune
response increased

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-proteins
involved in protection against oxidative stress during brain development leads to impairment of learning
and memory

KeyEvent
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https://aopwiki.org/events/1492
https://aopwiki.org/aops/17


Aop:38 - Protein Alkylation leading to Liver Fibrosis KeyEvent
Aop:293 - Increased DNA damage leading to increased risk of breast cancer KeyEvent
Aop:294 - Increased reactive oxygen and nitrogen species (RONS) leading to increased risk of breast
cancer KeyEvent

Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment KeyEvent

AOP ID and Name Event
Type

Biological Context

Level of Biological Organization

Cellular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Macaca
fascicularis

Macaca
fascicularis NCBI

rat Rattus norvegicus NCBI
mouse Mus musculus NCBI
zebrafish Danio rerio NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages

Extend to at least invertebrates

Not to plants and not to single-celled organisms

BRAIN:

Tissue resident activation is observed in human, monkey, rat, mouse, and zebrafish, in association with
neurodegeneration or following toxicant exposure. Some references (non-exhaustive list) are given below for
illustration:

Human: Vennetti et al., 2006

Monkey (Macaca fascicularis): Charleston et al., 1994, 1996

Rat: Little et al., 2012; Zurich et al., 2002; Eskes et al., 2002

Mouse: Liu et al., 2012

Zebrafish: Xu et al., 2014.

LIVER:

Human: Su et al., 2002; Kegel et al., 2015; Boltjes et al.,2014

Rat: Luckey and Peterson,2001

Mouse: Dalton t al., 2009

Taxonomic applicability: Tissue resident activation is observed in human, monkey, rat, mouse, and zebrafish, in
association with neurodegeneration or following toxicant exposure. (Vennetti et al., 2006; Charleston et al., 1994,
1996; Little et al., 2012; Zurich et al., 2002; Eskes et al., 2002; Liu et al., 2012; Xu et al., 2014, Su et al., 2002; Kegel
et al., 2015; Boltjes et al.,2014, Luckey and Peterson,2001, Dalton t al., 2009).  

Life stage applicability: This key event is mainly applicable to all life stages most evidence is derived from adult
models (Betlazar et al., 2016; Paladini et al., 2021). 
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Sex applicability: This key event is not sex specific (Betlazar et al., 2016; Paladini et al., 2021). 

Evidence for perturbation by a prototypic stressor: Current literature provides ample evidence of tissue resident cell
activation being induced by ionizing radiation (Allen et al., 2020; Krukowski et al., 2018; Parihar et al., 2020; Parihar
et al., 2018; Parihar et al., 2016; Poulose et al., 2011; Raber et al., 2019; Sumam et al., 2013). 

Key Event Description

Tissue resident cell activation is considered as a hallmark of inflammation irrespective of the tissue type. Strategically
placed cells within tissues respond to noxious stimuli, thus regulating the recruitment of neutrophil and the initiation
and resolution of inflammation (Kim and Luster, 2015). Examples for these cells are resident immune cells,
parenchymal cells, vascular cells, stromal cells, or smooth muscle cells. These cells may be specific for a certain
tissue, but they have a common tissue-independent role. 

Under healthy conditions there is a homeostatic state, characterized as a generally quiescent cellular milieu. Various
danger signals or alarmins that are involved in induction of inflammation like pathogen-associated molecular pattern
molecules (PAMPs) and damage-associated molecular pattern molecules (DAMPs) activate these resident cells in
affected tissues. 

Examples of well-characterized DAMPs (danger signals or alarmins) (Saïd-Sadier and Ojcius, 2012; Roh and Sohn,
2018; Dukay et al., 2019) 

DAMPs Receptors Outcome of receptor ligation 

  

Extracellular nucleotides
(ATP, ADP, adenosine) 

PI, P2X and P2Y receptors
(ATP, ADP); Al, A2A, A2B 

and A3 receptors 

(adenosine) 

Dendritic cell (DC) maturation, chemotaxis, secretion of
cytokines (IL-1β, IL-18), inflammation 

Extracellular heat shock
proteins 

CD14, CD91, scavenger 

receptors, TLR4, TLR2, CD40 
DC maturation, cytokine induction, DC, migration to
lymph nodes 

  

Extracellular HMGB1 

  

RAGE, TLR2, TLR4 

Chemotaxis, cytokine induction, DC 

activation, neutrophil recruitment, inflammation,
activation of immune cells 

Uric acid crystals CD14, TLR2, TLR4 
DC activation, cytokine induction, 

neutrophil recruitment, gout induction 

Oxidative stress 
Intracellular redox- 

sensitive proteins 

Cell death, release of endogenous 

DAMPs, inflammation 
Laminin Integrins Neutrophil recruitment, chemotaxis 

S100 proteins or 

calgranulins 
RAGE 

Neutrophil recruitment, chemotaxis, 

cytokine secretion, apoptosis 

Hyaluronan TLR2, TLR4, CD44 
DC maturation, cytokine production, 

adjuvant activity 

Heat shock proteins (HSPs) Scavenger receptors, TLR2,
TLR4 Inflammation, cytokine production 

 

 

Activation refers to a phenotypic modification of the resident cells that includes alterations in their secretions,
activation of biosynthetic pathways, production of pro-inflammatory proteins and lipids, and morphological changes.
While these represent a pleiotropic range of responses that can vary with the tissue, there are a number of common
markers or signs of activation that are measurable. 

Examples of Common markers are 

 CD11b 

 Iba1 

 GFAP  CD68  CD86 

 Mac-1  NF-kB  AP-1 
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 Jnk 

 P38/MAPK 

These described commonalities allow the use of this KE as a hub KE in the AOP network. However, despite the
similarities in the inflammatory process, the type of reactive cells and the molecules triggering their reactivity may be
tissue-specific. Therefore, for practical reasons, a tissue specific description of the reactive cells and of the triggering
factors is necessary in order to specify in a tissue-specific manner, which cell should be considered and what should
be measured. 

 

Brain 

The most easily detectable feature of brain inflammation or neuroinflammation is activation of microglial cells and
astrocytes. It is evidenced by changes in shape, increased expression of certain antigens, and accumulation and
proliferation of the glial cells in affected regions (Aschner, 1998; Graeber & Streit, 1990; Monnet-Tschudi et al, 2007;
Streit et al, 1999; Kraft and Harry, 2011; Claycomb et al., 2013). Upon stimulation by cytokines, chemokines or
inflammogens (e.g. from pathogens or from damaged neurons), both glial cell types activate inflammatory signaling
pathways, which result in increased expression and/or release of inflammatory mediators such as cytokines,
eicosanoids, and metalloproteinases (Dong & Benveniste, 2001) (cf KE: pro- inflammatory mediators, increased), as
well as in the production of reactive oxygen species (ROS) and nitrogen species (RNS) (Brown & Bal-Price, 2003).
Different types of activation states are possible for microglia and astrocytes, resulting in pro- inflammatory or anti-
inflammatory signaling, and other cellular functions (such as phagocytosis) (Streit et al., 1999; Nakajima and
Kohsaka, 2004). Therefore, neuroinflammation can have both neuroprotective/neuroreparative and
neurodegenerative consequences (Carson et al., 2006; Monnet-Tschudi et al, 2007; Aguzzi et al., 2013 ; Glass et al.,
2010). Under normal physiological conditions, microglial cells survey the nervous system for neuronal integrity
(Nimmerjahn et al, 2005) and for invading pathogens (Aloisi, 2001; Kreutzberg, 1995; Kreutzberg, 1996; Rivest,
2009). They are the first type of cell activated (first line of defense), and can subsequently induce astrocyte activation
(Falsig, 2008). Two distinct states of microglial activation have been described (Gordon, 2003; Kigerl et al, 2009;
Maresz et al, 2008; Mosser & Edwards, 2008; Perego et al; Ponomarev et al, 2005): The M1 state is classically
triggered by interferon-gamma and/or other pro-inflammatory cytokines, and this state is characterized by increased
expression of integrin alpha M (Itgam) and CD86, as well as the release of pro-inflammatory cytokines (TNF-alpha, IL-
1beta, IL-6), and it is mostly associated with neurodegeneration. The M2 state is triggered by IL-4 and IL-13 (Maresz
et al, 2008; Perego et al, 2011; Ponomarev et al, 2007) and induces the expression of mannose receptor 1 (MRC1),
arginase1 (Arg 1) and Ym1/2; it is involved in repair processes. The activation of astrocytes by microglia-derived
cytokines or TLR agonists resembles the microglial M1 state (Falsig 2006). Although classification of the M1/M2
polarization of microglial cells may be considered as a simplification of authentic microglial reaction states
(Ransohoff, 2016), a similar polarization of reactive astrocytes has been described recently Liddlelow et al., 2017):
Interleukin-1 alpha (IL-1a), TNF and subcomponent q (C1q) released by activated microglial cells induce A1-reactive
astrocytes, which lose the ability to promote neuronal survival, outgrowth, synaptogenesis and phagocytosis and
induce the death of neurons and oligodendrocytes. 

How it is Measured or Detected

Measurement targets are cell surface and intracellular markers; the specific markers may be cell and species-
specific. 

Available methods include cytometry, immunohistochemistry, gene expression sequencing; western blotting, ELISA,
and functional assays. 

  

BRAIN 

Neuroinflammation, i.e. the activation of glial cells can be measured by quantification of cellular markers (most
commonly), or of released mediators (less common). As multiple activation states exist for the two main cell types
involved, it is necessary to measure several markers of neuroinflammation: 

Microglial activation can be detected based on the increased numbers of labeled microglia per volume element of
brain tissue (due to increase of binding sites, proliferation, and immigration of cells) or on morphological changes. A
specific microglial marker, used across different species, is CD11b. Alternatively various specific carbohydrate
structures can be stained by lectins (e.g. IB4). Beyond that, various well-established antibodies are available to detect
microglia in mouse tissue (F4/80), phagocytic microglia in rat tissue (ED1) or more generally microglia across species
(Iba1). Transgenic mice are available with 

 

fluorescent proteins under the control of the CD11b promoter to easily quantify microglia without the need for specific
stains. 

The most frequently used astrocyte marker is glial fibrillary acidic protein, GFAP (99% of all studies) (Eng et al., 2000).
This protein is highly specific for astrocytes in the brain, and antibodies are available for immunocytochemical
detection. In neuroinflammatory brain regions, the stain becomes more prominent, due to an upregulation of the
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protein, a shape change/proliferation of the cells, and/or better accessibility of the antibody. Various histological
quantification approaches can be used. Occasionally, alternative astrocytic markers, such as vimentin of the
S100beta protein, have been used for astrocyte staining (Struzynska et al., 2007). Antibodies for complement
component 3 (C3), the most characteristic and highly upregulated marker of A1 neurotoxic reactive astrocytes are
commercially available. 

All immunocytochemical methods can also be applied to cell culture models. 

In patients, microglial accumulation can be monitored by PET imaging, using [11C]-PK 11195 as a microglial marker
(Banati et al., 2002). 

Activation of glial cells can be assessed in tissue or cell culture models also by quantification of sets of M1/M2
phenotype markers. This can for instance be done by PCR quantification, immunocytochemistry, immunoblotting. 

 Itgam, CD86 expression as markers of M1 microglial phenotype  Arg1, MRC1, as markers of M2 microglial phenotype 

(for descriptions of techniques, see Falsig 2004; Lund 2006 ; Kuegler 2010; Monnet-Tschudi et al., 2011; Sandström et
al., 2014; von Tobel et al., 2014) 

LIVER: 

Kupffer cell activation can be measured by means of expressed cytokines, e.g. tissue levels of TNF-a [Vajdova et
al,2004], IL-6 expression, measured by immunoassays or Elisa (offered by various companies), soluble CD163
[Grønbaek etal., 2012; Møller etal.,2012] or increase in expression of Kupffer cell marker genes such as Lyz, Gzmb,
and Il1b, (Genome U34A Array, Affymetrix); [Takahara et al.,2006] 
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Event: 2097: Increase, Pro-Inflammatory Mediators

Short Name: Increase, Pro-Inflammatory Mediators

Key Event Component

Process Object Action

inflammatory response increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:483 - Deposition of Energy Leading to Learning and Memory
Impairment KeyEvent

Biological Context

Level of Biological Organization

Tissue

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
rat Rattus norvegicus Low NCBI
mouse Mus musculus Low NCBI

Life Stage Applicability
Life Stage Evidence
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Not Otherwise
Specified Moderate

Life Stage Evidence

Sex Applicability
Sex Evidence

Mixed Moderate

Taxonomic applicability: The inflammatory response and increase of the pro-inflammatory mediators has been
observed across species from simple invertebrates such as Daphnia to higher order vertebrates (Weavers & Martin,
2020).  

Life stage applicability: This key event is not life stage specific (Kalm et al., 2013; Veeraraghan et al., 2011; Hladik
& Tapio, 2016).  

Sex applicability:  Most studies conducted were on male models, although sex-dependent differences in pro-
inflammatory markers have been previously reported (Cekanaviciute et al., 2018; Parihar et al., 2020).  

Evidence for perturbation by a prototypic stressor: There is evidence of the increase of pro-inflammatory
mediators following perturbation from a variety of stressors including exposure to ionizing radiation. (Abdel-Magied et
al., 2019; Cho et al., 2017; Gaber et al., 2003; Ismail et al., 2016; Kim et al. 2002; Lee et al., 2010; Parihar et al.,
2018) 

Key Event Description

(Adapted from KE 1493 - in blue)

Inflammatory mediators are soluble, diffusible molecules that act locally at the site of tissue damage and infection,
and at more distant sites. They can be divided into exogenous and endogenous mediators. 

Exogenous mediators of inflammation are bacterial products or toxins like endotoxin or lipopolysaccharides (LPS).
Endogenous mediators of inflammation are produced from within the (innate and adaptive) immune system itself, as
well as other systems. They can be derived from molecules that are normally present in the plasma in an inactive
form, such as peptide fragments of some components of complement, coagulation, and kinin systems. Or they can be
released at the site of injury by a number of cell types that either contain them as preformed molecules within
storage granules, e.g. histamine, or which can rapidly switch on the machinery required to synthesize the mediators. 

Pro-inflammatory mediators can have dual properties of anti-inflammatory and pro-inflammatory effects,
dysregulation of the balance can lead to chronic inflammation which is implicated in many diseases such as
cardiovascular diseases, neurodegenerative diseases or cancer

Examples of pro-inflammatory mediators are provided below in Table 1. 

Table 1: a non-exhaustive list of examples for pro-inflammatory mediators 

Classes of inflammatory
mediators Examples 

Pro-inflammatory cytokines TNF- α, Interleukins (IL-1, IL-6, IL-8), Interferons (IFN-γ), chemokines (CXCL, CCL, GRO-
α, MCP-1), GM-CSF 

Prostaglandins PGE2 
Bioactive peptides Bradykinin 
Vasoactive amines histamine, serotonin 
Reactive oxygen species
(ROS) O2-, H2O2 

Reactive nitrogen species
(RNS) NO, iNOS 

The increased production of pro-inflammatory mediators can have negative consequences on the parenchymal cells
leading even to cell death, as described for TNF-a or peroxynitrite on neurons (Brown and Bal-Price, 2003). Along with
TNF-α, IL-1β and IL-6 have been shown to exhibit negative consequences on neurogenesis and neuronal precursor cell
proliferation when overexpressed. IFN-γ  is also associated with neuronal damage, although it is not as extensively
studied compared to TNF-α, IL-1β and IL-6. These cytokines are normally involved in brain homeostasis and
maintaining tissue repair following an injury, although it can have negative consequences (Fan & Pang, 2017). In
addition, via a feedback loop, they can act on the reactive resident cells thus maintaining or exacerbating their
reactive state; and by modifying elements of their signalling pathways, they can favour the M1 phenotypic
polarization and the chronicity of the inflammatory process (Taetzsch et al., 2015).  

Studies show that the dysregulation of pro-inflammatory mediators can influence both cancer and non-cancer
outcomes. Excessive/persistent pro-inflammatory signaling due to injury or exposure to chronic exposures can create
an environment conducive to cellular transformation, proliferation. In autoimmune diseases, aberrant immune
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responses driven by pro-inflammatory cytokines like IL-6 and TNF-α lead to chronic inflammation, tissue damage, and
organ dysfunction. Neurodegenerative disorders, such as Alzheimer's disease, involve dysregulated pro-inflammatory
mediators like IL-1β and TNF-α, contributing to neuronal degeneration. Basically, this event occurs equally in various
tissues and does not require tissue-specific descriptions. Nevertheless, there are some specificities such as the
release of glutamate by brain reactive glial cells (Brown and Bal-Price, 2003; Vesce et al., 2007). The differences may
rather reside in the type of insult favouring the increased expression and/or release of a specific class of inflammatory
mediators, as well the time after the insult reflecting different stages of the inflammatory process. For these reasons,
the analyses of the changes of a battery of inflammatory mediators rather than of a single one is a more adequate
measurement of this KE. 

 

How it is Measured or Detected

Listed below are common methods for detecting the KE, however there may be other comparable methods that are
not listed. 

Assay Reference Description 
OECD
Approved
Assay 

RT-qPCR 

Q-PCR 

(Veremeyko et al.,
2012; Alwine et al,
1977; Forlenza et al.,
2012) 

Measures mRNA expression of cytokines,
chemokines and inflammatory markers  No 

Immunoblotting (western
blotting) (Lee et al., 2008) 

Uses antibodies specific to proteins of interest,
can used to detect presence of pro-inflammatory
mediators in samples of cell or tissue lysate 

No 

Whole blood stimulation assay (Thurm & Halsey,
2005)  Detects inflammatory cytokines in blood No 

Imaging tests (Rollins & Miskolci,
2014) 

A qualitative technique using a cytokine specific
antibodies and fluorophores can be used to
visualize expression patterns, subcellular
location of the target and protein-protein
interactions.  

Common examples include double
immunofluorescence confocal microscopy or
other molecular imaging modalities. 

No 

Flow-cytometry (Karanikas et al.,
2000) 

Detects the intracellular cytokines with
stimulation. No 

Immunoassays (ex. enzyme-
linked immunosorbent assay
(ELISA), enzyme-linked
immunospot (ELISpot),
radioimmunoassay) 

(Amsen et al., 2009;
Engvall & Perlmann,
1972; Ji & Forsthuber,
2016; Goldsmith,
1975) 

Plate based assay technique using antibodies to
detect presence of a protein in a liquid sample.  

Can be used to identify presence of an
inflammatory cytokine of interest especially
when in low concentrations.  

No 

Inflammatory cytokine arrays 

 

(Amsen et al., 2009) 

 

Similar to the ELISA, except using a membrane-
based rather than plate-based approach. Can be
used to measure multiple cytokine targets
concurrently.  

No 

Immunohistochemistry (IHC) (Amsen et al., 2009;
Coons et al., 1942) 

Immobilized tissue or cell cultures are stained
using antibodies for specificity of ligands of
interest. Versions of the assays can be used to
visualize localization of inflammatory
cytokines.  

No 
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Event: 2098: Increase, Abnormal Neural Remodeling

Short Name: Abnormal Neural Remodeling

Key Event Component

Process Object Action

neurogenesis decreased
demyelination increased
neuron death increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:483 - Deposition of Energy Leading to Learning and Memory
Impairment KeyEvent

Biological Context

Level of Biological Organization

Tissue

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

dog Canis lupus
familiaris Low NCBI

rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Juvenile Low
Adult Moderate

Sex Applicability
Sex Evidence

Male Moderate
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Female Low
Unspecific Low

Sex Evidence

Taxonomic applicability: The ability to process complex spatiotemporal information through neuronal networking is
a fundamental process underlying the behavior of all higher organisms. The most studied are the neuronal networks
of vertebrates such as rodents (Cekanaviciute et al., 2018) and primates (Wang and Arnsten, 2015).
https://pubmed.ncbi.nlm.nih.gov/26876924/Invertebrates hold neural circuitries in various degrees of complexity and
there are studies describing how neurons are organized into functional networks to generate behaviour (Wong and
Wong, 2004; Marder, 1994).  

Life stage applicability: This key event is applicable to all life stages; most evidence is derived from studies in
adults (Cekanaviciute et al., 2018; Hladik & Tapio, 2016). 

Sex applicability: This key event is not sex specific (Hladik & Tapio, 2016). 

Evidence for perturbation by a prototypic stressor: Current literature provides ample evidence of neural
remodeling being induced by stressors including ionizing radiation (Allen et al., 2015; Cekanaviciute et al., 2018; J. R.
Fike et al., 1984; John R. Fike et al., 1988; Hladik & Tapio, 2016; Kiffer et al., 2020; Mizumatsu et al., 2003; Okamoto
et al., 2009; Vipan K. Parihar et al., 2016; Vipan K. Parihar; Rola et al., 2005; Tiller-Borcich et al., 1987). 

Key Event Description

(Adapted from KE: 618)

Abnormal neural remodeling is a normal process that allows for the encoding of new information and experiences,
and it is essential in the functional and structural adaptation of the central nervous system (CNS) (Wang et al., 2010).
 Remodeling of neural cells can be adaptive but stressors and stimuli that lead to persistent inflammation can
degenerate brain cell types like neurons, dendrites, glial cells, astrocytes and oligodendrocytes (Hladik & Tapio, 2016;
Makale et al., 2017). Abnormal neural remodeling can encompass a broad range of processes (Marc et al., 2003).  Key
processes include changes in neurogenesis, synaptic plasticity, and myelination, which are all measurable.
Neurogenesis involves the generation of new neurons from neural stem cells, primarily occurring in neurogenic niches
such as the hippocampus (Hladik & Tapio, 2016). Synaptic plasticity refers to the ability of synapses to undergo
structural and functional modifications in response to activity, facilitating learning and memory formation. This
includes processes like long-term potentiation (LTP) and long-term depression (LTD), which enhances or weakens
synaptic strength, respectively. Myelination, primarily mediated by oligodendrocytes in the CNS, involves the
formation of myelin sheaths around axons, facilitating efficient signal transmission (Stadelmann et al., 2019).  

Exposure to environmental toxins or substances during critical developmental periods can negatively influence the
many processes involved in abnormal neural remodeling. Prenatal exposure to neurotoxic substances, for instance,
may disrupt fetal neurogenesis. Prolonged stress, hormonal imbalances, and the natural aging process can also
contribute to abnormal  neural remodeling.  Studies show that the dendrites of neurons are an important structure for
maintaining synaptic plasticity. Changes in dendritic spine density and structure, including decreases in dendritic
branch points, length, and area, are correlated with changes in excitatory synaptic transmission strength which can
impair brain function (Jandial et al., 2018; Auffret et al., 2009). Dendritic protein synthesis is also required for many
types of long-term synaptic plasticity (Sutton & Schuman 2006). Changes to the levels of protein synthesis can greatly
affect neuronal communication. When dendritic complexity decreases, there can be a decline in neurogenesis and an
increase in neurodegeneration. Neurogenesis is the creation of mature cells from neural stem cells (NSCs) which are
involved in learning and memory, and decreased neurogenesis can impair the brain’s function (Hladik & Tapio, 2016).
Together these events provoke changes in synaptic plasticity and propagations of action potentials, ultimately leading
to the disruption of neuronal signaling (Cekanaviciute et al., 2018). Other types of changes related to abnormal neural
remodeling include demyelination of neurons and white matter necrosis which have been associated with altered
brain function such as decreased long-term memory formation (Makale et al., 2017; Tomé et al., 2015).

How it is Measured or Detected

 

AOP483

53/209

https://pubmed.ncbi.nlm.nih.gov/26876924/
https://aopwiki.org/events/618


Method of Measurement References Description 
OECD-
Approved
Assay 

MRI Scan Jiang et al.,
2014 

 Magnetic resonance imaging (MRI) is an imaging
technique used to visualize organs and tissues in
the body. MRI can be used to view
demyelination. 

No 

Fluoro-Jade stain 
Schmued
and Hopkins,
2000 

Detects and labels degenerating neurons. No 

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT)
Assay – colorimetric assay used to
assess cell metabolic activity based on
the reduction of (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide. 

Riss et al.,
2004 

Cell viability and proliferation assays can be used
to measure increased levels of
neurodegeneration or decreased levels of
neurogenesis. 

Yes 

Bromodeoxyuridine (BrdU) labeling  Vallieres et
al., 2002 

Staining method used to identify proliferating
cells and measures neurogenesis. No 

SYNPLA Dore et al.,
2020 

Synaptic proximity ligation assay (SYNPLA) is a
technique that detects learning-induced synaptic
plasticity. 

No 

ELISA 

Falsig et al.,
2003; Lund
et al., 2006;
Monnet-
Tschudi et
al., 2011 

The enzyme-linked immunosorbent assay (ELISA)
is a technique that detects and quantifies levels
of macromolecules such as peptides, proteins,
antibodies, and hormones. It can be used to
detect specific molecules in neurons that
represent loss in integrity such as PSD-95,
synapsin 1 or drebrin. 

No 

Immunoassay/microscopy 

Falsig et al.,
2003; Lund
et al., 2006;
Monnet-
Tschudi et
al., 2011 

Various methods that use the specificity of
antigen-antibody binding for detection and
quantification of target molecules such as PSD-
95, synpasin 1, Ki-67 and drebrin. 

No 

Western Blot 
Yang and
Mahmood,
2012 

Protein identification from a complex mixture
after size separation, transfer to solid support
and marking target protein. Specific markers
include PSD-95, synpasin 1, Ki-67 and drebrin. 

No 

Golgi-Cox Method 
Zaqout and
Kaindl, 2016 Visualizes neuronal morphology in vivo. No 

Whole-cell electrophysiology 
Hill and
Stephens,
2021 

Measures intracellular electrical properties by
visualizing ionic currents. No 

Terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling
(TUNEL) assay 

Kressel and
Groscurth,
1994 

 

Apoptosis is detected with the TUNEL method to
assay the endonuclease cleavage products by
enzymatically end-labeling the DNA strand
breaks.  

 

Yes 
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Event: 1635: Increase, DNA strand breaks

Short Name: Increase, DNA strand breaks

Key Event Component

Process Object Action

DNA Strand
Break Deoxyribonucleic acid increased

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:296 - Oxidative DNA damage leading to chromosomal aberrations and mutations KeyEvent
Aop:272 - Deposition of energy leading to lung cancer KeyEvent
Aop:322 - Alkylation of DNA leading to reduced sperm count KeyEvent
Aop:216 - Deposition of energy leading to population decline via DNA strand breaks and follicular
atresia KeyEvent

Aop:238 - Deposition of energy leading to population decline via DNA strand breaks and oocyte
apoptosis KeyEvent

Aop:478 - Deposition of energy leading to occurrence of cataracts KeyEvent
Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment KeyEvent
Aop:470 - Deposition of energy leads to abnormal vascular remodeling KeyEvent

Stressors

Name

Ionizing Radiation
Topoisomerase inhibitors
Radiomimetic
compounds

Biological Context

Level of Biological Organization
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Molecular
Level of Biological Organization

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human and other cells in
culture

human and other cells in
culture NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages High

Sex Applicability
Sex Evidence

Unspecific High

Taxonomic applicability: DNA strand breaks are relevant to all species, including vertebrates such as humans, that
contain DNA (Cannan & Pederson, 2016).  

Life stage applicability: This key event is not life stage specific as all life stages display strand breaks. However, there
is an increase in baseline levels of DNA strand breaks seen in older individuals though it is unknown whether this
change due to increased break induction or a greater retention of breaks due to poor repair (White & Vijg, 2016). 

Sex applicability: This key event is not sex specific as both sexes display evidence of strand breaks. In some cell
types, such as peripheral blood mononuclear cells, males show higher levels of single strand breaks than females
(Garm et al., 2012). 

Evidence for perturbation by a stressor: There are studies demonstrating that increased DNA strand breaks can result
from exposure to multiple stressor types including ionizing & non-ionizing radiation, chemical agents, and oxidizing
agents (EPRI, 2014; Hamada, 2014; Cencer et al., 2018; Cannan & Pederson, 2016; Yang et al., 1998).  

Key Event Description

DNA strand breaks are a type of damage resulting from the hydrolysis of phosphodiester groups in the backbone of
DNA molecules (Gates, 2009) and can occur on a single strand (single strand breaks; SSBs) or both strands (double
strand breaks; DSBs). SSBs arise when the sugar phosphate backbones connecting adjacent nucleotides in DNA are
simultaneously hydrolyzed such that the hydrogen bonds between complementary bases are not able to hold the two
strands together. DSBs are generated when both strands are simultaneously broken at sites that are sufficiently close
to one another that base-pairing and chromatin structure are insufficient to keep the two DNA ends juxtaposed. As a
consequence, the two DNA ends generated by a DSB can physically dissociate from one another, becoming difficult to
repair and increasing the chance of inappropriate recombination with other sites in the genome (Jackson, 2002). SSB
can turn into DSB if the replication fork stalls at the lesion leading to fork collapse. Strand breaks are intermediates in
various biological events, including DNA repair (e.g., excision repair), as well as other normal cellular processes where
DSBs act as genetic shufflers to generate genetic diversity for V(D)J recombination in lymphoid cells, and chromatin
remodeling in both somatic cells and germ cells, and meiotic recombination in gametes. 

Strand breaks are intermediates in various biological events, including DNA repair (e.g., excision repair), V(D)J
recombination in developing lymphoid cells and chromatin remodeling in both somatic cells and germ cells. The
spectrum of damage can be complex, particularily if the stressor is from large amounts of deposited energy which can
result in complex lesions and clustered damage defined as two or more oxidized bases, abasic sites or starnd breaks
on opposing DNA strands within a few helical turns. These lesions are more difficult to repair and have been studied in
many types of models (Barbieri et al., 2019 and Asaithamby et al., 2011). DSBs and complex lesions are of particular
concern, as they are considered the most lethal and deleterious type of DNA lesion. If misrepaired or left unrepaired,
DSBs may drive the cell towards genomic instability, apoptosis or tumorigenesis (Beir, 1999). 

How it is Measured or Detected

Please refer to the table below for details regarding these and other methodologies for detecting DNA DSBs. 

Method of
Measurement  References  Description  

OECD
Approved
Method? 
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Comet Assay
(Single Cell Gel
Eletrophoresis -
Alkaline)  

Collins, 2004;
Olive and Banath,
2006; Platel et al.,
2011; Nikolova et
al., 2017  

To detect SSBs or DSBs, single cells are encapsulated in agarose on
a slide, lysed, and subjected to gel electrophoresis at an alkaline pH
(pH >13); DNA fragments are forced to move, forming a "comet"-
like appearance  

Yes 

γ-H2AX Foci
Quantification -
Flow Cytometry  

Rothkamm and
Horn, 2009; Bryce
et al., 2016  

Measurement of γ-H2AX immunostaining in cells by flow cytometry,
normalized to total levels of H2AX  No 

γ-H2AX Foci
Quantification -
Western Blot  

Burma et al.,
2001; Revet et al.,
2011  

Measurement of γ-H2AX immunostaining in cells by Western
blotting, normalized to total levels of H2AX  No 

γ-H2AX Foci
Quantification -
Microscopy  

Redon et al.,
2010; Mah et al.,
2010; Garcia-
Canton et al.,
2013  

Quantification of γ-H2AX immunostaining by counting γ-H2AX foci
visualized with a microscope  No 

γ-H2AX Foci
Quantification -
ELISA  

Ji et al., 2017  Measurement of γ-H2AX in cells by ELISA, normalized to total levels
of H2AX  No 

Pulsed Field Gel
Electrophoresis
(PFGE)  

Ager et al., 1990;
Gardiner et al.,
1985; Herschleb
et al., 2007;
Kawashima et al.,
2017  

To detect DSBs, cells are embedded and lysed in agarose, and the
released DNA undergoes gel electrophoresis in which the direction
of the voltage is periodically alternated; Large DNA fragments are
thus able to be separated by size  

No 

The TUNEL
(Terminal
Deoxynucleotidyl
Transferase
dUTP Nick End
Labeling) Assay  

Loo, 2011  
To detect strand breaks, dUTPs added to the 3’OH end of a strand
break by the DNA polymerase terminal deoxynucleotidyl transferase
(TdT) are tagged with a fluorescent dye or a reporter enzyme to
allow visualization  

No 

In Vitro DNA
Cleavage Assays
using
Topoisomerase  

Nitiss, 2012  
Cleavage of DNA can be achieved using purified topoisomerase;
DNA strand breaks can then be separated and quantified using gel
electrophoresis  

No 

PCR assay 
Figueroa‑González
& Pérez‑Plasencia,
2017 

Assay of strand breaks through the observation of DNA amplification
prevention. Breaks block Taq polymerase, reducing the number of
DNA templates, preventing amplification 

No 

Sucrose density
gradient
centrifuge 

Raschke et al.
2009 

Division of DNA pieces by density, increased fractionation leads to
lower density pieces, with the use of a sucrose cushion No 

Alkaline Elution
Assay Kohn, 1991 Cells lysed with detergent-solution, filtered through membrane to

remove all but intact DNA No 

Unwinding
Assay Nacci et al. 1992 

DNA is stored in alkaline solutions with DNA-specific dye and
allowed to unwind following removal from tissue, increased strand
damage associated with increased unwinding 

Yes 

STRIDE assay Zilio and Ulrich,
2021 

STRIDE (SensiTive Recognition of Individual DNA Ends) combines in
situ nick translation with the proximity ligation assay (PLA) to detect
single-strand breaks (sSTRIDE) or double-strand breaks (dSTRIDE).
In this process, lesions labeled through nick translation with
biotinylated nucleotides are identified by a PLA signal, which arises
from the interaction of two anti-biotin antibodies from different
species. 

 

No 

sBLISS Bouwmann et al.
2020 

sBLISS (in-suspension breaks labeling in situ and sequencing) 
labels double-strand breaks (DSBs) in cells immobilized on glass
coverslips, using double-stranded oligonucleotide adaptors that
facilitate selective linear amplification through T7-mediated in vitro
transcription (IVT), followed by next-generation sequencing (NGS)
library preparation 

 

No 
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List of Adverse Outcomes in this AOP

Event: 341: Impairment, Learning and memory

Short Name: Impairment, Learning and memory

Key Event Component

Process Object Action

learning decreased
memory decreased

AOPs Including This Key Event

AOP ID and Name Event Type
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Aop:13 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development induces impairment of learning and memory abilities AdverseOutcome

Aop:48 - Binding of agonists to ionotropic glutamate receptors in adult brain causes excitotoxicity
that mediates neuronal cell death, contributing to learning and memory impairment. AdverseOutcome

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment AdverseOutcome
Aop:77 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony death/failure 1 KeyEvent

Aop:78 - Nicotinic acetylcholine receptor activation contributes to abnormal role change within
the worker bee caste leading to colony death failure 1 KeyEvent

Aop:87 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony loss/failure KeyEvent

Aop:88 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony loss/failure via abnormal role change within caste KeyEvent

Aop:89 - Nicotinic acetylcholine receptor activation followed by desensitization contributes to
abnormal foraging and directly leads to colony loss/failure KeyEvent

Aop:90 - Nicotinic acetylcholine receptor activation contributes to abnormal roll change within the
worker bee caste leading to colony loss/failure 2 KeyEvent

Aop:12 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development leads to neurodegeneration with impairment in learning and memory in aging AdverseOutcome

Aop:99 - Histamine (H2) receptor antagonism leading to reduced survival KeyEvent
Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-
proteins involved in protection against oxidative stress during brain development leads to
impairment of learning and memory

AdverseOutcome

Aop:475 - Binding of chemicals to ionotropic glutamate receptors leads to impairment of learning
and memory via loss of drebrin from dendritic spines of neurons AdverseOutcome

Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment AdverseOutcome
Aop:490 - Co-activation of IP3R and RyR leads to reduced IQ through non-cholinergic mechanisms AdverseOutcome
Aop:499 - Activation of MEK-ERK1/2 leads to deficits in learning and cognition via disrupted
neurotransmitter release AdverseOutcome

Aop:500 - Activation of MEK-ERK1/2 leads to deficits in learning and cognition via ROS and
apoptosis AdverseOutcome

Aop:520 - Retinoic acid receptor agonism during neurodevelopment leading to impaired learning
and memory AdverseOutcome

Aop:525 - Reduced oligodendrocyte differentiation during neurodevelopment leading to impaired
learning and memory AdverseOutcome

Aop:533 - Retinoic acid receptor antagonism during neurodevelopment leading to impaired
learning and memory AdverseOutcome

Aop:535 - Binding and activation of GPER leading to learning and memory impairments AdverseOutcome

AOP ID and Name Event Type

Biological Context

Level of Biological Organization

Individual

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
fruit fly Drosophila melanogaster High NCBI
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zebrafish Danio rerio High NCBI
gastropods Physa heterostropha High NCBI
mouse Mus musculus High NCBI

Term Scientific Term Evidence Links

Life Stage Applicability
Life Stage Evidence

During brain development High
Adult, reproductively
mature High

Sex Applicability
Sex Evidence

Mixed High

Basic forms of learning behavior such as habituation have been found in many taxa from worms to humans
(Alexander, 1990). More complex cognitive processes such as executive function likely reside only in higher
mammalian species such as non-human primates and humans. Recently, larval zebrafish has also been suggested as
a model for the study of learning and memory (Roberts et al., 2013). 

Life stage applicability: This key event is applicable to various life stages such as during brain development and
maturity (Hladik & Tapio, 2016). 

Sex applicability: This key event is not sex specific (Cekanaviciute et al., 2018), although sex-dependent cognitive
outcomes have been recently ; Parihar et al., 2020). 

Evidence for perturbation by a prototypic stressor: Current literature provides ample evidence of impaired
learning and memory being induced by ionizing radiation (Cekanaviciute et al., 2018; Hladik & Tapio, 2016). 

Key Event Description

 (Adapted from KE: 341 - in blue) 

Learning can be defined as the process by which new information is acquired to establish knowledge by systematic
study or by trial and error (Ono, 2009). Two types of learning are considered in neurobehavioral studies: a)
associative learning and b) non- associative learning. Associative learning is based on making associations between
different events. In associative learning, a subject learns the relationship among two different stimuli or between the
stimulus and the subject’s behavior. On the other hand, non-associative learning can be defined as an alteration in
the behavioral response that occurs over time in response to a single type of stimulus. Habituation and sensitization
are some examples of non-associative learning. 

The memory formation requires acquisition, retention and retrieval of information in the brain, which is characterized
by the non- conscious recall of information (Ono, 2009). There are three main categories of memory, including
sensory memory, short-term or working memory (up to a few hours) and long-term memory (up to several days or
even much longer). 

Learning and memory depend upon the coordinated action of different brain regions and neurotransmitter systems
constituting functionally integrated neural networks (D’Hooge and DeDeyn, 2001). Among the many brain areas
engaged in the acquisition of, or retrieval of, a learned event, the hippocampal-based memory systems have received
the most study. For example, the hippocampus has been shown to be critical for spatial-temporal memory, visio-
spatial memory, verbal and narrative memory, and episodic and autobiographical memory (Burgess et al., 2000;
Vorhees and Williams, 2014). However, there is substantial evidence that fundamental learning and memory
functions are not mediated by the hippocampus alone but require a network that includes, in addition to the
hippocampus, anterior thalamic nuclei, mammillary bodies cortex, cerebellum and basal ganglia (Aggleton and
Brown, 1999; Doya, 2000; Mitchell et al., 2002, Toscano and Guilarte, 2005; Gilbert et al., 2006, 2016). Thus, damage
to variety of 

 

brain structures can potentially lead to impairment of learning and memory. The main learning areas and pathways
are similar in rodents and primates, including man (Eichenbaum, 2000; Stanton and Spear, 1990). While the
prefrontal cortex and frontostriatal neural circuits have been identified as the primary sites of higher-order cognition
in vertebrates, invertebrates utilize paired mushroom bodies, shown to contain ~300,000 neurons in honey bees
(Menzel, 2012; Puig et al., 2014). 

For the purposes of this KE (AO), impaired learning and memory is defined as an organism’s inability to establish new
associative or non-associative relationships, or sensory, short-term or long-term memories which can be measured
using different behavioral tests described below. 
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How it is Measured or Detected

In laboratory animals: in rodents, a variety of tests of learning and memory have been used to probe the integrity of
hippocampal function. These include tests of spatial learning like the radial arm maze (RAM), the Barnes maze, Hebb-
Williams maze, passive avoidance and Spontaneous alternation and most commonly, the Morris water maze (MWM).
Test of novelty such as novel object recognition, and fear based context learning are also sensitive to hippocampal
disruption. Finally, trace fear conditioning which incorporates a temporal component upon traditional amygdala-based
fear learning engages the hippocampus. A brief description of these tasks follows. 

RAM, Barnes, MWM, Hebb-Williams maze are examples of spatial tasks, animals are required to learn the location of a
food reward (RAM); an escape hole to enter a preferred dark tunnel from a brightly lit open field area (Barnes maze),
or a hidden platform submerged below the surface of the water in a large tank of water (MWM) (Vorhees and Williams,
2014). The Hebb- Williams maze measures an animal’s problem solving abilities by providing no spatial cues to find
the target (Pritchett & Mulder, 2004). 

Novel Object recognition. This is a simpler task that can be used to probe recognition memory. Two objects are
presented to animal in an open field on trial 1, and these are explored. On trial 2, one object is replaced with a novel
object and time spent interacting with the novel object is taken evidence of memory retention – I have seen one of
these objects before, but not this one (Cohen and Stackman, 2015). 

Contextual Fear conditioning is a hippocampal based learning task in which animals are placed in a novel
environment and allowed to explore for several minutes before delivery of an aversive stimulus, typically a mild foot
shock. Upon reintroduction to this same environment in the future (typically 24-48 hours after original training),
animals will limit their exploration, the context of this chamber being associated with an aversive event. The degree
of suppression of activity after training is taken as evidence of retention, i.e., memory (Curzon et al., 2009). 

Trace fear conditioning. Standard fear conditioning paradigms require animals to make an association between a
neutral conditioning stimulus (CS, a light or a tone) and an aversive stimulus (US, a footshock). The unconditioned
response (CR) that is elicited upon delivery of the footshock US is freezing behavior. With repetition of CS/US delivery,
the previously neutral stimulus comes to elicit the freezing response. This type of learning is dependent on the
amygdala, a brain region associated with, but distinct from the hippocampus. Introducing a brief delay between
presentation of the neutral CS and the aversive US, a trace period, requires the engagement of the amygdala and the
hippocampus (Shors et al., 2001). 

Operant Responding. Performance on operant responding reflects the cortex’ ability to organize processes (Rabin et
al., 2002). 

In humans: A variety of standardized learning and memory tests have been developed for human neuropsychological
testing, including children (Rohlman et al., 2008). These include episodic autobiographical memory, perceptual motor
tests, short and long term memory tests, working memory tasks, word pair recognition memory; object location
recognition memory. Some have been incorporated in general tests of intelligence (IQ) such as the Wechsler Adult
Intelligence Scale (WAIS) and the Wechsler. 

Modifications have been made and norms developed for incorporating of tests of learning and memory in children.
Examples of some of these tests include: 

Rey Osterieth Complex Figure test (RCFT) which probes a variety of functions including as visuospatial abilities,
memory, attention, planning, and working memory (Shin et al., 2006). 

Children’s Auditory Verbal Learning Test (CAVLT) is a free recall of presented word lists that yields measures of
Immediate Memory Span, Level of Learning, Immediate Recall, Delayed Recall, Recognition Accuracy, and Total
Intrusions. (Lezak 1994; Talley, 1986). 

Continuous Visual Memory Test (CVMT) measures visual learning and memory. It is a free recall of presented
pictures/objects rather than words but that yields similar measures of Immediate Memory Span, Level of Learning,
Immediate Recall, Delayed Recall, Recognition Accuracy, and Total Intrusions. (Lezak, 1984; 1994). 

Story Recall from Wechsler Memory Scale (WMS) Logical Memory Test Battery, a standardized neurospychological test
designed to measure memory functions (Lezak, 1994; Talley, 1986). 

Autobiographical memory (AM) is the recollection of specific personal events in a multifaceted higher order cognitive
process. It includes episodic memory- remembering of past events specific in time and place, in contrast to semantic
autobiographical memory is the recollection of personal facts, traits, and general knowledge. Episodic AM is
associated with greater activation of the hippocampus and a later and more gradual developmental trajectory.
Absence of episodic memory in early life (infantile amnesia) is thought to reflect immature hippocampal function
(Herold et al., 2015; Fivush, 2011). 

 

Staged Autobiographical Memory Task. In this version of the AM test, children participate in a staged event involving a
tour of the hospital, perform a series of tasks (counting footprints in the hall, identifying objects in wall display, buy
lunch, watched a video). It is designed to contain unique event happenings, place, time, visual/sensory/perceptual
details. Four to five months later, interviews are conducted using Children’s Autobiographical Interview and scored
according to standardized scheme (Willoughby et al., 2014). 
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Attentional set-shifting (ATSET) task. Measures the ability to relearn cues over various schedules of reinforcement
(Heisler et al., 2015). 

In Honey Bees: For over 50 years an assay for evaluating olfactory conditioning of the proboscis extension reflex (PER)
has been used as a reliable method for evaluating appetitive learning and memory in honey bees (Guirfa and Sandoz,
2012; LaLone et al., 2017). These experiments pair a conditioned stimulus (e.g., an odor) with an unconditioned
stimulus (e.g., sucrose) provided immediately afterward, which elicits the proboscis extension (Menzel, 2012). After
conditioning, the odor alone will lead to the conditioned PER. This methodology has aided in the elucidation of five
types of olfactory memory phases in honey bee, which include early short-term memory, late short-term memory,
mid-term memory, early long-term memory, and late long-term memory (Guirfa and Sandoz, 2012). These phases are
dependent on the type of conditioned stimulus, the intensity of the unconditioned stimulus, the number of
conditioning trials, and the time between trials. Where formation of short-term memory occurs minutes after
conditioning and decays within minutes, memory consolidation or stabilization of a memory trace after initial
acquisition leads to 

mid-term memory, which lasts 1 d and is characterized by activity of the cAMP-dependent PKA (Guirfa and Sandoz,
2012). Multiple conditioning trials increase the duration of the memory after learning and coincide with increased
Ca2+-calmodulin-dependent PKC activity (Guirfa and Sandoz, 2012). Early long-term memory, where a conditioned
response can be evoked days to weeks after conditioning requires translation of existing mRNA, whereas late long-
term memory requires de novo gene transcription and can last for weeks (Guirfa andSandoz, 2012)." 

Regulatory Significance of the AO

A prime example of impairments in learning and memory as the adverse outcome for regulatory action is
developmental lead exposure and IQ function in children (Bellinger, 2012). Most methods are well established in the
published literature and many have been engaged to evaluate the effects of developmental thyroid disruption. The US
EPA and OECD Developmental Neurotoxicity (DNT) Guidelines (OCSPP 870.6300 or OECD TG 426) as well as OECD TG
443 (OECD, 2018) both require testing of learning and memory (USEPA, 1998; OECD, 2007) advising to use the
following tests passive avoidance, delayed-matching-to-position for the adult rat and for the infant rat, olfactory
conditioning, Morris water maze, Biel or Cincinnati maze, radial arm maze, T-maze, and acquisition and retention of
schedule-controlled behavior. These DNT Guidelines have been deemed valid to identify developmental neurotoxicity
and adverse neurodevelopmental outcomes (Makris et al., 2009). 

Also, in the frame of the OECD GD 43 (2008) on reproductive toxicity, learning and memory testing may have
potential to be applied in the context of developmental neurotoxicity studies. However, many of the learning and
memory tasks used in guideline studies may not readily detect subtle impairments in cognitive function associated
with modest degrees of developmental thyroid disruption (Gilbert et al., 2012). 
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Appendix 2

List of Key Event Relationships in the AOP

List of Adjacent Key Event Relationships

Relationship: 2769: Energy Deposition leads to Oxidative Stress

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of energy leads to abnormal vascular
remodeling adjacent High High

Deposition of Energy Leading to Learning and Memory
Impairment adjacent High Moderate

Deposition of energy leading to occurrence of bone loss adjacent High Moderate
Deposition of energy leading to occurrence of cataracts adjacent High High

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus High NCBI
rabbit Oryctolagus cuniculus Low NCBI

Life Stage Applicability
Life Stage Evidence

Juvenile High
Adult Moderate

Sex Applicability
Sex Evidence

Male High
Female Moderate
Unspecific High

Most evidence is derived from in vitro studies, predominately using rabbit models. Evidence in humans and mice is

AOP483

66/209

https://aopwiki.org/relationships/2769
https://aopwiki.org/aops/470
https://aopwiki.org/aops/483
https://aopwiki.org/aops/482
https://aopwiki.org/aops/478
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9986


moderate, while there is considerable available data using rat models. The relationship is applicable in both sexes;
however, males are used more often in animal studies. No studies demonstrate the relationship in preadolescent
animals, while adolescent animals were used very often, and adults were used occasionally in in vivo studies. 

Key Event Relationship Description

Energy deposited onto biomolecules stochastically in the form on ionizing and non-ionizing radiation can cause direct
and indirect molecular-level damage. As energy is deposited in an aqueous solution, water molecules can undergo
radiolysis, breaking bonds to produce reactive oxygen species (ROS) (Ahmadi et al., 2021; Karimi et al., 2017) or
directly increase function of enzymes involved in ROS generation (i.e. catalaze). Various species of ROS can be
generated with differing degrees of biological effects. For example, singlet oxygen, superoxide, and hydroxyl radical
are highly unstable, with short half-lives and react close to where they are produced, while species like H2O2 are
much more stable and membrane permeable, meaning they can travel from the site of production, reacting
elsewhere as a much weaker oxidant (Spector, 1990). In addition, enzymes involved in reactive oxygen and nitrogen
species (RONS) production can be directly upregulated following the deposition of energy (de Jager, Cockrell and Du
Plessis, 2017). Although less common than ROS, reactive nitrogen species (RNS) can also be produced by energy
deposition resulting in oxidative stress (Cadet et al., 2012; Tangvarasittichai & Tangvarasittichai, 2019), a state in
which the amount of ROS and RNS, collectively known as RONS, overwhelms the cell’s antioxidant defence system.
This loss in redox homeostasis can lead to oxidative damage to macromolecules including proteins, lipids, and nucleic
acids (Schoenfeld et al., 2012; Tangvarasittichai & Tangvarasittichai, 2019; Turner et al., 2002).

Evidence Supporting this KER

Overall weight of evidence: High

Biological Plausibility

A large body of literature supports the linkage between the deposition of energy and oxidative stress. Multiple reviews
describe the relationship in the context of ROS production (Marshall, 1985; Balasubramanian, 2000; Jurja et al., 2014),
antioxidant depletion (Cabrera et al., 2011; Fletcher, 2010; Ganea & Harding, 2006; Hamada et al., 2014; Spector,
1990; Schoenfeld et al., 2012; Wegener, 1994), and overall oxidative stress (Eaton, 1994, Tangvarasittichai &
Tangvarasittichain, 2019). This includes investigations into the mechanism behind the relationship (Ahmadi et al.,
2021; Balasubramanian, 2000; Cencer et al., 2018; Eaton, 1994; Fletcher, 2010; Jiang et al., 2006; Jurja et al., 2014;
Padgaonkar et al., 2015; Quan et al., 2021; Rong et al., 2019; Slezak et al., 2015; Soloviev & Kizub, 2019; Tian et al.,
2017; Tahimic & Globus, 2017; Varma et al., 2011; Venkatesulu et al., 2018; Wang et al., 2019a; Yao et al., 2008; Yao
et al., 2009; Zigman et al., 2000). 

Water radiolysis is a main source of free radicals. Energy ionizes water and free radicals are produced that combine to
create more stable ROS, such as hydrogen peroxide, hydroxide, superoxide, and hydroxyl (Eaton, 1994; Rehman et
al., 2016; Tahimic & Globus, 2017; Tian et al., 2017; Varma et al., 2011; Venkatesulu et al., 2018). ROS formation
causes ensuing damage to the body, as ~80% of tissues are comprised of water (Wang et al., 2019a). Ionizing
radiation (IR) is a source of energy deposition, it can also interact with molecules, such as nitric oxide (NO), to
produce less common free radicals, including RNS (Slezak et al., 2015; Tahimic & Globus, 2017; Wang et al., 2019a).
Free radicals can diffuse throughout the cell and damage vital cellular components, such as proteins, lipids, and DNA,
as well as dysregulate cellular processes, such as cell signaling (Slezak et al., 2015; Tian et al., 2017). 

ROS are also commonly produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX).
Deposition of energy can activate NOX and induce expression of its catalytic and cytosolic components, resulting in
increased intracellular ROS (Soloviev & Kizub, 2019). Intracellular ROS production can also be initiated through the
expression of protein kinase C, which in turn activates NOX through phosphorylation of its cytosolic components
(Soloviev & Kizub, 2019). Alternatively, ROS are often formed at the electron transport chain (ETC) of the
mitochondria, due to IR-induced electron leakage leading to ionization of the surrounding O2 to become superoxide
(Soloviev & Kizub, 2019). Additionally, energy reaching a cell can be absorbed by an unstable molecule, often NADPH,
known as a chromophore, which leads to the production of ROS (Balasubramanian, 2000; Cencer et al., 2018; Jiang et
al., 2006; Jurja et al., 2014; Padgaonkar et al., 2015; Yao et al., 2009; Zigman et al., 2000). 

Energy deposition can also weaken a cell’s antioxidant defence system through the depletion of certain antioxidant
enzymes, such as superoxide dismutase (SOD) and catalase (CAT). Antioxidants are consumed during the process of
neutralizing ROS, so as energy deposition stimulates the formation of ROS it begins to outpace the rate at which
antioxidants are replenished; this results in an increased risk of oxidative stress when their concentrations are low
(Belkacémi et al., 2001; Giblin et al., 2002; Ji et al., 2014; Kang et al., 2020; Karimi et al., 2017; Padgaonkar et al.,
2015; Rogers et al., 2004; Slezak et al., 2015; Tahimic & Globus, 2017; Wang et al., 2019a; Wegener, 1994; Weinreb
& Dovrat, 1996; Zhang et al., 2012; Zigman et al., 1995; Zigman et al., 2000). When the amount of ROS overwhelms
the antioxidant defence system, the cell will enter oxidative stress leading to macromolecular and cellular damage
(Tangvarasittichai & Tangvarasittichai, 2019). 

Empirical Evidence

The relationship between energy deposition and oxidative stress is strongly supported by primary research on the
effects of IR on ROS and antioxidant levels (Bai et al., 2020; Cervelli et al., 2017; Hatoum et al., 2006; Huang et al.,
2018; Huang et al., 2019; Karam & Radwan, 2019; Kook et al., 2015; Liu et al., 2018; Liu et al., 2019; Mansour, 2013;
Philipp et al., 2020; Ramadan et al., 2020; Sharma et al., 2018; Shen et al., 2018; Soltani et al., 2016; Soucy et al.,
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2010; Soucy et al., 2011; Ungvari et al., 2013; Wang et al., 2016; Wang et al., 2019b; Zhang et al., 2018; Zhang et
al., 2020). Of note is that the relationship is demonstrated across studies conducted using various cell types, models
and using broad dose ranges as summarized below. Much evidence is available and described to help discern the
quantitative understanding of the relationship, since it is well established.

Dose Concordance 

It is well-accepted that any dose of radiation will deposit energy onto matter. Doses as low as 1 cGy support this
relationship (Tseung et al., 2014). Following the deposition of energy, markers of oxidative stress are observed in the
form of RONS, a change in levels of antioxidants, and oxidative damage to macromolecules. These effects have been
shown across various organs/tissues and cell types as described below. 

RONS

Cardiovascular tissue: 

There is a considerable amount of evidence to support this relationship in cell types and tissues of relevance to the
cardiovascular system. Recent studies have shown a linear increase in ROS in human umbilical vein endothelial cells
(HUVECs) following 0-5 Gy gamma irradiation (Wang et al., 2019b). HUVECs irradiated with 0.25 Gy X-rays (Cervelli et
al., 2017) and 9 Gy 250kV photons (Sharma et al., 2018) show increased ROS. Gamma ray irradiated rats at 5 Gy
display increased ROS levels in the aorta (Soucy et al., 2010). A study using cerebromicrovascular endothelial cell
(CMVECs) showed a dose-dependent increase in ROS from 0-8 Gy gamma irradiation (Ungvari et al., 2013).
Additionally, telomerase-immortalized coronary artery endothelial (TICAE) and telomerase-immortalized microvascular
endothelial (TIME) cells irradiated with 0.1 and 5 Gy of X-rays displayed increased ROS production (Ramadan et al.,
2020). Gut arterioles of rats showed increased ROS following multiple fractions of 2.5 Gy X-ray rat irradiation
(Hatoum et al., 2006). Additionally, rats irradiated with 1 Gy of 56Fe expressed increased ROS levels in the aorta
(Soucy et al., 2011).   

Brain tissue:  

Markers of oxidative stress have also been consistently observed in brain tissue. Human neural stem cells subjected
to 1, 2 or 5 Gy gamma rays showed a dose-dependent increase in RONS production (Acharya et al., 2010). A dose-
dependent increase in ROS was observed in rat brains following 1-10 Gy gamma rays (Collins-Underwood et al.,
2008). Neural precursor cells exposed to 0-10 Gy of X-irradiation showed increased ROS levels (Giedzinski et al.,
2005; Limoli et al., 2004). Mice brain tissue displayed increased ROS following proton irradiation (Baluchamy et al.,
2012; Giedzinski et al., 2005). Neural processor cells expressed linearly increased ROS levels following doses of 56Fe
(Limoli et al., 2007). A dose-dependent increase in RONS was also observed after exposure to 1-15 cGy 56Fe
irradiation in mice neural stem/precursor cell (Tseng et al., 2014). Human neural stem cells exposed to 5-100 cGy of
various ions demonstrated a dose-dependent increase in RONs (Baulch et al., 2015). 

Eye tissue: 

The eye is also sensitive to the accumulation of free radicals, in a state of antioxidant decline. It has been shown in
human lens epithelial cells (HLECs) and HLE-B3 following gamma irradiation of 0.25 and 0.5 Gy that ROS levels are
markedly increased (Ahmadi et al., 2021). Exposure to non-ionizing radiation, such as ultraviolet (UV)-B, has also led
to increased ROS in HLECs and mice lenses (Ji et al., 2015; Kubo et al., 2010; Rong et al., 2019; Yang et al., 2020) 

Bone tissue: 

Rat bone marrow-derived mesenchymal stem cell (bmMSCs) irradiated with 2, 5 and 10 Gy gamma rays and murine
MC3T3-E1 osteoblast cells irradiated with 2, 4, and 8 Gy of X-rays have shown a dose-dependent increase in ROS
levels (Bai et al., 2020; Kook et al., 2015). Murine RAW264.7 cells and rat bmMSC irradiated with 2 Gy of gamma rays
displayed increased ROS levels (Huang et al., 2019; Huang et al., 2018; hang et al., 2020). Human bone marrow-
derived mesenchymal stem cell (hBMMSCs) irradiated with 2 or 8 Gy X-rays showed increased ROS (Liu et al., 2018;
Zhang et al., 2018). Similarly, murine MC3T3-E1 osteoblast-like cells irradiated with 6 Gy of X-rays also displayed
increased ROS (Wang et al., 2016). Finally, whole-body irradiation of mice with 2 Gy of 31.6 keV although LET 12C
heavy ions showed increased ROS (Liu et al., 2019) 

Antioxidants

Blood:  

Workers exposed to X-rays at less than 1 mSv/year for an average of 15 years showed around 20% decreased
antioxidant activity compared to unexposed controls (Klucinski et al., 2008). Similarly, adults exposed to high
background irradiation of 260 mSv/year showed about 50% lower antioxidant activity power compared to controls
(Attar, Kondolousy and Khansari, 2007). 

Cardiovascular tissue: 

Heart tissue of rats following gamma irradiation of rats at 5 and 6 Gy resulted in a decrease in antioxidant levels
(Karam & Radwan, 2019; Mansour, 2013). Similarly, HUVECs (Soltani, 2016) and TICAE cells (Philipp et al., 2020)
irradiated at 2 Gy and 0.25-10 Gy gamma rays, respectively, displayed decreased antioxidant levels. Mice exposed to
18 Gy of X-ray irradiation showed decreased antioxidants in the aorta (Shen et al., 2018). 

Brain tissue:  
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Mice brain tissue following 2, 10 and 50 cGy whole-body gamma irradiation revealed a dose-dependent change in
SOD2 activity (Veeraraghan et al., 2011). Mice brain tissue showed decreased glutathione (GSH) and SOD levels
following proton irradiation (Baluchamy et al., 2012) 

Eye tissue: 

Rats exposed to 15 Gy gamma rays demonstrated decreased antioxidants in the lens tissue (Karimi et al, 2017).
Neutron irradiation of rats at 3.6 Sv resulted in a decrease in antioxidants in lens (Chen et al., 2021). A few studies
found a dose concordance between UV irradiation and decreased antioxidant levels (Hua et al, 2019; Ji et al, 2015;
Zigman et al., 2000; Zigman et al, 1995). HLECs following UVB exposure from 300 J/m2 to 14,400 J/m2 in HLECs
showed linear decreases in antioxidant activity (Ji et al., 2015). Similarly, HLEC exposed to 4050, 8100 and 12,150
J/m2 found decreased antioxidant levels (Hua et al., 2019). Following UV irradiation of rabbit and squirrel lens
epithelial cells (LECs) showed a linear decrease of antioxidant level, CAT (Zigman et al., 2000; Zigman et al., 1995).
Mice exposed to UV irradiation found decreased antioxidant levels in lens (Zhang et al., 2012). Similarly, SOD levels
decreased following 0.09 mW/cm 2 UVB exposure of HLECs (Kang et al., 2020). 

Bone tissue: 

Rat bmMSCs irradiated with 2, 5 and 10 Gy gamma rays and Murine MC3T3-E1 osteoblast cells irradiated with 2, 4,
and 8 Gy of X- rays showed a dose-dependent decrease in antioxidant levels (Bai et al., 2020; Kook et al., 2015).
hBMMSCs irradiated with 8 Gy X-rays also showed a decrease in antioxidant, SOD, levels (Liu et al., 2018). 

Oxidative Damage 

Cardiovascular tissue: 

HUVECs and rat hearts irradiated by gamma rays at 2 and 6 Gy, respectively, resulted in increased levels of oxidative
stress markers, such as malondialdehyde (MDA), and thiobarbituric reactive substances (TBARS) (Mansour, 2013;
Soltani, 2016).  

Brain tissue:  

 Mice brain tissue were shown to have increased lipid peroxidation (LPO) as determined by MDA measurements,
following proton irradiation at 1 and 2 Gy (Baluchamy et al., 2012). Neural precursor cells from rat hippocampus
exposed to 0, 1, 5 and 10 Gy of X- irradiation resulted in increased lipid peroxidation (Limoli et al., 2004). 

Eye tissue: 

Rats exposed to 15 Gy gamma rays demonstrated increased MDA in lens tissue (Karimi et al, 2017). Neutron
irradiation of rats at 3.6 Sv resulted in an initial decrease, followed by an increase in MDA in lens (Chen et al., 2021).
Following UV irradiation at 300, 4050, 8100 and 12,150 J/m2, there was an increase in LPO in human lens
(Chitchumroonchokchai et al., 2004; Hua et al., 2019). Similarly, LPO increased following 0.09 mW/cm2 UVB exposure
of HLECs (Kang et al., 2020). 

Time Concordance 

It is well-accepted that deposition of energy into matter results in immediate vibrational changes to molecules or
ionization events. Deposition of energy is therefore an upstream event to all follow-on latent events like oxidative
stress. 

RONS

Cardiovascular tissue: 

In TICAE and TIME cells, ROS increased at 45 minutes after X-ray irradiation (Ramadan et al., 2020). Superoxide and
peroxide production were increased 1 day after 2-8 Gy of gamma irradiation in CMVECs (Unvari et al., 2013). 

Bone tissue: 

hBMMSCs irradiated with X-rays at 2 Gy showed peak ROS production at 2-8h post-irradiation (Zhang et al., 2018).
Murine RAW264.7 cells (can undergo osteoclastogenesis) irradiated with 2 Gy of gamma rays showed increased ROS
at 2-8h post- irradiation (Huang et al., 2018). 

Brain tissue: 

In human lymphoblast cells exposed to 2 Gy of X-rays, ROS were increased at various times between 13 and 29 days
post- irradiation (Rugo and Schiestl, 2004). RONS were increased in human neural stem cells at 12-48h post-
irradiation with 2 and 5 Gy of gamma rays (Acharya et al., 2010). ROS levels were increased in rat neural precursor
cells at 6-24h after irradiation with 1-10 Gy of protons (Giedzinksi et al., 2005). Both 56Fe (1.3 Gy) and gamma ray (2
Gy) irradiation of mice increased ROS levels after 2 months post-irradiation in the cerebral cortex (Suman et al.,
2013). ROS were also increased 12 months after 56Fe irradiation (Suman et al., 2013). RONS increased as early as
12h post-irradiation continuing to 8 weeks with 2-200 cGy doses of 56Fe irradiation of mouse neural stem/precursor
cells (Tseng et al., 2014). The same cell type irradiated with 1 and 5 Gy of 56Fe irradiation showed increased ROS at
6h post-irradiation, with the last increase observed 25 days post-irradiation (Limoli et al., 2004). 

Eye tissue: 
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Mice exposed to 11 Gy of X-rays showed increased ROS at 9 months post-irradiation in lenses (Pendergrass et al.,
2010). In human lens cells, ROS were found increased at 1h after 0.25 Gy gamma ray irradiation (Ahmadi et al.,
2021), 15 minutes after 30 mJ/cm2 UV radiation (Jiang et al., 2006), 2.5-120 minutes after 0.014 and 0.14 J/cm2 UV
radiation (Cencer et al., 2018), and 24h after 30 mJ/cm2 UVB-radiation (Yang et al., 2020). 

Antioxidants

Cardiovascular tissue: 

CAT antioxidant enzyme was decreased in mice aortas as early as 3 days post-irradiation, remaining decreased until
84 days after irradiation with 18 Gy of X-rays (Shen et al., 2018). The antioxidant enzymes peroxiredoxin 5 (PRDX5)
and SOD were both shown to have the greatest decrease at 24h after 2 Gy gamma irradiation of TICAE cells (Philipp
et al., 2020). 

Eye tissue: 

Bovine lenses irradiated with 44.8 J/cm2 of UVA radiation showed decreased CAT levels at 48-168h post-irradiation
(Weinreb and Dovrat, 1996). UV irradiation of mice at 20.6 kJ/m2 led to decreased GSH at both 1 and 16 months post-
irradiation in the lens (Zhang et al., 2012). Bovine lens cells exposed to 10 Gy of X-rays showed decreased levels of
the antioxidant GSH at 24 and 120h after exposure (Belkacemi et al., 2001). 

Oxidative damage markers

Cardiovascular tissue: 

Oxidative damage markers 4-hydroxynonemal (4-HNE) and 3-Nitrotyosine (3-NT) were both significantly increased in
the aorta of mice at 3 days post-irradiation, remaining increased until 84 days after irradiation with 18 Gy of X-rays
(Shen et al., 2018). 

Essentiality 

Radiation has been found to induce oxidative stress above background levels. Many studies have shown that lower
doses of ionizing radiation resulted in decreased levels in markers of oxidative stress in multiple cell types (Acharya
et al., 2010; Ahmadi et al., 2021; Bai et al., 2020; Baluchamy et al., 2012 Chen et al., 2021; Collins-Underwood et al.,
2008; Giedzinski et al., 2005; Kook et al., 2015; Kubo et al., 2010; Philipp et al., 2020; Ramadan et al., 2020; Ungvari
et al., 2013; Veeraraghan et al., 2011; Wang et al., 2019b; Zigman et al., 2000; Zigman et al., 1995). The essentiality
of deposition of energy can be assessed through the removal of deposited energy, a physical stressor that does not
require to be metabolized in order to elicit downstream effects on a biological system. Studies that do not deposit
energy are observed to have no downstream effects.

Uncertainties and Inconsistencies

There are several uncertainties and inconsistencies in this KER.  

Chen et al. (2021) found that radiation can have adaptive responses. The study used three neutron radiation
doses, 0.4 and 1.2 Sv, and 3.6 Sv. After 0.4 and 1.2 Sv, the activity of antioxidant enzymes GSH and SOD
increased, and the concentration of malondialdehyde, a product of oxidative stress, decreased. After 3.6 Sv, the
opposite was true. 

While the concentration of most antioxidant enzymes decreases after energy deposition, there is some
uncertainty with SOD. Certain papers have found that its concentration decreases with dose (Chen et al., 2021;
Hua et al., 2019; Ji et al., 2015; Kang et al., 2020) while others found no difference after irradiation (Rogers et
al., 2004; Zigman et al., 1995). Several studies have also found that higher levels of SOD do not increase
resistance to UV radiation (Eaton, 1994; Hightower, 1995). 

At 1-week post-irradiation with 10 Gy of 60Co gamma rays, TICAE cells experienced a significant increase in
levels of the antioxidant, PRDX5, contrary to the decrease generally seen in antioxidant levels following radiation
exposure (Philipp et al., 2020). 

Various studies found an increase in antioxidant SOD levels within the brain after radiation exposure (Acharya et
al., 2010; Baluchamy et al., 2012; Baulch et al., 2015; Veeraraghan et al., 2011). 

Chien et al. (2015) found no changes to ROS levels in hippocampal neurons five days after 0.2 Gy of electron
radiation. 

Antioxidants that increase in expression are indicative of the presence of RONS. When antioxidants decrease in
expression/activity, this is most likely due to the overwhelming of the antioxidant defence mechanisms 

There is limited data to support an understanding of deposition of energy leading to oxidative stress at low
doses.

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
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the data. All data is statistically significant unless otherwise stated. 

Response-response relationship

Dose Concordance 

Reference Experiment Description Result 

Attar, Kondolousy and
Khansari, 2007  

In vivo. One hundred
individuals between 20 and
50 years old in two villages in
Iran exposed to background
IR at 260 mSv/year had
antioxidant levels measured.
The control group was from
two villages not exposed to
the high background
radiation. The total
antioxidant levels in the blood
were determined by the ferric
reducing/antioxidant power
assay.  

The total antioxidant level was significantly reduced from
1187±199 µmol in the control to 686±170 µmol in the
exposed group.  

Klucinski et al., 2008  

In vivo. A group of 14 men
and 31 women aged 25–54
years working X-ray
equipment (receiving doses of
less than 1 mSv/year) for an
average of 15.3 years (range
of 2-33 years) were compared
to a control group for
antioxidant activity.
Antioxidant activity of SOD,
glutathione peroxidase (GSH-
Px), and CAT in erythrocytes
were measured in U/g of
hemoglobin. 

Enzymes (SOD, GSH, CAT) showed significantly decreased
antioxidant activity in the workers.  

In the controls (U/g of Hb):  

SOD: 1200 ± 300  

GSH-Px: 39 ± 7  

CAT: 300 ± 60  

In the workers (U/g of Hb):  

SOD: 1000 ± 200 

GSH-Px: 29 ± 4  

CAT: 270 ± 50  

Limoli et al., 2007 

In vitro. Neural precursor cells
isolated from rat hippocampi
was exposed to 0.25-5 Gy of
56Fe irradiation at dose rates
of 0.5-1.0 Gy/min. ROS were
measured 6h post-
irradiation.  

At a low dose of 0.25 Gy and 0.5 Gy, relative ROS levels were
significantly elevated and showed a linear dose response
(from ~1 to ~2.25 relative ROS levels) until 1 Gy, where it
reached its peak (~3 relative ROS levels). At higher doses, the
relative ROS levels decreased.  

Tseng et al., 2014 

In vitro. Neural
stem/precursor cells isolated
from mouse subventricular
and hippocampal dentate
subgranular zones were
exposed to 1-15 cGy of 56Fe
irradiation at dose rates
ranging from 5-50 cGy/min.
RONS levels were measured. 

A dose-dependent and significant rise in RONS levels was
detected after 56Fe irradiation. 12 h post-irradiation, a steady
rise was observed and reached a 6-fold peak after 15 cGy.  

Limoli et al., 2004 

In vitro. Neural precursor cells
from rat hippocampus were
exposed to 0, 1, 5 and 10 Gy
of X-irradiation at a dose rate
of 4.5 Gy/min. ROS levels
were measured.   

In vivo. MDA was used to
quantify oxidative stress.   

  

A dose-dependent increase in ROS levels was seen in the first
12 h post-irradiation, with relative maximums at 12 h after 5
Gy (35% increase) and 24 h after 1 Gy (31% increase). ROS
levels measured 1 week after 5 Gy were increased by 180%
relative to sham-irradiated controls. MDA levels increased
significantly (approximately 1.3-fold) after exposure to 10
Gy.  
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Collins-Underwood et
al., 2008 

In vitro. Immortalized rat
brain microvascular
endothelial cells were
exposed to 1-10 Gy of 137Cs-
irradiation at a dose rate of
3.91 Gy/min. Intracellular ROS
and O2- production were both
measured.  

Irradiation resulted in a significant dose-dependent increase in
intracellular ROS generation from 1-10 Gy. At 5 Gy, there was
an approximate 10-fold increase in ROS levels, and at 10 Gy
there was an approximate 20-fold increase.   

Giedzinski et al.,
2005 

In vitro. Neural precursor cells
were irradiated with 1, 2, 5
and 10 Gy of 250 MeV
protons (1.7-1.9 Gy/min) and
X-irradiation (4.5 Gy/min).
ROS levels were measured.  

There was a rapid increase in ROS at 6, 12, 18 and 24h after
proton irradiation, with an exception at the 1 Gy 18h point.
Most notably, at 6h post-irradiation, a dose-dependent
increase in relative ROS levels from 1 to 10 Gy was seen that
ranged from 15% (at 1 Gy) to 65% (at 10 Gy). Linear
regression analysis showed that at ≤2 Gy, ROS levels
increased by 16% per Gy. The linear dose response obtained
at 24h showed that proton irradiation increased the relative
ROS levels by 3% per Gy.  

Veeraraghan et al.,
2011 

In vivo. Adult mice were
exposed to 2, 10 or 50 cGy of
whole-body gamma
irradiation at 0.81 Gy/min.
Brain tissues were harvested
24h post-irradiation. SOD2
levels and activity were
measured.  

Compared to the controls, the levels of SOD2 expression
increased in the brain after 2, 10 and 50 cGy. Analysis
revealed a significant and dose-dependent change in SOD2
activity. More specifically, SOD2 activity showed significant
increases after 10 (~25% increase above control) and 50 cGy
(~60% increase above control), but not 2 cGy.   

Baluchamy et al.,
2012 

In vivo. Male mice were
exposed to whole-body
irradiation with 250 MeV
protons at 0.01, 1 and 2 Gy
and the whole brains were
dissected out. ROS, LPO, GSH
and total SOD were
measured. 

Dose-dependent increases in ROS levels was observed
compared to controls, with a two-fold increase at 2 Gy. A 2.5
to 3-fold increase in LPO levels was also seen at 1 and 2 Gy,
respectively, which was directly correlated with the increase
in ROS levels. Additionally, results showed a significant
reduction in GSH (~70% decrease at 2 Gy) and SOD activities
(~2-fold decrease) following irradiation that was dose-
dependent.   

Acharya et al., 2010 

In vitro. Human neural stem
cells were subjected to 1, 2 or
5 Gy of gamma irradiation at
a dose rate of 2.2 Gy/min.
RONS and superoxide levels
were determined. 

Intracellular RONS levels increased by approximately 1.2 to
1.3-fold compared to sham-irradiated controls and was found
to be reasonable dose-responsive.   

At 12h, levels of superoxide increased 2 and 4-fold compared
to control for 2 and 5 Gy, respectively. At 24h and 48h, there
was a dose-dependent increase in RONS levels. At 7 days,
levels of RONS increased approximately 3 to 7-fold for 2 and 5
Gy, respectively.   

  

Baulch et al., 2015 

In vitro. Human neural stem
cells were exposed to 5-100
cGy of 16O, 28Si, 48Ti or
56Fe particles (600 MeV) at
10-50 cGy/min. RONS and
superoxide levels were
determined. 

3 days post-irradiation, oxidative stress was found to increase
after particle irradiation. Most notably, exposure to 56Fe
resulted in a dose-dependent increase with 100% increase in
RONS levels at 100 cGy. Dose-dependent increase was also
seen in superoxide levels after 56Fe irradiation. At 7 days
post-irradiation, 56Fe irradiation induced significantly lower
nitric oxide levels by 47% (5 cGy), 55% (25 cGy) and 45%
(100 cGy).   

Bai et al., 2020 

In vitro. bmMSCs were taken
from 4-week-old, male
Sprague-Dawley rats. After
extraction, cells were then
irradiated with 2, 5, and 10
Gy of 137Cs gamma rays.
Intracellular ROS levels and
relative mRNA expression of
the antioxidants, SOD1,
SOD2, and CAT2, were
measured to assess the
extent of oxidative stress
induced by IR.  

Cellular ROS levels increased significantly in a dose-
dependent manner from 0-10 Gy. Compared to sham-
irradiated controls, ROS levels increased by ~15%, ~55%,
and ~105% after exposure to 2, 5, and 10 Gy, respectively.
Antioxidant mRNA expression decreased in a dose-dependent
manner from 0-10 Gy, with significant increases seen at doses
2 Gy for SOD1 and CAT2 and 5 Gy for SOD2. Compared to
sham-irradiated controls, SOD1 expression decreased by
~9%, ~18%, and ~27% after exposure to 2, 5, and 10 Gy,
respectively. SOD2 expression decreased by ~31% and ~41%
after exposure to 5 and 10 Gy, respectively. CAT2 expression
decreased by ~15%, ~33%, and ~58% after exposure to 2, 5,
and 10 Gy, respectively.  

AOP483

72/209



Liu et al., 2018 

In vitro. hBMMSCs were
irradiated with 8 Gy of X-rays
at a rate of 1.24 Gy/min.
Intracellular ROS levels and
SOD activity were measured
to analyze IR-induced
oxidative stress.  

Compared to sham-irradiated controls, hBMMSCs irradiated
with 8 Gy of X-rays experienced a significant increase to
intracellular ROS levels. hBMMSCs irradiated with 8 Gy of X-
rays experienced a ~46% reduction in SOD activity.  

Kook et al., 2015 

In vitro. Murine MC3T3-E1
osteoblast cells were
irradiated with 2, 4, and 8 Gy
of X-rays at a rate of 1.5
Gy/min. Intracellular ROS
levels and the activity of
antioxidant enzymes,
including GSH, SOD, CAT,
were measured to assess the
extent of oxidative stress
induced by IR exposure.  

Compared to sham-irradiated controls, irradiated MC3T3-E1
cells experienced a dose-dependent increase in ROS levels,
with significant increases at 4 and 8 Gy (~26% and ~38%,
respectively). Antioxidant enzyme activity initially increased
by a statistically negligible amount from 0-2 Gy and then
decreased in a dose-dependent manner from 2-8 Gy. SOD
activity decreased significantly at 4 and 8 Gy by ~29% and
~59%, respectively. GSH activity similarly decreased
significantly at 4 and 8 Gy by ~30% and ~48%, respectively.
CAT activity did not change by a statistically significant
amount.  

Liu et al., 2019 

In vivo. 8–10-week-old,
juvenile, female SPF BALB/c
mice underwent whole-body
irradiation with 2 Gy of 31.6
keV/µm 12C heavy ions at a
rate of 1 Gy/min. ROS levels
were measured from femoral
bone marrow mononuclear
cells of the irradiated mice to
analyze IR-induced oxidative
stress.  

Compared to sham-irradiated controls, irradiated mice
experienced a ~120% increase in ROS levels.  

Zhang et al., 2020 

In vitro. Murine RAW264.7
osteoclast precursor cells
were irradiated with 2 Gy of
60Co gamma rays at a rate of
0.83 Gy/min. ROS levels were
measured to determine the
extent of oxidative stress
induced by IR exposure.  

Compared to sham-irradiated controls, ROS levels in irradiated
RAW264.7 cells increased by ~100%.  

Wang et al., 2016 

In vitro. Murine MC3T3-E1
osteoblast-like cells were
irradiated with 6 Gy of X-rays.
Intracellular ROS production
was measured to assess
oxidative stress from IR
exposure.  

Compared to sham-irradiated controls, intracellular ROS
production increased by ~81%.  

Huang et al., 2018 

In vitro. Murine RAW264.7
osteoblast-like cells were
irradiated with 2 Gy of
gamma rays at a rate of 0.83
Gy/min. ROS levels were
measured to analyze IR-
induced oxidative stress.  

Compared to sham-irradiated controls, ROS levels in
RAW264.7 cells increased by ~138% by 2 h post-irradiation.  

Zhang et al., 2018 

In vitro. hBMMSCs were
irradiated with 2 Gy of X-rays
at a rate of 0.6 Gy/min.
Relative ROS concentration
was measured to assess the
extent of oxidative stress
induced by IR.  

Compared to sham-irradiated controls, irradiated hBMMSCs
experienced a maximum increase of ~90% to ROS levels at 3
h post-irradiation.  

Huang et al., 2019 

In vitro. Rat bmMSC were
irradiated with 2 Gy of 60Co
gamma rays at a rate of 0.83
Gy/min. ROS levels were
measured to assess IR-
induced oxidative stress.  

Compared to sham-irradiated controls, ROS levels in irradiated
bone marrow stromal cells increased by approximately 2-
fold.  
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Soucy et al., 2011 

In vivo. 7- to 12-month-old,
adult, male Wistar rats
underwent whole-body
irradiation with 1 Gy of 56Fe
heavy ions. ROS production in
the aorta was measured
along with changes in activity
of the ROS-producing enzyme
xanthine oxidase (XO) to
assess IR-induced oxidative
stress.  

Compared to sham-irradiated controls, irradiated mice
experienced a 74.6% increase in ROS production (from 4.84 to
8.45) and XO activity increased by 36.1% (6.12 to 8.33).  

Soucy et al., 2010 

In vivo. 4-month-old, adult,
male Sprague-Dawley rats
underwent whole-body
irradiation with 5 Gy of 137Cs
gamma rays. Changes in XO
activity and ROS production
were measured in the aortas
of the mice to assess IR-
induced oxidative stress.  

Compared to sham-irradiated controls, irradiated mice
experienced a ~68% increase in ROS production and a ~46%
increase in XO activity.  

Karam & Radwan,
2019 

In vivo. Adult male Albino rats
underwent irradiation with 5
Gy of 137Cs gamma rays at a
rate of 0.665 cGy/s. Activity
levels of the antioxidants,
SOD and CAT, present in the
heart tissue were measured
to assess IR-induced oxidative
stress.  

Compared to the sham-irradiated controls, SOD and CAT
activity decreased by 57% and 43%, respectively, after
irradiation.  

Cervelli et al., 2017 

In vitro. HUVECs were
irradiated with 0.25 Gy of X-
rays at a rate of 91 mGy/min.
ROS production was
measured to analyze IR-
induced oxidative stress.  

Compared to the sham-irradiated controls, irradiated mice
experienced a ~171% increase in ROS production (not
significant).  

Mansour, 2013 

In vivo. Male Wistar rats
underwent whole-body
irradiation with 6 Gy of 137Cs
gamma rays at a rate of
0.012 Gy/s. MDA was
measured from heart
homogenate, along with the
antioxidants: SOD, GSH, and
GSH-Px.  

Compared to sham-irradiated controls, MDA increased by
65.9%. SOD, GSH-Px, and GSH decreased by 33.8%, 42.4%,
and 50.0%, respectively.  

Soltani, 2016 

In vitro. HUVECs were
irradiated with 2 Gy of 60Co
gamma rays at a dose rate of
0.6 Gy/min. Markers of
oxidative stress, including
reduced GSH and TBARS,
were measured to assess GSH
depletion and LPO,
respectively.

Compared to non-irradiated controls, sham-irradiated cells
experienced a ~28% decrease in GSH and a ~433% increase
in TBARS.

Wang et al., 2019b 

In vitro. HUVECs were
irradiated with 0.2, 0.5, 1, 2,
and 5 Gy of 137Cs gamma
rays. ROS production was
measured to assess IR-
induced oxidative stress.  

Compared to sham-irradiated controls, ROS production
increase significantly ~32%  at 5 Gy. While changes to ROS
production were insignificant at doses <2 Gy, following a
linear increase from 0-5 Gy.  

Sharma et al., 2018 

In vitro. HUVECs were
irradiated with 9 Gy of
photons. ROS production was
measured to determine the
effects of IR on oxidative
stress.  

Compared to sham-irradiated controls, irradiated HUVECs 
displayed  ~133% increase in ROS production.  
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Hatoum et al., 2006 

In vivo. Sprague-Dawley rats
were irradiated with 9
fractions of 2.5 Gy of X-rays
for a cumulative dose of 22.5
Gy at a rate of 2.43 Gy/min.
Production of the ROS
superoxide and peroxide in
gut arterioles were measured
to determine the level of
oxidative stress caused by
irradiation. 

ROS production started increasing compared to the sham-
irradiated control after the second dose and peaked at the
fifth dose. By the ninth dose, superoxide production increased
by 161.4% and peroxide production increased by 171.3%.  

Phillip et al., 2020 

In vitro. Human TICAE cells
were irradiated with 0.25, 0.5,
2, and 10 Gy of 60Co gamma
rays at a rate of 0.4 Gy/min.
Levels of the antioxidants,
SOD1 and PRDX5 were
measured to assess oxidative
stress from IR exposure.  

While SOD1 levels did not follow a dose-dependent pattern. At
2 Gy, SOD1 decreased about 0.5-fold. At 1 week post-
irradiation, PRDX5 remained at approximately control levels
for doses <2 Gy but increased by ~60% from 2-10 Gy. PRDX5
only decreased at 2 Gy and 24h post-irradiation.  

Ramadan et al., 2020 

In vitro. Human TICAE/TIME
cells were irradiated with 0.1
and 5 Gy of X-rays at a dose
rate of 0.5 Gy/min.
Intracellular ROS production
was measured to determine
the extent of IR-induced
oxidative stress.  

ROS production saw a dose-dependent increase in both TICAE
and TIME cells. By 45 min post-irradiation, 0.1 Gy of IR had
induced increases to ROS production of ~3.6-fold and ~8-fold
in TICAE and TIME cells, respectively, compared to sham-
irradiated controls. 5 Gy of IR caused more significant
increases to ROS production of ~18-fold and ~17-fold in TICAE
and TIME cells, respectively, compared to sham-irradiated
controls.  

Shen et al., 2018 

In vivo. 8-week-old, female,
C57BL/6 mice were irradiated
with 18 Gy of X-rays. Levels
of the oxidative markers, 4-
HNE and 3-NT, and the
antioxidants, CAT and heme
oxygenase 1 (HO-1) were
measured in the aortas of the
mice.  

Compared to sham-irradiated controls, irradiated mice saw
maximum increases of ~1.75-fold on day 14 and ~2.25-fold
on day 7 to 4-HNE and 3-NT levels, respectively. While CAT
levels decreased up to 0.33-fold on day 7, HO-1 levels
increased by ~1.9-fold on day 7.  

Ungvari et al., 2013 

In vitro. The CMVECs of adult
male rats were irradiated with
2, 4, 6, and 8 Gy of 137Cs
gamma rays. Production of
the reactive oxygen species,
peroxide and O2.-, were
measured to assess the
extent of IR-induced oxidative
stress.  

Compared to sham-irradiated controls, production of peroxide
in CMVECs of irradiated mice 1 day post exposure increased in
a dose-dependent manner from 0-8 Gy, with significant
changes observed at doses >4 Gy. At 8 Gy, peroxide
production had increased ~3.25-fold. Production of O2.-
followed a similar dose-dependent increase with significant
observed at doses >6 Gy. At 8 Gy, O2.- production increased
~1.6-fold. 14 days post-exposure, IR-induced changes to ROS
production were not significant for either peroxide or O2.- and
did not show a dose-dependent pattern. ROS production
progressively decreased from 0-4 Gy and then recovered from
6-8 Gy back to control levels.  

Ahmadi et al., 2021 

In vitro. HLEC and HLE-B3
cells were exposed to 0.1,
0.25 and 0.5 Gy of gamma
irradiation at 0.3 and 0.065
Gy/min. Intracellular ROS
levels were measured.  

In HLE-B3 cells, there were about 7 and 17% ROS-positive
cells 1 h after exposure to 0.25 and 0.5 Gy respectively at 0.3
Gy/min.  

24 h after exposure there were about 10% ROS-positive cells
after 0.5 Gy at 0.3 Gy/min.  

1 h after exposure there were about 13 and 17% ROS-positive
cells at 0.25 and 0.5 Gy and 0.065 Gy/min.  

24 h after exposure there were 8% ROS-positive cells after 0.5
Gy and 0.065 Gy/min.  

In human lens epithelial cells 1 h after exposure there were
about 10 and 19% ROS-positive cells after 0.25 and 0.5 Gy at
0.3 Gy/min.  

After exposure to 0.5 Gy at 0.065 Gy/min there were about 16
and 9% ROS-positive cells one and 24 h after exposure.  

  

AOP483

75/209



Ji et al, 2015 

In vitro. HLECs were exposed
to UVB irradiation (297 nm; 2
W/m2) for 0 – 120 min. Total
antioxidative capability (T-
AOC), ROS levels, MDA, and
SOD were measured at
various time points at 5-120
min.  

HLECs exposed to 1 W/m2 UVB for 0 - 120 min (representative
of dose) showed a gradual increase in ROS levels that began
to plateau 105 min post-irradiation at an ROS level 750 000x
control.  

  

  

Hua et al, 2019 

In vitro. HLECs were exposed
to 4050, 8100 and 12,150
J/m2 of UVB-irradiation at 1.5,
3.0 and 4.5 W/m2. MDA, SOD,
GSH-Px, and GSH were
measured. 

MDA activity as a ratio of the control increased about 1.5 at
3.0 W/m2 and about 3 at 4.5 W/m2.  

SOD activity as a ratio of the control decreased about 0.1 at
1.5 W/m2, 0.2 at W/m2, and 0.3 at 4.5 W/m2.  

GSH-Px activity as a ratio of the control decreased about 0.02
at 3.0 W/m2 and 0.2 at 4.5 W/m2.  

GSH activity as a ratio of the control decreased about 0.2 at
3.0 W/m2 and 0.7 at 4.5 W/m2.  

  

Chen et al, 2021 

In vivo. Male rats were
irradiated with 0, 0.4, 1.2 and
3.6 Sv of neutron-irradiation
at 14, 45 and 131 mSv/h. In
rat lenses, MDA, GSH, and
SOD, were measured. 

MDA concentration decreased by about 1.5 nmol/mg protein
at 1.2 Sv and increased by about 7.5 nmol/mg protein relative
to the control at 3.6 Sv.  

GSH concentration increased by about 3.5 µg/mg protein and
decreased by about 1 µg/mg protein relative to the control at
3.6 Sv (neutron radiation).  

SOD activity decreased by about 0.08 U/mg protein relative to
the control at 3.6 Sv.  

It should be noted that Sv is not the correct unit when
investigating animals and cultured cells, radiation should have
been measured in Gy (ICRU, 1998).  

  

Zigman et al., 2000 

In vitro. Rabbit LECs were
exposed to 3-12 J/cm2 of UVA-
irradiation (300-400 nm
range, 350 nm peak). CAT
activity was assayed to
demonstrate oxidative
stress.   

Rabbit LECs exposed to 3 – 12 J/cm2 UVA showed an
approximately linear decrease in catalase activity (indicative
of increased oxidative stress) with the maximum dose
displaying a 3.8x decrease.  

Chitchumroonchokchai
et al, 2004 

In vitro. HLECs were exposed
to 300 J/m2 of UVB-irradiation
at 3 mW/cm2. MDA and HAE
were used to measure
oxidative stress. 

The concentration of MDA and HAE increased by about 900
pmol/mg protein compared to the control after irradiation with
300 J/m2 UVB.  

Zigman et al, 1995 

In vitro. Rabbit and squirrel
LECs were exposed to 6, 9,
12, 15 and 18 J/m2 of UV-
irradiation at 3 J/cm2/h (300-
400 nm range, 350 nm peak).
CAT was used to measure
oxidative stress levels.  

The CAT activity was 10% of the control activity at 6 J/cm2,
and then decreased to 0% of the control activity at 18 J/cm2
(99.9% UV-A and 0.1% UV-B).  

Karimi et al, 2017 

In vivo. Adult rats were
exposed to 15 Gy of gamma
60Co-irradiation at a dose
rate of 98.5 cGy/min. In lens
tissue, MDA, thiobarbituric
acid (TBA), and GSH levels
were used to indicate
oxidative stress. 

MDA concentration increased from 0.37 +/- 0.03 to 1.60 +/-
0.16 nmol/g of lens after irradiation.  

GSH concentration decreased from 0.99 +/- 0.06 to 0.52 +/-
0.16 µmol/g of lens after exposure.  
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Rong et al., 2019 

In vitro. HLECs were exposed
to UVB-irradiation (297 nm; 2
W/m2 for 10 min).
Intracellular H2O2 and
superoxide levels were
measured.  

The amount of ROS was measured as the dicholofluoroscein
(DCFH-DA) fluorescence density, which increased about 10-
fold relative to the control.  

A similar test but with dihydroethidium (DHE) staining showed
a fluorescence density increase of about 3-fold relative to the
control.  

  

Kubo et al., 2010 
In vitro. Lenses isolated from
mice were exposed to 400 or
800 J/m2 of UVB-irradiation.
ROS levels were measured.   

The ratio of ROS level/survived LECs increased from about 175
to 250% after exposure to 400 and 800 J/m2 UVB
respectively.  

Kang et al., 2020 

In vitro. HLECs were exposed
to 0.09 mW/cm2 UVB-
irradiation (275-400 nm
range, 310 nm peak) for 15
min. MDA and SOD activity
were measured. 

MDA activity increased about 30% compared to control after
15 min of 0.09 mW/cm2 UVB exposure. SOD activity
decreased about 50% compared to control under the same
conditions. 

Yang et al., 2020 
In vitro. HLEs were irradiated
with 30 mJ/cm2 of UVB-
irradiation. ROS levels were
determined. 

The level of ROS production in HLEs increased approximately
5-fold as determined by 2’,7’-dichlorofluorescein diacetate
after exposure to 30 mJ/cm2 UVB. 

Zhang et al., 2012 

In vivo. Adult mice were
exposed to 20.6 kJ/m2 UV-
irradiation (313 nm peak; 1.6
mW/cm2). GSH levels were
measured in lens
homogenates. 

Decrease in GSH of about 1 and 2 µmol/g wet weight
compared to control after 1 and 16 months respectively after
20.6 kJ/m2 UV (313 nm peak) at 1.6 mW/cm2. 

Time-scale

Time Concordance 

Reference Experiment Description Result 

Tseng et al.,
2014 

In vitro. Neural stem/precursor cells
isolated from mouse subventricular
and hippocampal dentate subgranular
zones were exposed to 1-200 cGy of
56Fe irradiation at dose rates ranging
from 5-50 cGy/min. RONS were
measured from 1 to 8 weeks post-
irradiation.  

Compared to sham-irradiated controls, a trend toward
increasing oxidative stress was seen, particularly at 1- and 4-
weeks post-irradiation where RONS levels showed dose-
responsive increases. The greatest rise was also seen at 10 cGy
where relative RONS levels increased ~2-fold from 1 to 4
weeks, ~3-fold from 4 to 6 weeks and ~2 fold from 6 to 8
weeks. RONS were also found increased at doses as low as 2
cGy at 12 and 24h post-irradiation.  

Suman et
al., 2013 

In vivo. Female mice were exposed to
either 1.3 Gy of 56Fe irradiation (1
GeV/nucleon; dose rate of 1 Gy/min) or
2 Gy of gamma irradiation (dose rate
of 1 Gy/min). ROS were measured in
cerebral cortical cells at 2 and 12
months. 

ROS levels showed statistically significant increases after 56Fe
irradiation at both 2 and 12 months, while gamma irradiation
led to an increase at only 2 months. The percent fluorescence
intensity of ROS levels for control, gamma irradiated and 56Fe-
irradiated were approximately 100, 115 and 140 at 2 months,
and 100, 90 and 125 at 12 months, respectively.   

Limoli et al.,
2004 

In vitro. Neural stem/precursor cells
isolated from mouse subventricular
and hippocampal dentate subgranular
zones were exposed to 1 or 5 Gy of
56Fe irradiation at dose rates ranging
from 4.5 Gy/min. RONS were
measured at various time points until
33 days post-exposure.  

ROS levels exhibited statistically significant fluctuations,
increasing over the first 12h before dropping at 18h and rising
again at 24h. At 5 Gy, ROS levels fluctuated with a peak at 7
days, a decrease at 13 days, an increase at 25 days, and a
decrease below control levels at 33 days. At 1 Gy, ROS levels
peaked at 25 days and also decreased below control at 33
days.   

Gledzinski
et al., 2005 

In vitro. Neural precursor cells derived
from rats were irradiated with 1, 2, 5
and 10 Gy of proton (1.7-1.9 Gy/min).
ROS levels were determined at 5-25h
post-irradiation.  

Proton irradiation led to a rapid rise in ROS levels, with the
increase most marked at 6h (approximately 10-70% for 1 and
10 Gy, respectively). The increase in ROS persisted for 24h,
mainly for 10 Gy where the ROS levels were around 30% above
control at the 12, 18 and 24h mark.   

Acharya et
al., 2010 

In vitro. Human neural stem cells were
subjected to 1, 2 or 5 Gy of gamma
irradiation at a dose rate of 2.2
Gy/min. RONS and superoxide levels
were measured at various time points
until 7 days.   

Intracellular RONS and superoxide levels showed significant
increase from 2- to 4-fold at 12h. At 7 days, levels of RONS
increased and were dose-responsive, elevated by ~3- to 7-fold
and 3- to 5-fold, respectively, over sham-irradiated controls.    
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Rugo and
Schiestl,
2004 

In vitro. Human lymphoblast cell lines
(TK6 and TK6 E6) were irradiated with
2 Gy of X-irradiation at a dose rate of
0.72 Gy/min. ROS levels were
measured at various time points until
29 days.  

In the TK6 E6 clones, there was only a significant ROS increase
at day 29 (45.7 DCF fluorescence units). In the TK6 clones,
there were significant ROS increases at days 13 (26.0 DCF
fluorescence units), 15 (26.3 DCF fluorescence units) and 20
(38.1 DCF fluorescence units), with a strong trend of increased
ROS in the treated group at day 25. On day 18, ROS levels
decreased in the irradiated group, and there was no significant
difference at day 29.  

Huang et
al., 2018 

In vitro. Murine RAW264.7 cells were
irradiated with 2 Gy of gamma rays at
a rate of 0.83 Gy/min. ROS levels were
measured at 2 and 8 h post-
irradiation.  

ROS levels in irradiated RAW264.7 cells decreased by ~10%
from 2 h post-exposure to 8 h post-exposure (from ~138%
above control at 2 h to ~98% above control at 8).   

Zhang et
al., 2018 

In vitro. hBMMSCs were irradiated with
2 Gy of X-rays at a rate of 0.6 Gy/min.
Relative ROS concentration was
measured at 0, 0.5, 2, 3, 6, 8, and 12 h
post-irradiation.  

ROS levels increased in time dependent manner until a peak of
~90% above control level at 3 h-post irradiation, and then
steadily declined back to approximately control levels at 12 h
post-irradiation.  

Phillip et al.,
2020 

In vitro. Human TICAE cells were
irradiated with 0.25, 0.5, 2, and 10 Gy
of 60Co gamma rays at a rate of 400
mGy/min. Levels of the antioxidants,
SOD1 and PRDX5 were measured at 4
h, 24 h, 48 h, and 1-week post-
irradiation to assess oxidative stress
from IR exposure.  

SOD1 levels did not follow a time-dependent pattern. However,
SOD1 decreased at 2 Gy for every timepoint post-irradiation.
While PRDX5 levels stayed at approximately baseline levels for
the first two days after exposure to 10 Gy of radiation, levels
elevated by ~1.6-fold after 1 week.  

Ramadan et
al., 2020 

In vitro. Human TICAE/TIME cells were
irradiated with 0.1 and 5 Gy of X-rays
at a rate of 0.5 Gy/min. Intracellular
ROS production was measured at 45
min, 2 h, and 3 h post-irradiation. 

After irradiation, ROS production saw time-dependent
decreases in both TICAE and TIME cells from 45 min to 3 h post-
exposure. ROS production was elevated at 45 min but returned
to approximately baseline levels at 2 and 3 h.  

Shen et al.,
2018 

In vivo. 8-week-old, female, C57BL/6
mice were irradiated with 18 Gy of X-
rays. Levels of the oxidative markers,
4-HNE and 3-NT, and the antioxidants,
CAT and heme HO-1 were measured
the aortas of the mice at 3, 7, 14, 28,
and 84 days post-irradiation. 

Significant changes were observed in 4-HNE, 3-NT, CAT, and
HO-1 levels of irradiated mice after 3 days. 3-NT and HO-1
levels increased from days 3 to 7 and then progressively
decreased, while 4-HNE levels followed the same pattern but
with a peak at day 14. CAT levels were at their lowest at day 3
and followed a time dependent increase until day 84.  

Ungvari et
al., 2013 

In vitro. The CMVECs of adult male rats
were irradiated with 2, 4, 6, and 8 Gy
of 137Cs gamma rays. Production of
the reactive oxygen species, peroxide
and superoxide, were measured at 1-
and 14-days post-irradiation.  

ROS production was generally higher at day 1 than day 14, with
the difference becoming progressively more significant from 2-8
Gy. Peroxide production was reduced from a ~3.25-fold
increase compared to controls at day 1 back to baseline levels
at day 14. Superoxide production had a ~1.6-fold increase at
day 1 recover to baseline levels at day 14.  

Ahmadi et
al., 2021 

In vitro. HLEC and HLE-B3 cells were
exposed to 0.1, 0.25 and 0.5 Gy of
gamma irradiation at 0.3 and 0.065
Gy/min. ROS levels were measured.  

  

  

In human LECs immediately exposed to 0.25 Gy gamma rays,
the level of ROS positive cells increased by 5%, relative to
control, 1 h post-irradiation.  

Jiang et al.,
2006 

In vitro. HLECs were exposed to UV-
irradiation at a wavelength over 290
nm (30 mJ/cm2). ROS levels were
measured.  

Approximately 10-fold increase in ROS generation 15 min after
exposure to 30 mJ/cm2 UV.  

Pendergrass
et al., 2010 

In vivo. Female mice were irradiated
with 11 Gy of X-irradiation at a dose
rate of 2 Gy/min. ROS levels in the
lenses were used to represent
oxidative stress.  

9 months after irradiation with 11 Gy X-rays at 2 Gy/min there’s
2250% cortical ROS relative to the control.  

3 months after there was no significant change.  
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Belkacemi
et al., 2001 

In vitro. Bovine lens cells were
exposed to 10 Gy of X-irradiation at 2
Gy/min. GSH levels were measured. 

The intracellular GSH pool was measured by a decrease of
about 15% monobromobimane fluorescence relative to the
control 24 h after exposure to 10 Gy X-rays at 2 Gy/min and
there was a decrease of about 40% relative to the control by
120 h.  

Weinreb
and Dovrat,
1996 

In vitro. Bovine lenses were irradiated
with 22.4 J/cm2 (10 min) and 44.8
J/cm2 (100 min) of UVA-irradiation at
8.5 mW/cm2. CAT levels were
determined.  

CAT activity decreased from 1.75 (control) to 0.5 U/mg protein
at 48-168 h after exposure to 44.8 J/cm2 UV-A.  

  

  

Cencer et
al., 2018 

In vitro. HLECs were exposed to 0.014
and 0.14 J/cm2 of UVB-irradiation at
0.09, 0.9 mW/cm2 for 2 and 5 min.
ROS levels (mainly H2O2) were
measured. 

  

  

About 5 min after exposure to both 0.09 and 0.9 mW/cm2 UVB
for 2.5 min there is an increase of about 4 average brightness
minus control (densitometric fluorescence scanning for ROS,
mostly indicating H2O2).   

About 90 and 120 min after exposure to 0.9 mW/cm2 the
average brightness minus control is about 35 and 20
respectively.  

  

  

  

  
Yang et al.,
2020 

In vitro. HLECs were irradiated with 30
mJ/cm2 of UVB-irradiation. Intracellular
ROS levels were measured. 

The level of ROS production in HLECs increased approximately
5-fold as determined by 2’,7’-dichlorofluorescein diacetate 24 h
after exposure to 30 mJ/cm2 UVB. 

Zhang et
al., 2012 

In vivo. Adult mice were exposed to
20.6 kJ/m2 UV-irradiation (313 nm
peak; 1.6 mW/cm2). GSH levels were
measured in lens homogenates.  

Decrease in GSH of about 1 and 2 µmol/g wet weight compared
to control after 1 and 16 months respectively after 20.6 kJ/m2
UV (313 nm peak) at 1.6 mW/cm2. 

Known modulating factors
Modulating
Factors MF details Effects on the KER References 

Antioxidants 

CAT, GSH-Px, SOD, PRDX,
vitamin E, C, carotene,
lutein, zeaxanthin,
selenium, zinc, alpha-lipoic
acid, melatonin, ginko
biloba leaf, fermented
ginkobiloba leaf, Nigella
sativa oil, thymoquinone,
and ferulic acid 

Adding or withholding
antioxidants will decrease or
increase the level of
oxidative stress
respectively 

(Zigman et al., 1995; Belkacémi et al., 2001;
Chitchumroonchokchai et al., 2004; Fatma et
al., 2005; Jiang et al., 2006; Fletcher, 2010;
Karimi et al., 2017; Hua et al., 2019; Kang et
al., 2020; Yang et al., 2020; Manda et al.,
2008; Limoli et al., 2007; Manda et al., 2007;
Taysi et al., 2012; Ismail et al., 2016; Demir
et al., 2020; Chen et al., 2021) 

Age Increased age 

Antioxidant levels are lower
and show a greater
decrease after radiation in
older organisms. This
compromises their defence
system, resulting in ROS
increases and therefore, an
increased likelihood of
oxidative stress 

(Marshall, 1985; Spector, 1990; Giblin et al.,
2002; Kubo et al., 2010; Pendergrass et al.,
2010; Zhang et al., 2012; Hamada et al.,
2014; Tangvarasittichai & Tangvarasittichai,
2019) 

Oxygen Increased oxygen levels 
Higher oxygen
concentrations increase
sensitivity to ROS 

(Hightower et al., 1992; Eaton, 1994; Huang
et al., 2006; Zhang et al., 2010; Schoenfeld
et al., 2012) 

Known Feedforward/Feedback loops influencing this KER

The relationship between deposition of energy and increased oxidative stress leads to several feedforward loops.
Firstly, ROS activates the transforming growth factor beta (TGF)-β, which increases the production of ROS. This
process is modulated in normal cells containing PRDX-6, or cells with added MnTBAP, which will both prevent TGF-β
from inducing ROS formation (Fatma et al., 2005). Secondly, ROS can damage human mitochondrial DNA (mtDNA),
this can then cause changes to the cellular respiration mechanisms, leading to increased ROS production (Turner et
al., 2002; Zhang et al., 2010; Tangvarasittichai & Tangvarasittichai, 2019, Ahmadi et al., 2021; Yves, 2000). Some
other feedback loops through which deposition of energy causes oxidative stress are discussed by Soloviev & Kizub
(2019). 
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Relationship: 2832: Energy Deposition leads to Tissue resident cell activation

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Moderate

The domain of applicability is related to any vertebrates and invertebrates with an innate immune system regardless
of sex (Beck & Habicht, 1996, Sonetti et al., 1994, Rowley, 1996). The deposition of energy is most detrimental in
utero because tissue resident cells and their pro-inflammatory responses can cause permanent tissue damage 
(Heiervang et al., 2010, McCollough et al., 2007, Kannan et al., 2007). 

Key Event Relationship Description

Deposition of energy refers to particles that have sufficient energy to penetrate biological tissue leading to ionization
events that can break water molecules and form free radicals. These can damage sensitive macromolecules such as
DNA, protein and lipids (Chen, Oyarzabal & Hong, 2016; Mavragani et al., 2016). Ionization events occur from many
types of radiation including, X-rays, gamma-rays, alpha particles, beta particles, heavy ions, and neutrons. X-rays and
gamma rays induce sparse ionization events and energy is exponentially absorbed by tissues. Conversely, energetic
charged particles can cause dense ionization events, leading to clustered damage and secondary ionization events
(Niemantsverdriet et al., 2012). 

When sufficient energy is deposited it can damage the cellular environment; this releases danger signals either
passively when the ionization events induce cell death, or actively by cells undergoing life threatening stress (Denning
et al., 2019; Vénéreau, Ceriotti & Bianchi, 2015). These signaling molecules, such as alarmins or damage-associated
molecular pattern molecules (DAMPs),  promote an inflammatory and regenerative environment by activating tissue
resident cells (Chen, Oyarzabal & Hong, 2016; Vénéreau, Ceriotti & Bianchi, 2015). Resident immune cells, such as
macrophages and dendritic cells, use pattern recognition receptors on their surfaces to detect alarmins and DAMPs
which initiate their activation and proliferation (Chen, Oyarzabal & Hong, 2016; Mavragani et al., 2016). Activated
cells can then regulate the recruitment of circulating immune cells and initiate inflammation to remove damaged
cells, eliminate harmful stimuli, and promote tissue repair (Schaue et al., 2015; Roh & Sohn, 2018).  However,
uncontrolled inflammation can then lead to a state of disease progression. 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate 

Biological Plausibility
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There is strong biological evidence and mechanistic understanding linking deposition of energy to tissue resident
activation. It is widely accepted that deposition of energy can cause the activation of resident tissue cells (Di Maggio
et al., 2015; Frey et al., 2015; Mavragani et al., 2016; Multhoff & Radons, 2012; Pinto et al., 2016; Rodel et al., 2012;
Schaue et al., 2015; Yahyapour et al., 2018; Zhao & Robbins, 2009; Rienecker et al., 2021). Ionization of local tissue
leads to direct tissue damage, reduced cellular homeostasis, genotoxic stress, and oxidative stress (Mavragani et al.,
2016; Yahyapour et al., 2018). This damage can initiate tissue resident cell activation (Davies et al., 2013; Langston,
Shibata & Horng, 2017; Rienecker et al., 2021). Primary damage and follow-on free-radical events typically occur
within microseconds, but the inflammatory response carries on the damage through waves of reactive oxygen species
generation as well as cytokine and chemokine release (Schaue et al., 2015). The resultant loss of cellular
homeostasis, as well as primary and secondary cellular damage leads to the release of DAMPs (Mavragani et al.,
2016; Yahyapour et al., 2018). Resident cells then use pattern recognition receptors to detect DAMPs resulting in their
activation through a series of intracellular signaling cascades (Mavragani et al., 2016; Yahyapour et al., 2018). 

There are many resident cells that become activated in response to radiation damage including lymphocytes,
neutrophils, endothelial cells, and dendritic cells. Among the resident cells, macrophages are present in virtually all
tissues and are the first line of defense against foreign pathogens and stressors. Resident macrophages have a
ramified morphology with long, dynamic processes and are constantly surveying for signals of injury or infection
(Betlazar et al., 2016; Paladini et al., 2021). They are also scavenger cells which engulf metabolites and debris from
surrounding apoptotic cells to maintain healthy organs and tissues. When damage is detected, local macrophages
become activated and move to the site of injury, where they signal other immune cells and release cytokines,
chemokines, and other soluble molecules to mediate wound healing and initiate an inflammatory response (Hladik &
Tapio, 2016; Paladini et al., 2021; Yahyapour et al., 2016; Rienecker et al., 2021). Resident macrophages detect
endogenous cellular components released from damaged, stressed, or dying cells through pattern recognition
receptors such as toll-like receptors (TLRs) (Chen, Oyarzabal & Hong, 2016; Yahyapour et al., 2016). TLRs can detect
a wide variety of DAMPs including those potentially formed by deposition of energy ( i.e., oxidized DNA, uric acid, ATP
and high-mobility group box 1 protein) (Yahyapour et al., 2016). When TLRs detect DAMPs in the extracellular
environment, they initiate intracellular signaling cascades that lead to the nuclear translocation of transcription
factors, such as nuclear factor-κB (NF-κB), to induce the production of proinflammatory cytokines and chemokines
(Chen, Oyarzabal & Hong, 2016; Yahyapour et al., 2018). The resident macrophages also initiate granulocyte-
macrophage colony formation and recruitment of early myeloid progenitors to the site of injury (Schaue et al., 2015). 

This response has been shown to occur across organs and tissue types using the same underlying mechanisms (Chen,
Oyarzabal & Hong, 2016, Mavragani et al., 2016, Schaue et al., 2015). However, tissues are distinct in the types of
activated cells and the resulting inflammatory responses. For example, the liver hosts the largest population of
macrophages (Kupper cells) and is enriched with T lymphocytes or natural killer cells (Szabo, Mandrekar & Dolganiuc,
2007). Local Kupper cells use pattern recognition receptors to detect local radiation damage which leads to their
activation (Szabo, Mandrekar & Dolganiuc, 2007). Activated cells secrete proinflammatory mediators, recruit
macrophages and regulate the response of local T lymphocytes (Szabo, Mandrekar & Dolganiuc, 2007). In the lungs,
radiation damage is first detected by local epithelial cells that produce pro-inflammatory mediators including
cytokines and reactive oxygen species (Chen et al., 2018). These mediators stimulate mucus secretion by goblet cells
and recruit macrophages and dendritic cells to initiate inflammation (Moldoveanu et al., 2009). In some organs, such
as the brain, resident immune cells are abundant because the organ is separated from the immune system by the
blood brain barrier to protect it from infection by foreign cells (Banks & Erickson, 2010). It has been shown that brain
exposure to ionizing radiation can initiate activation of other types of resident immune cells, such as microglia and
astrocytes (Betlazar et al., 2016). Microglial cells are the first line of defense in response to radiation damage and
become activated in response to DAMPs released from local damaged cells (Betlazar et al., 2016). Microglia cells
release pro-inflammatory mediators to regulate an inflammatory response and recruit additional immune cells to the
site of injury (Betlazar et al., 2016). Microglia can subsequently induce astrocyte activation via the COX-2 pathway in
the presence of a stressor (Betlazar et al., 2016; Cucinotta et al., 2014; Paladini et al., 2021). When damage is
detected, astrocytes proliferate and form scar tissue via reactive gliosis (Makale et al., 2017). 

Empirical Evidence

The empirical evidence surrounding this KER comes from research using in vitro and in vivo models. All organ systems
are  vulnerable to tissue resident activation from deposition of energy, however, provided below are consistent
example of  evidence from brain studies. Tissue resident cell activation is typically determined in the brain through
the observation of the activation or proliferation of brain-resident immune cells, microglia and astrocytes.  

 The data consistently shows that direct deposition of energy can elicit damage to tissues and induce resident
immune cell activation. The literature space is populated with studies examining effects of high doses (>2 Gy) of
radiation with sparse studies examining effects for lower dose exposures (<1 Gy). Much of the high dose evidence is
from work exposing rodent models to doses between 0 and 200 cGy of heavy ions and/or protons via whole body
irradiation (Allen et al., 2020; Krukowski et al., 2018a; Parihar et al., 2020; Parihar et al., 2018; Parihar et al., 2016;
Poulose et al., 2011; Raber et al., 2019; Sumam et al., 2013). Some studies exposing rodents to high energy particles
use high dose ranges (up to 4 Gy) (Cummings et al., 2007; Rola et al., 2008). Also included are studies using high
doses (1-10 Gy) of X-rays or gamma rays used in a clinical setting (Acharya et al., 2016; Casciati et al., 2016; Chen et
al., 2016; Hua et al., 2012; Hwang et al., 2006; Mizumatsu et al., 2003; Monje et al., 2002; Rola et al., 2007; Rola et
al., 2004). In addition, very high-dose studies, using doses up to 25-45 Gy were included which showed consistent
tissue resident activation following deposition of energy (Chiang, McBride & Withers, 1993; Dey et al., 2020;
Kyrkanides et al., 1999; Moravan et al., 2011). 

Dose Concordance  
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The literature supports the dose-concordance of the relationship between energy deposition and tissue resident cell
activation, specifically glial cells, following exposure to ionizing radiation. Some  studies, using exposures involving 
16O, 48Ti, 4He and protons, observed significant increases in activation at doses  of 5, 15, 30 or 50 cGy (Allen et al.,
2020; Krukowski et al., 2018a; Parihar et al., 2016; Parihar et al., 2018; Parihar et al., 2020). These studies report an
approximate 1.25- to 5-fold increase in microglia markers post-irradiation. Astrocyte activation was not reported in
these studies. Other lower dose studies observed a radiation dose-dependent 1.3- to 14-fold increase in markers
indicating activation of astrocytes and/or microglia (Casiati et al., 2016; Cummings et al., 2007; Poulose et al., 2011;
Raber et al., 2019; Rola et al., 2008; Suman et al., 2013). These studies used 56Fe, protons, 16O or 28 Si, gamma
rays and X-rays at doses ranging from 1-4 Gy. Various stressors at moderate doses further support the dose
concordance of energy deposition and activation of tissue resident cells (Acharya et al., 2016; Dey et al., 2020; Hua
et al., 2012; Monje et al., 2002; Rola et al., 2007; Rola et al., 2004). Consistency in the dose-response relationship
was mostly exhibited at the higher doses (2-10 Gy), with reports showing a steady dose-dependent increase in
resident tissue activation (Chen et al., 2016; Casciati et al., 2016; Hwang et al., 2006; Rola et al., 2008). With very
high doses of radiation (up to 45 Gy), significant increases of GFAP and Mac-I levels in glia are observed (Chiang,
McBride & Withers, 1993; Kyrkanides et al., 1999; Mizumatsu et al., 2003; Moravan et al., 2011). Additionally,
increase in CD68+ cells  have been shown following a total dose of 26 Gy (Dey et al., 2020). Further studies using
mouse primary microglial cultures irradiated with X-rays at 10 Gy have shown a 2.5-fold increase in tissue resident
cell activation.  In vivo mice irradiated with 30 Gy also show a 9-fold increase in microglial activation (Xu et al., 2015).
In general, these studies highlight that with an increase in deposited energy larger amounts of primary and secondary
tissue damage occurs, which leads to increased proliferation and activation of resident immune cells. 

Time Concordance  

Many long-term and a few short-term studies find tissue-resident cell activation after deposition of energy. Mice
irradiated with 35 Gy of gamma rays show activated astrocytes and microglia 4 h after irradiation (Kyrkanides et al.,
1999). Rats irradiated with X-rays at 15 Gy show activation of astrocytes at 6 h (Hwang et al., 2006). Many studies
show 1.2- to 3-fold increased activation one or a few days after irradiation in rats and mice (Casciati et al., 2016;
Hwang et al., 2006; Kyrkanides et al., 1999; Moravan et al., 2011; Poulose et al., 2011). Furthermore, it has also been
shown that activation continues until 1 year, measured after weeks and months, with a maximum 14-fold increase in
marker levels shown after 2 months post-irradiation (Acharya et al., 2016; Allen et al., 2020; Casciati et al., 2016;
Chiang, McBride & Withers, 1993; Chen et al., 2016; Cummings et al., 2007; Dey et al., 2020; Hua et al., 2012;
Kyrkanides et al., 1999; Mizumatsu et al., 2003; Monje et al., 2002; Moravan et al., 2011; Parihar et al., 2020; Parihar
et al., 2018; Parihar et al., 2016; Poulose et al., 2011; Raber et al., 2019; Rola et al., 2008; Rola et al., 2004; Suman
et al., 2013). 

Incidence Concordance 

No available data. 

Essentiality 

Since deposition of energy is a physical stressor, it can be shielded, but chemicals cannot effectively block or
decrease it. Thus further research is required to determine the effect of shielding radiation on the activation of tissue
resident cells. Since deposited energy initiates events immediately, the removal of deposited energy, a physical
stressor, also supports the  essentiality of the key event. Studies that do not deposit energy are observed to have no
downstream effects.  

Uncertainties and Inconsistencies

There is no consensus about sex-related responses to radiation exposure and the resulting activation of tissue
resident cells. Krukowski et al. (2018a) and Parihar et al. (2020) found that female mice were immune to the
effects of 0.3 and 0.5 Gy radiation on cell activation, while Raber et al. (2019) found that only female mice
showed increased activated cells after 2 Gy. 

A large amount of uncertainty surrounds the impact of low-dose ionizing radiation on tissue resident cell
activation. More evidence is required to determine the relationship between ionizing radiation at doses < 1 Gy
and tissue-resident cell activation. 

Quantitative Understanding of the Linkage

Dose Concordance  

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Reference Experiment description Result 

Suman et
al., 2013 

In vivo. 6- to 8-week-old female C57BL/6J mice were
irradiated with either 1.6 Gy 56Fe ions or 2 Gy gamma
rays (137Cs source) both at 1 Gy/min. GFAP levels in
the cerebral cortex measured by immunoblotting were
used to indicate astrocyte activation. 

GFAP levels increased 2.2-fold in the gamma
ray irradiated group and 4.3-fold in the 56Fe
ion irradiated group. 
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Poulose et
al., 2011 

In vivo. 2-month-old male Sprague-Dawley rats were
irradiated with 5, 50 and 100 cGy 16O particles. GFAP
was measured by western blot in the hippocampus. 

At maximum, GFAP increased 1.2-fold after 5
and 50 cGy and 1.3-fold after 100 cGy. 

Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice were irradiated
with 600 MeV/amu charged particles (16O and 48Ti)
(0.05 to 0.25 Gy/min) at 0.05 and 0.3 Gy. Activated glial
cells were indicated by ED1 markers through
immunostaining. 

Number of activated microglia increased with
dose, with a greater fold difference following
48Ti radiation than 16O. A maximum 1.9-fold
change was observed at 30 cGy 48Ti at 27
weeks.  

Parihar et
al., 2018 

In vivo. Male C57BL/6J mice were irradiated with He ions
at 5 and 30 cGy (5 cGy/min). ED1 cells were used as
markers for activated microglia by immunostaining and
DAPI counterstaining. 

ED1+ cells increased 3.5-fold after 5 cGy and
3.8-fold after 30 cGy, indicating microglial
activation. 

Parihar et
al., 2020 

In vivo. Mice were irradiated with low doses (

≤≤

30 cGy) of helium ions. Brain tissue sections were
stained to identify microglia activation by CD68+ cells. 

A 2.5-fold increase in CD68+ cells was
observed in the male irradiated group following
30 cGy irradiation, indicating microglia
activation. No increase in CD68+ was seen in
the female mice. 

Krukowski
et al.,
2018a 

In vivo. C57B16/J mice were exposed to GCR at 0, 15,
50 cGy (252 MeV/amu protons, 249.3 MeV/amu helium
ions, and 594.4 MeV/amu oxygen ions). Microglia were
stained and levels were measured by Iba-1. 

50 cGy male cohorts showed a significant 3- to
5-fold increase in Iba-1 + cells compared to the
controls, indicating activated microglia in the
dorsal hippocampus. No change was observed
in the females. 

Allen et al.,
2020 

In vivo. Mice were exposed to 4He irradiation (400
MeV/amu) at 30 cGy. CD68+ cells and Iba-1
immunochemistry were used to measure activated
microglia. GFAP was measured to determine
astrogliosis.  

1.25-fold change in CD68+ cells was observed
in the 30 cGy group compared to the controls.
Iba-1+ microglia cells did not change
significantly. No change in GFAP expression, a
marker indicative of astrogliosis. 

Cummings
et al., 2007 

In vivo. Sprague-Dawley rats were irradiated with 56Fe
ions (600 MeV/amu) with 4 Gy dose. GFAP
immunochemistry was used to identify astrogliosis. 

There was a significant increase in GFAP+ cells
6 and 12 months post irradiation with 4 Gy.  

Rola et al.,
2008 

In vivo. Male mice were irradiated with 0.5-4 Gy 56Fe
ions. CD68+ cells determined microglia activation and
BrdU identified neurogenesis. 

Dose dependent increase was observed in
BrudU+/CD68+ cells indicating newly born
activated microglia. Significant increases of
3.4, 4.4 and 14-fold were observed at 1 Gy, 2
Gy and 4 Gy, respectively. 

Raber et
al., 2019 

In vivo. Mice were irradiated with 1 GeV protons, 16O or
28Si (0, 25, 50, or 200 cGy). ELISA was used to detect
levels of CD68 for activated microglia. 

Cortical CD68 levels were increased by 1.7-
fold in females irradiated with 200 cGy. This
effect was not seen in males. 

 

Hwang et
al., 2006 

In vivo and in vitro. Sprague-Dawley rats were
irradiated with X-rays at 2-10 Gy and 15 Gy.
Immunostaining, RT-PCR and western blot were used to
analyze GFAP protein levels. 

A dose dependent fold increase of cells with
processed morphology was found. A 12- to
29.5-fold increase in activated  morphology
was observed in an astrocyte mixed-culture
irradiated with 0-10 Gy. 

Mizumatsu
et al., 2003 

In vivo. 2-month-old male C57BL/J6 mice were irradiated
with X-rays at 175 cGy/min. New activated microglia in
the hippocampus were determined with BrdU and CD68
staining. 

A dose-dependent increase in BrdU/CD68+
cells was observed. No cells were activated
without irradiation, 14% were after 2 Gy, 38%
were after 5 Gy and 54% were after 10 Gy. 

Hua et al.,
2012 

In vivo. Male FxBN rats were irradiated with 10 Gy of
137Cs gamma rays. CD68 was labelled with ED-1 in the
hippocampus to show activated microglia. 

The density of ED-1+ microglia increased 2- to
3-fold after 10 Gy. 

Rola et al.,
2007 

In vivo. 8-week-old C57BL/6J mice were irradiated with 5
Gy X-rays. Microglial generation and activation in the
hippocampus was determined by BrdU and CD68
staining. 

The number of BrdU/CD68+ cells increased
1.3-fold. 

Chen et al.,
2016 

In vitro. Human CHME5 microglia were irradiated with
137Cs gamma rays (LET 0.9 keV/µm) delivered over 1-3
min. Activated cells were determined by morphology as
well as western blot for CR3/43 and Glut-5 activation
markers. 

CR3/43 and Glut-5 were both observed after 8
Gy, but just slightly or not at all after 0.5 Gy.
At 8 Gy, microglia demonstrated an activated
morphology. 

Monje et
al., 2002 

In vivo. Adult female Fischer 344 rats were irradiated
with X-rays at 175 cGy/min with two fractions of 5 Gy.
Activated astrocytes and microglia were determined in
the hippocampus through GFAP and ED-1 staining,
respectively. 

The percent of GFAP+ cells increased from
5.4% to 7.4% after 10 Gy. The percent of ED-
1+ cells increased from 0% to 22% after 10
Gy. 
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Casciati et
al., 2016 

In vivo. Female and male C57BL/6 mice were irradiated
with X-rays. Activated astrocytes and microglia were
determined in the hippocampus through GFAP and Iba-1
staining, respectively. 

Iba-1+ cells increased 1.5-fold after 2 Gy,
while GFAP+ cells increased 1.3-fold after 2
Gy. No changes in GFAP were seen after 0.1
Gy. 

Acharya et
al., 2016 

In vivo. 6-month-old male C57Bl/6J mice were irradiated
with 9 Gy X-rays. Microglia activation was determined
by CD68 staining. 

In the hippocampus, CD68+ cells increased
1.75-fold, while in the medial prefrontal cortex,
they increased 1.25-fold. 

Rola et al.,
2004 

In vivo. 21-day-old male C57BL/J6 mice were irradiated
with 5 Gy X-rays at 1.75 Gy/min. Microglial and
astrocyte activation was determined by CD68 and GFAP
staining, respectively, double-stained with BrdU for
gliogenesis in the subgranular zone. 

CD68+ cells increased 2.5-fold, while GFAP+
cells increased 2-fold. 

Dey et al.,
2020 

In vivo. 6-month-old male C57BL/6J mice received X-ray
irradiation in fractions of 8.67 Gy/day (1.10 Gy/min) on
alternating days for a total dose of 26 Gy. Activated
microglia were determined through CD68 staining in the
hippocampus. 

In the CA1 region, CD68+ cells increased 3-
fold, while in the CA3 region they increased 5-
fold. 

Chiang,
McBride &
Withers,
1993 

In vivo. 12-week-old male C3Hf/Sed/Kam mice were
irradiated with X-rays (238 cGy/min). Activated
astrocytes and microglia were determined through
GFAP and Mac-1 immunohistochemistry, respectively. 

GFAP+ cells in the hippocampus and corpus
callosum increased 1.5-fold after 30 and 36
Gy, and 2-fold after 45 Gy. Mac-1+ cells in the
corpus callosum increased after 2 (1.2-fold), 20
(1.9-fold), 30 (2-fold), 36 (1.8-fold) and 45 Gy
(2.8-fold). 

Kyrkanides
et al., 1999 

 

In vivo. Male C3H/HeN mice were irradiated with 60Co
gamma rays (35 Gy, 0.9 Gy/min). Activated astrocytes
and microglia were determined through GFAP and Mac-
1 immunohistochemistry, respectively. 

Mac-1 and GFAP levels both showed greatly
increased expression after 35 Gy. 

Moravan et
al., 2011 

In vivo. 8- to 10-week-old male C57BL/6J mice were
irradiated with 137Cs gamma rays at 1.25 Gy/min. GFAP
expression was measured by RT-qPCR. 

GFAP increased 2- to 3-fold after 25 and 35 Gy,
but not significantly after 5 and 15 Gy. 

Xu et al.,
2015 

In vivo and in vitro. Primary microglia from male BALB/c
mice were irradiated with 30 Gy using a 6 MV β-ionizing-
ray linear accelerator. Male BALB/c mice were irradiated
with 10 Gy X-rays. Microglial cell activation was
determined through morphology and Iba-1
immunohistochemistry. 

In vitro, 10 Gy resulted in a 2.5-fold increase in
activated microglia. In vivo, 30 Gy resulted in a
9-fold increase in activated microglia. 

 

Time Concordance  

Reference Experiment description Result 

Suman et
al., 2013 

In vivo. 6- to 8-week-old female C57BL/6J mice were
irradiated with either 1.6 Gy 56Fe or 2 Gy 137Cs
gamma rays both at 1 Gy/min. GFAP levels in the
cerebral cortex measured by immunoblotting were
used to indicate astrocyte activation. 

GFAP levels were increased 2.2-fold in the
gamma irradiated group and 4.3-fold in the
56Fe irradiated group 12 months after
exposure. 

Poulose et
al., 2011 

In vivo. 2-month-old male Sprague-Dawley rats were
irradiated with 5, 50 and 100 cGy 16O particles. GFAP
was measured by western blot in the hippocampus. 

After 36 h, GFAP was increased 1.2-fold after
100 cGy. After 75 days, GFAP increased 1.2-
fold after 5 and 50 cGy and 1.3-fold after 100
cGy. 

Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice were
irradiated with 600 MeV/amu charged particles (16O
and 48Ti) (0.05 to 0.25 Gy/min) at 0.05 and 0.3 Gy.
Activated glial cells were indicated by ED1 markers
through immunostaining. 

ED1+ cells increased ~1.2- to 1.6-fold 15
weeks post 16O irradiation and ~2-fold 27
weeks post irradiation in all 48Ti irradiated
groups.  

Parihar et
al., 2018 

In vivo. Male C57BL/6J mice were irradiated with He
ions at 5 and 30 cGy (5 cGy/min). ED1 cells were used
as markers for activated microglia by immunostaining
and DAPI counterstaining. 

52 weeks after radiation, ED1+ cells increased
3.5-fold and 3.8-fold, indicating microglial
activation. 

Parihar et
al., 2020 

 

In vivo. Mice were irradiated with low doses (

≤≤

30 cGy) of helium ions. Brain tissue sections were
stained to identify microglia activation by CD68+ cells. 

 The number of activated microglia increased
by 2.5-fold in the male irradiated group 15
weeks after 30 cGy 4He irradiation.  
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Allen et al.,
2020 

In vivo. Mice were exposed to 4He irradiation (400
MeV/amu) at 30 cGy. CD68+ cells and Iba-1
immunochemistry were used to measure activated
microglia. GFAP was measured to determine
astrogliosis.  

An increase in CD68+ cells was observed 7-8
weeks post-irradiation. 

Rola et al.,
2008 

In vivo. Male mice were irradiated with 0.5-4 Gy 56Fe
ions. CD68+ cells determined microglia activation and
BrdU identified neurogenesis. 

2 months post-irradiation, BrdU/CD68+ cells
increased up to 14-fold. 

Cummings
et al., 2007 

 

 

In vivo. Sprague-Dawley rats were irradiated with 56Fe
ions (600 MeV/amu) with 4 Gy dose. GFAP
immunochemistry was used to identify astrogliosis. 

There was a significant increase in GFAP+ cells
6 and 12 months post irradiation. A maximum
1.7-fold change was observed 12 months post
irradiation compared to the control. 

Raber et
al., 2019 

In vivo. Mice were irradiated with 1 GeV protons, 16O or
28Si (0, 25, 50, or 200 cGy). ELISA was used to detect
levels of CD68 for activated microglia. 

1.7-fold increase in CD68 levels in female mice
was seen 3 months following 200 cGy
exposure. 

Hwang et
al., 2006 

In vivo. Sprague-Dawley rats were irradiated with X-
rays at 2-10 Gy and 15 Gy. Immunostaining, RT-PCR
and western blot were used to analyze GFAP protein
levels. 

GFAP levels were slightly higher at 6 h post
irradiation compared to the initial levels and
significantly increased 24 h post-irradiation.  

 

Mizumatsu
et al., 2003 

In vivo. 2-month-old male C57BL/J6 mice were
irradiated with 10 Gy X-rays at 175 cGy/min. New
activated microglia in the hippocampus were
determined with BrdU and CD68 staining. 

No cells were activated without irradiation or
48 h after irradiation, while up to 50% of cells
were activated 2 months after irradiation. 

Hua et al.,
2012 

In vivo. Male FxBN rats were irradiated with 10 Gy of
137Cs gamma rays. CD68 was labelled with ED-1 in the
hippocampus to show activated microglia. 

The density of ED-1+ microglia increased 2- to
3-fold after 1 week, and was just slightly
increased after 10 weeks. 

Chen et al.,
2016 

In vitro. Human CHME5 microglia were irradiated with 8
Gy gamma rays (LET 0.9 keV/µm) delivered over 1-3
min. Activated cells were determined by morphology as
well as western blot for CR3/43 and Glut-5 activation
markers. 

Cells demonstrated a normal morphology until
6 days then an activated morphology starting 7
days post-irradiation. Glut-5 was observed
after 7,10 and 14 days , while CR3/43 was
observed after 2 weeks. 

Monje et
al., 2002 

In vivo. Adult female Fischer 344 rats were irradiated
with X-rays at 175 cGy/min with two fractions of 5 Gy.
Activated astrocytes and microglia were determined in
the hippocampus through GFAP and ED-1 (labels CD68)
staining, respectively. 

The percent of GFAP+ cells increased from
5.4% to 7.4% after 2 months. The percent of
ED-1+ cells increased from 0% to 22% after 2
months. 

Casciati et
al., 2016 

In vivo. Female and male C57BL/6 mice were irradiated
with 2 Gy X-rays. Activated astrocytes and microglia
were determined in the hippocampus through GFAP and
Iba-1 staining, respectively. 

After 1 day, Iba-1+ cells increased 1.5-fold,
while after 6 months, GFAP+ cells increased
1.3-fold. 

Acharya et
al., 2016 

In vivo. 6-month-old male C57Bl/6J mice were irradiated
with 9 Gy X-rays. Microglia activation was determined
by CD68 staining. 

In the hippocampus, CD68+ cells increased
1.75-fold after 2 and 6 weeks, while in the
medial prefrontal cortex they increased 1.25-
fold after 6 weeks. 

Rola et al.,
2004 

In vivo. 21-day-old male C57BL/6J mice were irradiated
with 5 Gy X-rays at 1.75 Gy/min. Microglial and
astrocyte activation was determined by CD68 and GFAP
staining, respectively, double-stained with BrdU for
gliogenesis in the subgranular zone. 

Both 1 and 3 months post-irradiation, CD68+
cells increased 2.5-fold, while GFAP+ cells
increased 2-fold 3 months post-irradiation. 

Dey et al.,
2020 

In vivo. 6-month-old male C57BL/6J mice received X-ray
irradiation in fractions of 8.67 Gy/day at a dose rate of
1.10 Gy/min on alternating days for a total dose of 26
Gy. Activated microglia were determined through CD68
staining in the hippocampus. 

Measured 5 weeks post-irradiation, in the CA1
region, CD68+ cells increased 3-fold, while in
the CA3 region they increased 5-fold. No
significant changes in these areas were
observed 15 weeks post-irradiation. 

Chiang,
McBride &
Withers,
1993 

In vivo. 12-week-old male C3Hf/Sed/Kam mice were
irradiated with X-rays (238 cGy/min). Activated
astrocytes and microglia were determined through
GFAP and Mac-1 immunohistochemistry, respectively.
ELISA was also used to measure GFAP. 

From 30-45 Gy, GFAP was significantly
increased 1.2-fold 15 days after irradiation, as
well as 120-180 days after irradiation.
Similarly, 150 days after irradiation, Mac-1 was
increased 1.2- to 3-fold from 2 to 45 Gy. 

Kyrkanides
et al., 1999 

 

In vivo. Male C3H/HeN mice were irradiated with 60Co
gamma rays (35 Gy, 0.9 Gy/min). Activated astrocytes
and microglia were determined through GFAP and Mac-
1 immunohistochemistry, respectively. 

Mac-1 was first seen increased after 4 h, but
peaked at 24 h. GFAP was also first increased
after 4 h, and increased throughout the 7 days
measured. 
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Moravan et
al., 2011 

In vivo. 8- to 10-week-old male C57BL/6J mice were
irradiated with 137Cs gamma rays at 1.25 Gy/min.
GFAP expression was measured by RT-qPCR. 

GFAP increased 2- to 3-fold after 25 and 35 Gy,
but not significantly after 5 and 15 Gy. The
significant increases were observed after 1, 30
and 180 days. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Sex 

Male and female mice had
different responses in tissue
resident cell activation
following irradiation. 

 

 

Male mice typically showed an increase in
microglia activation, while female mice showed
no significant changes. However, not all studies
found this trend. 

Krukowski et al.,
2018a; Parihar et
al., 2020; Raber et
al., 2019 

 

 

Drug 
Colony stimulating factor 1
receptor inhibitor PLX5622
(eliminates microglia). 

PLX5622 reduced the number of activated
microglia. 

Acharya et al.,
2016; Allen et al.,
2020; Krukowski et
al., 2018b 

Drug 
P2X7 receptor (associated with
microglial activation) inhibitor
Brilliant Blue G. 

Treatment attenuated the increase in microglial
activation both in vivo and in vitro after
irradiation. 

Xu et al., 2015 

Age 
10-day-old and 10-week-old
mice. 

At 10 days old, irradiated mice showed increased
glial activation, while at 10 weeks old they did not
show significant changes in activation. 

Casciati et al.,
2016 

 7-, 17- and 27-month-old mice. Activation of microglia after irradiation decreased
as age was increased. Hua et al., 2012 

Genetics Extracellular SOD knockout
mice. 

Microglial activation was increased more in SOD
knockout mice than wild-type mice after 5 Gy
gamma rays. 

Rola et al., 2007 

Known Feedforward/Feedback loops influencing this KER

N/A
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Relationship: 3316: Oxidative Stress leads to Altered Stress Response Signaling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of energy leads to abnormal vascular
remodeling adjacent High Low

Deposition of Energy Leading to Learning and Memory
Impairment adjacent High Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI
Pig Pig Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Juvenile High
Adult Moderate

Sex Applicability
Sex Evidence

Male High
Female Low
Unspecific Low

Based on the prioritized studies presented here, the evidence of taxonomic applicability is low for humans despite
there being strong plausibility as the evidence only includes in vitro human cell-derived models. The taxonomic
applicability for mice and rats is considered high as there is much available data using in vivo rodent models that
demonstrate the concordance of the relationship. The taxonomic applicability was determined to be moderate for pigs
as only one in vivo study provided meaningful support to the relationship. In terms of sex applicability, all in vivo
studies that indicated the sex of the animals used male animals, therefore, the evidence for males is high and
females is considered to be low for this KER. The majority of studies used adolescent animals, with a few using adult
animals. Preadolescent animals were not used to support the KER; however, the relationship in preadolescent animals
is still plausible. 

Key Event Relationship Description

Oxidative stress occurs when the production of free radicals exceeds the capacity of cellular antioxidant defenses
(Cabrera & Chihuailaf, 2011). Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are both free
radicals that can contribute to oxidative stress (Ping et al., 2020); however, ROS are more commonly studied than
RNS (Nagane et al., 2021). ROS can mediate oxidative damage to biomacromolecules as they react with DNA,
proteins and lipids, resulting in functional changes to these molecules (Ping et al., 2020). For example, ROS acting on
lipids creates lipid peroxidation (Cabrera & Chihuailaf, 2011). 

Many signaling pathways control and maintain physiological balance within a living organism, and these can be
impacted by oxidative stress. Excessive reactive oxygen and nitrogen species (RONS) during oxidative stress can
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modify biological molecules and directly cause DNA damage, which can lead to altered signal transduction pathways
(Hughson, Helm & Durante, 2018; Lehtinen & Bonni, 2006; Nagane et al., 2021; Ping et al., 2020; Ramadan et al.,
2021; Schmidt-Ullrich et al., 2000; Soloviev & Kizub, 2019; Wang, Boerma & Zhou, 2016; Venkatesulu et al., 2018;
Zhang et al., 2016). Different cell types can express distinct cellular pathways that can have varied response to an
increase in oxidative stress. For example, oxidative stress in endothelial cells has been shown to inhibit the insulin-like
growth factor 1 receptor (IGF-1R) and phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway and to
activate the mitogen-activated protein kinase (MAPK) pathway, which can then have downstream detrimental effects
(Ping et al., 2020). The MAPK family pathway is also activated in the central nervous system (CNS) in response to
oxidative stress through calcium-induced phosphorylation of several kinases. These include phosphoinositide 3-kinase
(PI3K), protein kinase A (PKA) and protein kinase C (PKC) and calcium/calmodulin-dependent protein kinase II (CaMKII)
(Lehtinen & Bonni, 2006; Li et al., 2013; Ramalingam & Kim, 2012).

Evidence Supporting this KER

Overall weight of evidence: High 

Biological Plausibility

Many reviews describe the role of oxidative stress in altered signaling. The mechanisms through which oxidative
stress can contribute to changes in various signaling pathways are well-described. For example, oxidative stress can
directly alter signaling pathways through protein oxidation (Ping et al., 2020; Schmidt-Ullrich et al., 2000; Valerie et
al., 2007). Oxidation of cysteine and methionine residues, which are particularly sensitive to oxidation, can cause
conformational change, protein expansion, and degradation, leading to changes in the protein levels of signaling
pathways (Ping et al., 2020). Furthermore, oxidation of key residues in signaling proteins can alter their function,
resulting in altered signaling. For example, oxidation of methionine 281 and 282 in the Ca2+/calmodulin binding
domain of Ca2+/calmodulin-dependent protein kinase II (CaMKII) leads to constitutive activation of its kinase activity
and subsequent downstream alterations in signaling pathways (Li et al., 2013; Ping et al., 2020). Similarly, during
oxidative stress, tyrosine phosphatases can be inhibited by oxidation of a catalytic cysteine residue, resulting in
increased phosphorylation of proteins in various signaling pathways (Schmidt-Ullrich et al., 2000; Valerie et al., 2007).
Particularly relevant to this are the MAPK pathways. For example, the extracellular signal-regulated kinase (ERK)
pathway is activated by upstream tyrosine kinases and relies on tyrosine phosphatases for deactivation (Lehtinen &
Bonni, 2006; Valerie et al., 2007). 

Furthermore, oxidative stress can indirectly influence signaling pathways through oxidative DNA damage which can
lead to mutations or changes in the gene expression of proteins in signaling pathways (Ping et al., 2020; Schmidt-
Ullrich et al., 2000; Valerie et al., 2007). DNA damage surveillance proteins like ataxia telangiectasia mutated (ATM)
kinase and ATM/Rad3-related (ATR) protein kinase phosphorylate over 700 proteins, leading to changes in
downstream signaling (Nagane et al., 2021; Schmidt- Ullrich et al., 2000; Valerie et al., 2007). For example, ATM,
activated by oxidative DNA damage, phosphorylates many proteins in the ERK, p38, and Jun N-terminal kinase (JNK)
MAPK pathways, leading to various downstream effects (Nagane et al., 2021; Schmidt-Ullrich et al., 2000). 

The response of oxidative stress on signaling pathways has been studied extensively in various diseases. Herein
presented are examples relevant to a few cell types related to impaired learning and memory.. Many other pathways
are plausible but available research has highlighted these to be critical to disease. 

Endothelial cells: Endothelial cells can normally produce ROS. Antioxidant enzymes and the glutathione redox buffer
control the redox state of vascular tissues. However, the dysregulation of signaling pathways can occur in the
endothelium when oxidative stress is favored (Soloviev & Kizub, 2019). Oxidative stress can activate the acidic
sphingomyelinase (ASMase)/ceramide pathway, the MAPK pathways, the p53/p21 pathway, and the signaling proteins
p16 and p21, as well as inhibit the PI3K/Akt pathway (Hughson, Helm & Durante, 2018; Nagane et al., 2021; Ping et
al., 2020; Ramadan et al., 2021; Soloviev & Kizub, 2019; Wang, Boerma & Zhou, 2016). 

Brain cells: oxidative stress can induce alterations to various pathways such as the PI3K/Akt pathway, cAMP response
element- binding protein (CREB) pathway, the p53/p21 pathway, as well as the MAPK family pathways, including JNK,
ERK and p38 (Lehtinen & Bonni, 2006; Ramalingam & Kim, 2012). 

Additionally, the electron transport chain in the mitochondria is an important source of ROS, which can damage
mitochondria by inducing mutations in mitochondrial DNA. These mutations lead to mitochondrial dysfunction due to
alterations in cellular respiration mechanisms that perpetuates oxidative stress and can then induce the release of
signaling molecules related to apoptosis from the mitochondria. Pro-apoptotic markers (Bax, Bak and Bad) and anti-
apoptotic markers (Bcl-2 and Bcl-xL) can regulate the caspase pathway that ultimately mediate apoptosis
(Annunziato et al., 2003; Wang & Michaelis, 2010; Wu et al., 2019). 

The mechanisms of oxidative stress leading to altered signaling may be different for each pathway. For example,
although both the PI3K/Akt and MAPK pathways can be regulated by insulin-like growth factor (IGF)-1, ROS results in
selective inhibition of the IGF- 1R/PI3K/Akt pathway by inhibiting the IGF-1 receptor (IGF-1R) activation of IRS1 (Ping
et al., 2020). Additionally, ROS-induced MAPK activation can be done through Ras-dependent signaling. Firstly,
oxygen radicals mediate the phosphorylation of upstream epidermal growth factor receptors (EGFRs) on tyrosine
residues, resulting in increased binding of growth factor receptor-bound protein 2 (Grb2) and subsequent activation of
Ras signaling (Lehtinen & Bonni, 2006). Direct inhibition of MAPK phosphatases with hydroxyl radicals also activates
this pathway (Li et al., 2013). In another mechanism, ROS competitively inhibit the Wnt/β-catenin pathway through
the activation of forkhead box O (FoxO), which are involved in the antioxidant response and require binding of β-
catenin for transcriptional activity (Tian et al., 2017). 
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Empirical Evidence

Evidence for this relationship was collected from studies using in vivo mouse, rat, and pig models, as well as in vitro
mouse-derived, rat-derived, bovine-derived, and human-derived models. The stressors used to support this
relationship include gamma rays, X rays, microgravity, hydrogen peroxide, chronic cold stress, heavy ion radiation,
simulated ischemic stroke and growth differentiation factor (GDF) 15 overexpression. These stressors were shown to
increase levels of oxidative stress and induce changes within relevant signaling pathways (Azimzadeh et al., 2021;
Azimzadeh et al., 2015; Fan et al., 2017; Xu et al., 2019; Suman et al., 2013; Limoli et al., 2004; Tian et al., 2020;
Hladik et al., 2020; ; Hasan, Radwan & Galal, 2019; El-Missiry et al., 2018; Kenchegowda et al., 2018; ; \, Zhao et al.,
2013; Chen et al., 2009; Carvour et al., 2008; Wortel et al., 2019; Azimzadeh et al., 2017; Park et al., 2016; Sakata et
al., 2015; Ruffels et al., 2004; Crossthwaite et al., 2002). 

Incidence concordance 

A few studies demonstrate greater changes to oxidative stress than to altered signaling. Human umbilical vein
endothelial cells (HUVECs) irradiated with 10 Gy of X-rays showed a 20-fold increase in ROS and a 0.5-fold decrease in
the ratio of p-Akt/Akt (Sakata et al., 2015). It was also shown in rats that MDA levels increased by 1.5-fold while
angiotensin and aldosterone increased by 1.4-fold after 6 Gy of gamma rays (Hasan, Radwan & Galal, 2020).  

Dose Concordance 

Many studies demonstrate dose concordance for this relationship, at the same doses. Low-dose (0.5 Gy) X-ray
irradiation of human coronary artery endothelial cells (HCAECs) show increased protein carbonylation with decreased
glutathione S-transferase omega- 1 (GSTO1) antioxidant levels and a simultaneous alteration of signaling proteins
Rho GDP-dissociation inhibitor (RhoGDI), p16, and p21 (Azimzadeh et al., 2017). A dose of about 2 Gy of gamma rays
showed decreased antioxidants as well as decreased protein levels and activation of the PI3K/Akt pathway in pig
cardiac tissue (Kenchegowda et al., 2018). Similarly, gamma irradiation at 6 Gy resulted in reduced levels of the
antioxidant glutathione (GSH) and increased levels of the lipid peroxidation marker MDA as well as an increase in the
renin angiotensin aldosterone system (RAAS) measured in rat heart tissue and blood serum, respectively (Hasan,
Radwan & Galal, 2020). HUVECs irradiated with 10 Gy of X-rays demonstrated increased ROS while p-Akt decreased
and p-ERK1/2 increased (Sakata et al., 2015). Gamma radiation at 15 Gy led to both increased ROS as well as
attenuated p38 MAPK and Nrf2 signaling pathways in murine cardiac tissue (Fan et al., 2017). In contrast, 16 Gy X-ray
exposure led to decreased levels of the antioxidant SOD, increased MDA as well as increased MAPK signaling in
murine heart tissue (Azimzadeh et al., 2021).  

In another study, X-ray irradiation at 16 Gy resulted in decreased SOD and increased MDA and protein carbonylation,
which were associated with decreased PI3K/Akt pathway activity and protein levels, decreased ERK activity and
protein levels, increased p38 activity, and increased p16 and p21 protein levels in heart tissue (Azimzadeh et al.,
2015). Azimzadeh et al. (2015) also showed that at 8 Gy oxidative stress was still observed, but fewer signaling
molecule levels and activity were altered at this. Particularly, no changes to MAPK pathways were observed. 

Within the rat hippocampus, El-Missiry et al. (2018) demonstrated that exposure to 4 Gy of X-irradiation results in
increased 4-HNE (oxidative stress marker) levels, reduced antioxidant activity and an increase in p53 expression. In
the cerebral cortex of mice, Suman et al. (2013) reported that 1.6 Gy of 56Fe and 2 Gy of gamma rays increased ROS
levels, consequently increased p21 and p53 levels. Limoli et al. (2004) also reported increased ROS levels in mice and
rat neural precursor cells after exposure to X- irradiation (1-10 Gy), accompanied by increased expression of p21 and
p53. Hladik et al. (2020) exposed female mice to 0.063, 0.125 or 0.5 Gy of gamma-radiation, which resulted in
increases of protein carbonylation, as well as increased phosphorylation of CREB, ERK1/2 and p38. Radiation-induced
changes in apoptotic markers were also reported. More specifically, there was a significant rise in pro-apoptotic
markers Bax and caspase 3, with significant reduction in anti-apoptotic marker Bcl-xL (Hladik et al., 2020).
Furthermore, middle cerebral artery occlusion (MCAO) surgery known to simulate ischemic stroke in C57BL/6J mice
was shown to increase ROS levels, as well as the phosphorylation of ERK1/2, p38 and JNK (Tian et al., 2020). 

Other studies that have used hydrogen peroxide (H2O2) to induce oxidative stress within cell cultures, have also
observed alterations in signaling pathways. Zhao et al. (2013) exposed mouse hippocampal-derived HT22 cells to
varying concentrations of H2O2 and found a dose-dependent increase in ROS production from 250-1000 µM.
Additionally, treating the cells to H2O2 resulted in a concentration-dependent increase of ERK1/2, JNK1/2 and p38
phosphorylation. Ruffels et al. (2004) incubated human neuroblastoma cells (SH-SY5Y) to varying concentrations of
H2O2 that ranged from 0.5-1.25 mM and found a dose-dependent increase in JNK1/2, ERK1/2 and Akt
phosphorylation. Another study exposed SH-SY5Y and rat pheochromocytoma (PC12) cells to 0.05-2 mM H2O2 and
found a dose-dependent increase in ROS from 0-1 mM in SH-SY5Y cells, and from 0-2 mM in PC12 cells with a
concentration-dependent increase in ERK1/2, p38 and JNK phosphorylation (Chen et al., 2009). Furthermore,
Crossthwaite et al. (2002) incubated neuronal cultures from 15- to 16-day-old Swiss mice to 100, 300 and 1000 µm
H2O2 and showed increased levels of ROS. A corresponding increase in ERK1/2 and Akt activation was observed at
100-300 µm, and for JNK1/2 the observation was observed at 1000 µm. Carvour et al. (2008) treated N27 cells (rat
dopaminergic cell line) to 3-30 µM H2O2 and measured increased ROS levels, as well as increased apoptotic signaling
molecules caspase 3 and proapoptotic kinase protein kinase C-δ (PKCδ) cleavage. 

Time Concordance 

Limited evidence shows that oxidative stress leads to altered stress response signalling in a time concordant manner.
When irradiated with X-rays, HCAECs, BAECs and MCT3T3-E1 osteoblast-like cells show increase in ROS or levels of
protein carbonylation, or a decrease in the levels of superoxide dismutase (SOD), catalase (CAT), GSTO1 or GSH at
earlier timepoints than alterations in the signaling molecules p16, p21, Ceramide, Runx2, and HO-1 (Azimzadeh et al.,
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2017; Kook et al., 2015; Wortel et al., 2019). As the key events are both molecular-level changes, both can occur
quickly after irradiation. Wortel et al. (2019) found that increased hydrogen peroxide levels could be observed in vitro
as early as 2 minutes post-irradiation, while ASMase activity and ceramide levels were only increased 5 minutes post-
irradiation. 

When exposed to H2O2, PC12 cells show an increase production of ROS with a corresponding increase in
phosphorylation of MAPK proteins in a time-dependent fashion. An increase in ERK1/2, JNK and p38 phosphorylation
was observed within 5-15 minutes and sustained for over 2 hours (Chen et al., 2009). When exposed to cold stress for
1, 2 and 3 weeks, MDA levels increased in a time-dependent manner from 1-3 weeks within the brain tissue isolated
from C57BL/6 mice. The expressions of JNK, ERK and p38 phosphorylation levels were all also significantly
upregulated in chronic cold-stressed groups for all time-points (Xu et al., 2019). After gamma irradiation (2 Gy), ROS
increased 2 months post-irradiation, while increased p21 and decreased Bcl-2 were only observed at 12 months
(Suman et al., 2013). However, other signaling molecules were increased at both times. 

Essentiality 

Several studies have investigated the essentiality of the relationship, where the blocking or attenuation of the
upstream KE causes a change in frequency of the downstream KE. The increase in oxidative stress can be modulated
by certain drugs, antioxidants and media. L-carnitine injections decreased ROS and increased p-p38/p38 and p-
Nrf2/Nrf2 signaling (Fan et al., 2017). Fenofibrate was found to return SOD, phosphorylated MAPK signaling proteins
and increase Nrf2 levels (Azimzadeh et al., 2021). Antioxidants (N- acetyl cysteine, curcumin) were shown to restore
or reduce ROS levels closer to control levels following radiation or microgravity exposure, respectively. . Sildenafil is
another drug that was found to reduce ROS generation by inhibiting O2- production and intracellular peroxynitrite
levels in bovine aortic endothelial cells (BAECs) after gamma irradiation. As well, ASMase activity and ceramide levels
were inhibited by sildenafil (Wortel et al., 2019). 

Within brain cells, several antioxidants have been found to attenuate oxidative stress-induced alterations in signaling
pathways. These antioxidants include Melandrii Herba extract, N-acetyl-L-cysteine (NAC), gallocatechin
gallate/epigallocatechin-3-gallate, Cornus officinalis (CC) and fermented CC (FCC), L-165041, fucoxanthin, and
edaravone. These antioxidants were shown to reduce ROS and subsequently decrease phosphorylation of MAPKs such
as ERK1/2, JNK1/2 and p38 after exposure to radiation, H2O2 or LPS (Lee et al., 2017; Deng et al., 2012; Park et al.,
2021; Tian et al., 2020; Schnegg et al., 2012; Zhao et al., 2017; Zhao et al., 2013; El-Missiry et al., 2018). Another
documented modulator is mesenchymal stem-cell conditioned medium (MSC-CM), which was able to alleviate
oxidative stress in HT22 cells and restore levels of p53 (Huang et al., 2021). 

Uncertainties and Inconsistencies

MAPK pathways can exhibit varied responses after exposure to oxidative stress. The expected response is an
increase in the activity of the ERK, JNK, and p38 pathways as protein phosphatases, involved in the inactivation
of MAPK pathways, are deactivated by oxidative stress (Valerie et al., 2007). Although some studies observe this
(Azimzadeh et al., 2021; Sakata et al., 2015), others show a decrease (Fan et al., 2017) or varying changes
(Azimzadeh et al., 2015) in the MAPK pathways. 

The assays employed in studies to assess the KEs may lead to variations in the quantitative understanding of
observations. 

 

Quantitative Understanding of the Linkage

The tables below provide representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data that is represented is statistically significant unless otherwise indicated. 

Dose/Incidence Concordance 

Reference Experiment Description Result 

Azimzadeh et
al., 2017 

In vitro. HCAECs were irradiated with 0.5 Gy of
X-rays (0.5 Gy/min). Protein carbonylation and
GSTO1 antioxidant levels were measured with
a carbonylation assay and immunoblotting,
respectively. Proteins from various signaling
pathways including RhoGDI, p16, and p21
were measured with immunoblotting. 

After 0.5 Gy, carbonyl content increased a maximum
of 1.2-fold and GSTO1 decreased a maximum of 0.78-
fold. After 0.5 Gy, p-RhoGDI decreased a maximum of
0.7-fold, p16 increased a maximum of 1.5-fold, and
p21 increased a maximum of 1.2-fold. 
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Kenchegowda
et al., 2018 

In vivo. Male 3- to 5-month-old Gottingen
minipigs and Sinclair minipigs were whole-
body irradiated with 1.7-2.3 Gy of 60Co
gamma rays (0.6 Gy/min). Both survivors
(n=23) and euthanized moribund animals
(n=17) had measurements taken for oxidative
stress and altered signaling taken from the
heart. SOD, CAT, and p67 (subunit of NADPH
oxidase/NOX, involved in producing
superoxide) levels were determined with
western blot. ELISA and western blot were
used to measure altered signaling in the
IGF/PI3K/Akt pathway. 

Compared to survivors, radiation induced a 2.1-fold
increase in p67, 0.87-fold decrease in SOD, and a
0.83-fold decrease in CAT (non-significant, ns) in the
deceased group. Compared to survivors, the ratio of
activated (phosphorylated) to total IGF-1R and the
ratio of activated (phosphorylated) to total Akt both
decreased 0.5-fold in the deceased group. 

Fan et al.,
2017 

 

In vivo. 10-week-old male C57BL/6J mice were
irradiated with 60Co gamma rays at 3Gy/day
for 5 days. Left ventricular cardiac tissue was
harvested for analysis. ROS was detected by
dihydroethidium (DHE) staining. MAPK and
Nrf2 signaling molecules were measured by
western blot. 

Following irradiation, ROS production increased by
3.6-fold. 

p-p38/p38 decreased by 0.36-fold and p-Nrf2/Nrf2
decreased by 0.14-fold. 

Hasan,
Radwan &
Galal, 2020 

In vivo. 6-week-old male Wistar rats were
irradiated with 6 Gy 137Cs gamma rays.
Oxidative stress was measured by MDA and
GSH in heart tissue. Angiotensin II (AngII) and
aldosterone, key molecules in the RAAS
pathway, were measured with ELISA kits in
serum. 

Following irradiation, MDA levels increased by 1.5-fold
and GSH levels decreased by 0.5-fold. AngII and
aldosterone increased 1.4-fold compared to control. 

 

  

Azimzadeh et
al., 2015 

In vivo. Male 10-week-old C57BL/6 mice were
irradiated with 8 and 16 Gy of X-rays. SOD,
MDA, and protein carbonylation levels were
determined with immunoblotting, lipid
peroxidation, and protein carbonylation
assays, respectively, in heart tissue. Proteins
in various signaling pathways were measured
with immunoblotting in heart tissue. 

SOD decreased 0.7-fold at both 8 and 16 Gy and MDA
increased 1.4-fold after 8 Gy and 2.1-fold after 16 Gy.
Protein carbonylation increased 1.4-fold after 16 Gy.
Levels and activity of proteins in the PI3K/Akt pathway
were decreased between 0.5- and 0.1-fold at both 8
and 16 Gy. The ERK/MAPK pathway was found
decreased 0.5-fold at 16 Gy and the p38/MAPK
pathway was found increased 1.3-fold at 16 Gy. p16
was increased 1.6-fold at both 8 and 16 Gy. p21 was
increased 2.4-fold at both 8 and 16 Gy. 

Sakata et al.,
2015 

In vitro. HUVECs were irradiated with 10 Gy X-
rays at a dose rate of 5 Gy/min. Measurements
were performed 0-72 h post-irradiation. 

ROS was detected by fluorescence
microscopy. MAPK, Akt, p-p38, JNK and ERK1/2
signaling molecules were measured by
western blot. 

Following 10 Gy irradiation, the intensity representing
ROS generation increased 20- and 30-fold at the 24
and 72 h timepoints, respectively. 

 

MAPK, p38 and JNK remained unchanged for the 72 h
measured following 10 Gy irradiation.  

 

p-Akt/Akt in HUVECs after 10 Gy irradiation showed an
initial decrease at 5 min and a delayed decrease of
0.5-fold at 6-24 h. p-ERK1/2 decreased at 5 min then
increased to a maximum 1.75-fold change. 

Wortel et al.,
2019 

In vitro. BAECs were irradiated with 10 Gy
137Cs gamma rays at a rate of 1.66 Gy/min.
Extracellular H2O2 was measured by Amplex
Red Assay, intracellular H2O2 levels were
determined by HyPer sensor and peroxynitrite
was quantified by chemiluminescence assay.
Superoxide levels were quantified by
luminescence after treatment with Diogenes
Complete Enhancer Solution. The activation of
the ASMase enzyme and the levels of
ceramide were quantified by radioenzymatic
assay to deter mine the changes on the
ASMase/ceramide pathway. 

Following 10 Gy irradiation, intracellular H2O2
increased to a maximum 1.35-fold. Extracellular H2O2
increased by 1.75-fold. Peroxynitrite increased by
2.86-fold after 10 Gy (Fig 5). Superoxide levels
increased over 350% at 2 minutes after 10 Gy
irradiation. ASMase activity increased to a maximum
5.6-fold at 5 min after irradiation, then decreased and
remained unchanged until the 30 min time-point.
Ceramide increased from -500 to over 3000 pmol/106
cells. The significance of these changes was not
indicated against a control. 
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Azimzadeh et
al., 2021 

In vivo. Male C57BL/6J mice 8 weeks of age
were irradiated with 16 Gy of X-rays to the
heart. SOD antioxidant activity and MDA in
heart tissue were determined with an assay kit
and lipid peroxidation assay, respectively. The
level of proteins in MAPK pathways were
determined by ELISA in heart tissue. 

After 16 Gy, SOD decreased 0.8-fold and MDA
increased 1.3-fold. After 16 Gy, p-ERK increased 1.5-
fold, p-p38 increased 1.3-fold, and p-JNK increased
1.3-fold. 

El-Missiry et
al., 2018 

In vivo. Male Wistar rats were irradiated with
gamma rays (137Cs source, 4 Gy, 0.695
cGy/s) and measurements were taken from
the hippocampus. Assay kits were used to
assess levels of oxidative stress for marker 4-
HNE (4-hydroxy-2-nonenal) and antioxidant
markers GSH, glutathione peroxidase (GPx)
and glutathione reductase (GR). Levels of p53
were determined using an assay kit. 

After 4 Gy, 4-HNE increased 2.4-fold, protein
carbonylation increased 3.2-fold, GSH decreased 0.4-
fold, GPx decreased 0.3-fold, GR decreased 0.2-fold,
and p53 increased 2.7-fold. 

Suman et al.,
2013 

In vivo. Female adult C57BL/6J mice were
irradiated with 1.6 Gy of 56Fe or 2 Gy of
137Cs gamma irradiation at 1 Gy/min, then
measurements were taken from the cerebral
cortex. ROS levels were determined with flow
cytometry and 4-HNE levels were assessed
with immunohistochemical staining. p21 and
p53 levels were determined with
immunoblotting. 

ROS increased a maximum of 1.2-fold after gamma
rays and 1.4-fold after 56Fe radiation. The number of
4-HNE+ cells increased a maximum of 4.4-fold after
gamma radiation and 14-fold after 56Fe radiation. p21
increased a maximum of 1.5-fold after gamma rays
and 3-fold after 56Fe radiation. p53 increased a
maximum of 8.4-fold after gamma rays and 9-fold
after 56Fe radiation. 

Limoli et al.,
2004 

In vivo. Adult male C57BL/6J mice were
irradiated with 1-10 Gy of X-ray at 1.75
Gy/min. MDA levels in the hippocampus were
measured using an assay kit and Western blot
was used to determine p53 and p21 levels. 

 

In vitro. Neural precursor cells from the rat
hippocampus were irradiated with 1-10 Gy of
X-ray at 4.5 Gy/min. ROS levels were
measured using CM-H2DCFDA dye and
Western blot was used to measure p53 and
p21 levels. 

MDA levels increased about 30% at 10 Gy. ROS
increased a maximum of 31% at 1 Gy and 35% at 5
Gy, after 24 and 12 hours, respectively. At 5 Gy, p53
levels increased a maximum of 4-fold, while p- p21
also increased at this dose. 

Tian et al.,
2020 

In vivo. C57BL/6J mice (including miR-137-/-
and Src-/- models) underwent middle cerebral
artery occlusion (MCAO) to simulate ischemic
stroke and measurements were taken 7 days
later in the cerebral cortex. ROS levels were
measured with DCFH-DA fluorescent dye.
Signaling molecules were measured with
western blotting or RT-qPCR. 

ROS increased 1.8-fold. ERK1/2, p38 and JNK mRNA
increased 2- to 3- fold. The ratios of phosphorylated to
total ERK1/2, p38 and JNK increased 2- to 3- fold as
well. 

 

Hladik et al.,
2020 

In vivo. Female B6C3F1 mice were exposed to
total body 60Co gamma irradiation at 0.063,
0.125, or 0.5 Gy and at a dose rate of 0.063
Gy/min. Measurements from the hippocampus
were taken up to 24 months post-irradiation.
Protein levels in various signaling pathways
(CREB, p38, ERK1/2, pro-apoptotic Bax and
cleaved caspase 3, anti-apoptotic Bcl-xL) were
determined with immunoblotting. 

Carbonylated proteins (indicative of ROS levels) were
elevated in the 0.125 and 0.5 Gy group by
approximately 25% and 30%, respectively. CREB
phosphorylation increased by approximately 20% and
25% at 0.063 and 0.125 Gy, respectively.
Phosphorylated p38 increased by approximately 100%
and 80% at 0.063 and 0.125 Gy, respectively.
Phosphorylated ERK1/2 increased by approximately
100% and 90% at 0.063 and 0.125 Gy, respectively.  

 

Anti-apoptotic BCL-xL decreased by 1.7-fold at 0.5 Gy,
whereas pro-apoptotic Bax increased by
approximately 2-fold at this dose. Caspase 3 also
increased by approximately 2-fold at 0.5 Gy. 

Carvour et
al., 2008 

In vitro. Mesencephalic dopaminergic neuronal
cell line (N27) derived from rat mesencephalon
were exposed to 3, 10, or 30 μM of H2O2. ROS
levels were detected using dihydroethidine
dye and flow cytometry. Western blot was
used to detect cleaved PKCδ and Sytox
fluorescence was used to measure caspase-3
enzyme activity.  

Exposure to 10 and 30 μM hydrogen peroxide resulted
in 34 and 58% increases in ROS production,
respectively, compared to untreated N27 cells.
Exposure to 3, 10, and 30 μM hydrogen peroxide
resulted in 2-, 10-, and 9-fold increases in caspase-3
enzyme activity. Lastly, exposure to 10 and 30 μM
H2O2 dose-dependently induced proteolytic cleavage
of PKCδ. 
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Chen et al.,
2009 

In vitro. PC12 and SH-SY5Y human cells were
incubated with hydrogen peroxide. The
production of ROS was measured by detecting
the fluorescent intensity of oxidant-sensitive
probe CM-H2DCFDA. Western blot analysis
was used to assess activation of MAPKs. 

Treatment with H2O2 for 24 h resulted in a
concentration-dependent increase of ROS production
at the concentrations of 0–1 mM in PC12 and SH-SY5Y
cells. In comparison with PC12, SH-SY5Y cells
appeared to be more sensitive to H2O2, thereby
showing a decreased ROS production at 2 mM.
Additionally, treatment of PC12 cells with H2O2 for 2 h
increased phosphorylation of Erk1/2 and p38 in a
concentration-dependent manner. Noticeably, H2O2-
activation of JNK resulted in a robust (5–10-fold)
increase of protein expression and phosphorylation of
c-Jun at 0.3–1 mM. Similar results were also seen in
SH-SY5Y cells (data not shown). 

 

Time Concordance 

Reference Experiment Description Result 

Azimzadeh
et al., 2017 

In vitro. HCAECs were irradiated with 0.5
Gy of X-rays (0.5 Gy/min). Protein
carbonylation and GSTO1 antioxidant level
were measured with a carbonylation assay
and immunoblotting, respectively. Proteins
from various signaling pathways including
RhoGDI, p16 and p21 were measured with
immunoblotting. Measurements were
taken at 1, 7, and 14 days after
irradiation. 

After 7 and 14 days, carbonyl content increased 1.2-fold
(insignificant increase at 1 day post-irradiation). After 1-14
days, GSTO1 decreased 0.78-fold (significant decreases at
all timepoints). After 1 and 7 days, p-RhoGDI decreased 0.7-
fold (non-significant decrease at 14 days post-irradiation).
p16 increased 1.2-fold after 7 days and 1.5-fold after 14
days (non-significant increase at 1 day post-irradiation). p21
increased 1.2-fold after 7 and 14 days (insignificant increase
at 1 day post-irradiation). 

Wortel et
al., 2019 

In vitro. BAECs were irradiated with 10 Gy
137Cs gamma rays at a rate of 1.66
Gy/min. Superoxide levels were quantified
by luminescence after treatment with
Diogenes Complete Enhancer Solution.
The activation of the ASMase enzyme and
the levels of ceramide were quantified by
radioenzymatic assay to deter mine the
changes on the ASMase/ceramide
pathway. 

Superoxide increased by over 350% at 2 minutes post-
irradiation. ASMase activity increased to a maximum 5.6-
fold at 5 min post-irradiation. Ceramide increased from -500
to over 3000 pmol/106 cells at 5 minutes post-irradiation.
The significance of these changes was not indicated against
a control. 

Suman et
al., 2013 

In vivo. Female adult C57BL/6J mice were
irradiated with 1.6 Gy of 56Fe or 2 Gy of
137Cs gamma irradiation at 1 Gy/min,
then measurements were taken from the
cerebral cortex until up to 12 months. ROS
levels were determined with flow
cytometry and 4-HNE levels were
determined with immunohistochemical
staining. p21 and p53 levels were
determined with immunoblotting. 

All changes after 56Fe radiation were found after both 2 and
12 months post-irradiation. Most endpoints were also
increased at both time points following gamma irradiation,
however, p21 only increased at 12 months by 3-fold, but not
2 months, while oxidative stress was shown at 2 months
(0.2-fold increase). 

 

Xu et al.,
2019 

In vitro. Adult male C57BL/6 mice
experienced chronic cold stress for various
lengths (1, 2 and 3 weeks). Brain tissue
was then collected, and Western blot was
used to measure MDA and proteins of
MAPK (JNK, ERK and p38). 

MDA levels increased in a time-dependent manner. At 1
week, there was an approximate 3-fold increase, at 2 weeks
was an approx. 4-fold increase and for 3 weeks, there was
an approx. 5-fold increase in response to cold stress.
Phosphorylated JNK increased by ∼10% (1 week) and ∼30%
at 2 and 3 weeks compared to room temperature control.
Phosphorylated ERK increased by ∼60% at 1 week, ∼150%
at 2 weeks and ∼140% at 3 weeks. Phosphorylated p38
increased by ∼50% at 1 week, ∼100% at 2 weeks and
∼150% at 3 weeks. 

Chen et al.,
2009 

In vitro. PC12 and SH-SY5Y human cells
were incubated with hydrogen peroxide.
The production of ROS was measured by
detecting the fluorescent intensity of
oxidant-sensitive probe CM-H2DCFDA.
Western blot analysis was used to assess
activation of MAPKs. 

They observed that H2O2 induced phosphorylation of MAPKs
in a time-dependent fashion. Within 5–15 min, H2O2
increased phosphorylation of Erk1/2, JNK and p38, and such
phosphorylation was sustained for over 2 h. Consistently,
high levels of c-Jun and phospho-c-Jun were induced. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  
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Drug 

Fenofibrate (PPARα
activator, PPARα is a
transcription factor that
can activate antioxidant
response) 

Treatment of mice with 100 mg/kg of body weight daily for 2
weeks before and 2 weeks after radiation restored SOD
activity, returned the level of phosphorylated MAPK proteins
and increased Nrf2 levels. 

Azimzadeh et
al., 2021 

Drug L-carnitine (antioxidant) 
L-carnitine injections (100 mg/kg) following irradiation
resulted in decreased DHE staining, indicating ROS, and
increased p-p38/p38 and p-Nrf2/Nrf2. 

Fan et al.,
2017 

Drug 
Bradykinin potentiating
factor (BFP)  

(antioxidant) 

Treatment with BFP (1ug/g) after irradiation showed
decreased AngII and aldosterone levels compared to
irradiation alone.  

Hasan,
Radwan &
Galal, 2020 

Drug Sildenafil 
Sildenafil (5 uM) inhibits O2- production and attenuates
intracellular peroxynitrite in BAECs after 10 Gy irradiation.
As well, ASMase activity and ceramide generation was
inhibited. 

Wortel et al.,
2019 

Drug 
DPI  

(NOX-inhibitor) 
Inhibits O2-  production and intracellular H2O2 in BAECs
after 10 Gy irradiation. 

Wortel et al.,
2019 

Drug 
Edaravone (EDA) which
acts as a free radical
scavenger 

EDA treatment was able to reduce the levels of ROS and
consequently decrease the expression levels of
phosphorylated JNK, p38 and ERK1/2. 

Zhao et al.,
2013 

Drug Melandrii Herba extract
(antioxidant) 

The extract was able to reduce the H2O2-induced
phosphorylation of ERK1/2, JNK1/2 and p38 in human
neuroblastoma SH-SY5Y cells. 

Lee et al.,
2017 

Drug N-acetyl-L-cysteine, or NAC
(antioxidant) 

Attenuated the effects of H2O2 in BV-2 murine microglial
cells as treatment with NAC reduced c-Jun and ERK1/2
phosphorylation. 

Deng et al.,
2012 

Drug 

Gallocatechin gallate (GCG)
or epigallocatechin-3-
gallate (EGCG), both of
which have antioxidant
properties 

GCG and EGCG inhibits ROS accumulation in mouse
hippocampal-derived HT22 cells and Wistar rats,
respectively. This consequently reduced glutamate-induced
phosphorylation of MAPKs (ERK and JNK) and returned p53
to control levels. 

Park et al.,
2021; El-
Missiry et al.,
2018 

Drug  
Cornus officinalis (CC) and
fermented CC (FCC), both
of which have antioxidant
properties 

Both CC and FCC were able to reduce intracellular ROS
generation in H2O2-induced neurotoxicity in SH-SY5Y
human neuroblastoma cells. This was accompanied with a
decrease in ERK1/2, JNK and p38 phosphorylation. 

Tian et al.,
2020 

Drug 
L-165041, a PPARδ agonist
(PPARα is a transcription
factor that can activate
antioxidant response). 

10 Gy of 137Cs irradiation resulted in an increase in
intracellular ROS and c-Jun, MEK1/2 and ERK1/2
phosphorylation in BV-2 cells, all of which were attenuated
with L-165041 treatment. 

Schnegg et
al., 2012 

Drug Fucoxanthin (antioxidant) Fucoxanthin was able to inhibit the LPS-induced increase in
intracellular ROS and phosphorylation of JNK, ERK and p38. 

Zhao et al.,
2017 

Media 
Mesenchymal stem-cell
conditioned medium (MSC-
CM) 

MSC-CM was able to inhibit the X-ray-induced increase in
ROS and MDA levels and decrease in SOD and GSH levels,
resulting in activation of PI3/Akt. 

Huang et al.,
2021 

Known Feedforward/Feedback loops influencing this KER

ROS can upregulate protein kinase C, which stimulates the production of ceramide from sphingomyelinase. Ceramide
activates NADPH oxidase, which can then produce more ROS (Soloviev & Kizub, 2019). Another feedback loop exists
between the Nrf2/HO-1 signaling pathway and oxidative stress. The Nrf2/HO-1 signaling pathway is involved in
negative feedback of oxidative stress, activating transcription of anti-oxidative enzymes to regulate cellular ROS and
maintain a redox balance (Tahimic & Globus, 2017; Tian et al., 2017). Lastly, the MAPK pathway also exhibits a
feedback loop. ERK can regulate ROS levels indirectly through p22phox, which increases ROS and upregulates
antioxidants by Nrf2 activation. JNK activation can lead to FoxO activation, thereby resulting in antioxidant production
(Arfin et al., 2021; Essers et al., 2004). 
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Relationship: 2833: Oxidative Stress leads to Tissue resident cell activation

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Low NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate
Not Otherwise
Specified Low

Sex Applicability
Sex Evidence

Male Moderate

Female Not
Specified

Unspecific Low

Evidence for this relationship comes from in vitro human- and mouse-derived models, as well as in vivo rat models.
Most of the evidence are in male adult and male models, although sex and age are not always specified.  

Key Event Relationship Description

Oxidative stress encompasses an increase in the production of free radicals (e.g., superoxide, hydrogen peroxide and
hydroxyl radicals) and a loss of antioxidant mechanisms (e.g., superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px) and catalase (CAT)). This imbalance can lead to damaging by-products that can activate tissue resident
cells. Reactive oxygen and nitrogen species (RONS) are examples of free radicals that may promote oxidative injury
(Simpson & Oliver, 2020). In addition, excess free radicals can promote a reduced capacity of the cells to maintain
redox balance and prevent ongoing oxidative damage (Huang, Zou & Corniola, 2012; Rojo et al., 2014). Depending on
the organ/tissue, different resident cell types may become activated by oxidative stress. For example, in the brain,
oxidative stress will specifically activate microglial cells and astrocytes (Lee, Cha & Lee, 2021). Microglia cells are
macrophages in the brain that respond to tissue injury, provide surveillance to neurons, and maintain synaptic
homeostasis (Zhu et al., 2022). Astrocytes are critical regulators of neurogenesis and synaptogenesis, blood brain
barrier permeability, and responsible for maintenance of cellular homeostasis (Zhu et al., 2022). Both microglial cells
and astrocytes can change from resting to reactive states, termed gliosis, in response to excess RONS (Lee, Cha &
Lee, 2021). In response to RONS, Toll like receptors (TLRs) located on microglia become activated to mediate the
immune response (Gill et al., 2010; Mehdipour et al., 2021). These receptors then initiate a cascade of signaling
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pathways that contribute to the production of pro-inflammatory cytokines and free radicals, resulting in
neuroinflammation (Heidari et al., 2022). 

Reactive microglia cells increase in size and number, display a reduction in the length and density of their processes,
and upregulate their macrophagic processes, marked by expression of proteins related to phagocytic activity such as
cluster of differentiation 68 (CD68) (Hol & Pekny, 2015). Astrocytes undergoing astrogliosis exhibit cellular
hypertrophy and an upregulation of glial fibrillary acidic protein (GFAP), an intermediate filament expressed
exclusively in astrocytes that plays a critical role in astroglia cell activation (Hol & Pekny, 2015). Activation of both
microglial cells and astrocytes can accelerate neuroinflammatory pathways that can ultimately promote further
formation of ROS creating a feedforward loop (Lee, Cha & Lee, 2021; Simpson & Oliver, 2020; Zhu et al., 2022).  

Evidence Supporting this KER

Overall Weight of Evidence: Moderate 

Biological Plausibility

Biological Plausibility is Moderate. RONS can activate some inflammatory and anti-inflammatory pathways (TLR, TGF-
β, NF-kB), and are an essential part of multiple inflammatory and anti-inflammatory pathways (TLR4, TNF-a, TGF-β,
NF-kB). 

RONS activates or is essential to many inflammatory pathways including TGF-β (Barcellos-Hoff and Dix 1996; Jobling,
Mott et al. 2006), TNF (Blaser, Dostert et al. 2016), Toll-like receptor (TLR) (Park, Jung et al. 2004; Nakahira, Kim et al.
2006; Powers, Szaszi et al. 2006; Miller, Goodson et al. 2017; Cavaillon 2018), and NF-kB signaling (Gloire, Legrand-
Poels et al. 2006; Morgan and Liu 2011). These interactions principally involve ROS, but RNS can indirectly activate
TLRs and possibly NF-kB. Since inflammatory signaling and activated immune cells can also increase the production of
RONS, positive feedback and feedforward loops can occur (Zhao and Robbins 2009; Ratikan, Micewicz et al. 2015;
Blaser, Dostert et al. 2016). 

Damage inflicted by RONS on cells activate TLRs and other receptors to promote release of cytokines (Ratikan,
Micewicz et al. 2015). For example, oxidized lipids or oxidative stress-induced heat shock proteins can activate TLR4
(Miller, Goodson et al. 2017; Cavaillon 2018). 

ROS is essential to TLR4 activation of downstream signals including NF-kB. Activation of TLR4 promotes the surface
expression and movement of TLR4 into signal-promoting lipid rafts (Nakahira, Kim et al. 2006; Powers, Szaszi et al.
2006). This signal promotion requires NADPH-oxidase and ROS (Park, Jung et al. 2004; Nakahira, Kim et al. 2006;
Powers, Szaszi et al. 2006). ROS is also required for the TLR4/TRAF6/ASK-1/p38 dependent activation of inflammatory
cytokines (Matsuzawa, Saegusa et al. 2005). ROS therefore amplifies the inflammatory process. 

RONS can also fail to activate or actively inhibit inflammatory pathways, and the circumstances determining response
to RONS are not well known (Gloire, Legrand-Poels et al. 2006). 

Responses to oxidative stress can vary depending on the organ system. In the central nervous system (CNS),
biological plausibility supporting the connection between increased oxidative stress to tissue resident cell activation is
moderately supported by evidence compiled from studies using animal and in vitro models. Multiple studies have
shown that microglial cells and astrocytes are activated in response to RONS, meaning they change from resting to
reactive states by secreting pro-inflammatory mediators and initiating antioxidant defenses mediated through TLRs
(Simpson & Oliver, 2020; Heidari et al., 2022). Literature reviews describing the role of oxidative stress imbalances
and glial cell activation in the context of general oxidative injury (Lee, Cha & Lee, 2021), stroke (Zhu et al., 2022) and
neurodegenerative diseases (Reynolds et al., 2007; Simpson & Oliver, 2020) also suggest a relationship between
increased oxidative stress and increased tissue resident cell activation in the CNS.

Empirical Evidence

Empirical Evidence is Moderate. Both RONS and inflammation increase in response to agents that increase RONS or
inflammation, and antioxidants reduce inflammation. Multiple studies show dose-dependent changes in both RONS
and inflammation in response to stressors including ionizing radiation and antioxidants. RONS have been measured at
the same or earlier time points as inflammatory markers, but additional studies are needed to characterize the
inflammatory response at the earliest time points to support causation. Uncertainties come from the positive
feedback from inflammation to RONS potentially interfering with attempts to establish causality, and from the large
number of inflammation-related endpoints with differing responses to stressors and experimental variation. 

Oxidative activity is required for or promotes the response to multiple inflammatory stressors, including ionizing
radiation, UV radiation (particularly UVB), the endotoxin LPS and other pathogens associated immune activators, and
hemorrhagic shock (Park, Jung et al. 2004; Nakahira, Kim et al. 2006; Powers, Szaszi et al. 2006; Zhao and Robbins
2009; Ha, Chung et al. 2010; Hiramoto, Kobayashi et al. 2012; Straub, New et al. 2015).  

Both intracellular concentrations of RONS and a wide range of inflammatory markers increase in response to RONS
stressors. This paired increase was observed in vivo in rodents in tissue from multiple internal organs following
exposure to whole body or abdominal ionizing radiation (Berruyer, Martin et al. 2004; Ha, Chung et al. 2010; Sinha,
Das et al. 2011; Sinha, Das et al. 2012; Das, Manna et al. 2014; Ozyurt, Cevik et al. 2014; Khan, Manna et al. 2015;
Zetner, Andersen et al. 2016; Haddadi, Rezaeyan et al. 2017; Ezz, Ibrahim et al. 2018) or following UV skin irradiation
(Sharma, Meeran et al. 2007; Hiramoto, Kobayashi et al. 2012; Martinez, Pinho-Ribeiro et al. 2016). In vitro, the
relationship has been reported in response to IR and UV in keratinocytes (Park, Ju et al. 2006; Kang, Kim et al. 2007;
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Martin, Sur et al. 2008; Lee, Jeon et al. 2010; Ren, Shi et al. 2016; Hung, Tang et al. 2017; Zhang, Zhu et al. 2017),
immune cells (Matsuzawa, Saegusa et al. 2005; Nakahira, Kim et al. 2006; Manna, Das et al. 2015; Soltani, Ghaemi et
al. 2016), as well as corneal and conjunctival epithelia, HEK cells, and vocal cord and foreskin fibroblasts (Narayanan,
LaRue et al. 1999; Park, Jung et al. 2004; Saltman, Kraus et al. 2010; Black, Gordon et al. 2011; Han, Min et al. 2015).
Direct application of micromolar concentrations of H2O2 in vitro also increases inflammatory markers in immune cells
(Matsuzawa, Saegusa et al. 2005; Nakao, Kurokawa et al. 2008) and keratinocytes (Zhang, Zhu et al. 2017). 

Interventions to reduce oxidative activity also reduce inflammation, further implicating RONS in the inflammatory
process. Reduction of inflammation by these interventions has been documented in animals in response to IR
(Berruyer, Martin et al. 2004; Sinha, Das et al. 2011; Sinha, Das et al. 2012; Das, Manna et al. 2014; Ozyurt, Cevik et
al. 2014; Khan, Manna et al. 2015; Zetner, Andersen et al. 2016; Haddadi, Rezaeyan et al. 2017; Ezz, Ibrahim et al.
2018), UV (Sharma, Meeran et al. 2007; Lee, Jeon et al. 2010; Hiramoto, Kobayashi et al. 2012; Han, Min et al. 2015;
Martinez, Pinho-Ribeiro et al. 2016; Ren, Shi et al. 2016; Hung, Tang et al. 2017) and hemorrhagic shock (Powers,
Szaszi et al. 2006). In vitro, multiple studies in immune cells (Matsuzawa, Saegusa et al. 2005; Nakahira, Kim et al.
2006; Manna, Das et al. 2015; Soltani, Ghaemi et al. 2016) and keratinocytes (Park, Ju et al. 2006; Kang, Kim et al.
2007; Martin, Sur et al. 2008; Lee, Jeon et al. 2010; Ren, Shi et al. 2016; Hung, Tang et al. 2017; Zhang, Zhu et al.
2017) as well as HEK293, fibroblasts, and epithelial cells (Lee, Dimtchev et al. 1998; Narayanan, LaRue et al. 1999;
Park, Jung et al. 2004; Han, Min et al. 2015) provide further evidence for reduction in various inflammatory markers
with interventions to reduce RONS. Interventions include antioxidants such as propyl gallate, n-acetylcysteine, or
naringin, as well as reduction in the function of NADPH oxidases (NOX/DUOX) via DPI or knockdown of gene
expression. In studies using multiple doses of antioxidant, inflammation was reduced dose-dependently with the
antioxidant dose (Nakahira, Kim et al. 2006; Manna, Das et al. 2015; Ren, Shi et al. 2016). Interventions reducing
nitric oxide were not common, but in one study inhibiting iNOS did not reduce activation of NF- kB by IR (Lee,
Dimtchev et al. 1998). The treatment to reduce RONS is administered before, or occasionally immediately after the
inflammatory stressor, but studies often continue treatment or do not explicitly report changing media in vitro, so the
exact time point at which RONS are required is difficult to pinpoint. 

IR and RONS decrease endogenous antioxidant activity (glutathione, superoxide dismutase, and catalase), and
antioxidants rescue this suppression in antioxidant activity (Sharma, Meeran et al. 2007; Das, Manna et al. 2014).
Mice with more endogenous glutathione have a lower inflammatory response to IR (Berruyer, Martin et al. 2004),
suggesting that IR increases inflammation in part by decreasing antioxidants. 

In response to inflammatory stressors, RONS has been measured at the same (Nakao, Kurokawa et al. 2008; Ha,
Chung et al. 2010; Saltman, Kraus et al. 2010; Azimzadeh, Scherthan et al. 2011; Ameziane-El-Hassani, Talbot et al.
2015; Azimzadeh, Sievert et al. 2015; Zhang, Zhu et al. 2017) or earlier time points as inflammatory markers
(Nakahira, Kim et al. 2006; Black, Gordon et al. 2011). This suggests that RONS precedes the generation of
inflammatory markers, consistent with a role for RONS in promoting inflammation. However, inflammatory markers
are not typically measured at the earliest time points, and a more comprehensive survey of the appearance of these
events at early time points would help to clarify the timeline and confirm the temporal evidence for causation.

A relatively small number of studies in a variety of cell types have examined both RONS and inflammatory markers
across multiple doses. Three of these report dose-dependent increases in both RONS and inflammatory markers; one
in which the key events are evaluated immediately after H2O2 application (Nakao, Kurokawa et al. 2008), and two
others evaluated them 24 hours or 8-16 weeks after IR (Ha, Chung et al. 2010; Azimzadeh, Sievert et al. 2015). A
fourth study reports a dose-dependent reduction in inflammation in response to treatment with antioxidants
(Nakahira, Kim et al. 2006). In three other studies, some or all markers of inflammation increase at lower doses but
decrease at higher doses (Saltman, Kraus et al. 2010; Black, Gordon et al. 2011; Zhang, Zhu et al. 2017). In two of
these studies, RONS is also not consistently increasing with dose (Saltman, Kraus et al. 2010; Zhang, Zhu et al.
2017); however, this finding is consistent with findings from other studies about lack of dose-dependence of ROS
measured at intermediate time points after IR. Similarly, 30 minutes after low dose, IR IL8 increases with dose while
ROS does not (Narayanan, LaRue et al. 1999). The mixed inflammatory response at higher doses suggests that
additional factors such as negative and positive feedback and crosstalk between pathways are also involved in the
relationship between RONS and IR.

Dose Concordance 

Evidence to support this relationship in the brain is derived from studies using gamma rays (Schnegg et al., 2012), 6-
OHDA (Wang et al., 2017), or H2O2 (Daverey & Agrawal, 2016) as the stressor. Oxidative stress and tissue resident
cell activation were then assessed within the brain or glial cell cultures (Davery & Agrawal, 2016; Schnegg et al.,
2012; Wang, 2017; Daverey & Agrawal, 2016; Schnegg et al., 2012; Wang et al., 2017). Few studies show that
oxidative stress occurs at lower or the same dose of a stressor than tissue-resident cell activation. Treatment with 4
µg/µL of the neurotoxin 6-hydroxydopamine caused decreased antioxidant levels as well as increased glial fibrillary
acidic protein (GFAP) levels in rats (Wang et al., 2017). In another study, astrocyte activation showed a slight linear
increase in response to 50 µM, 100 µM and 200 µM of H2O2 (Daverey & Agrawal, 2016).

Time Concordance 

Few studies show that oxidative stress occurs before or at the same time as tissue-resident cell activation in a time
course. BV-2 microglia irradiated with 10 Gy gamma rays showed an increase in ROS 1h post-irradiation, while an
increase in NF-κB and AP-1 DNA binding was also observed 1h post-irradiation (Schnegg et al., 2012). Treatment of
human glioblastoma astrocytes (A172 cell) with 50 µM of H2O2 for various times, showed a small linear increase in
GFAP levels from 2h to 24h of treatment (Daverey & Agrawal, 2016).  

Incidence Concordance 
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Schnegg et al. (2012) irradiated BV-2 microglia with gamma rays and showed increased ROS as well as increased NF-
κB and AP-1 DNA binding, indicating activated glial cells, at the same dose of 10 Gy. 

Essentiality 

Studies examining the use of antioxidants to inhibit free radicals demonstrate the essentiality of oxidative stress and
tissue resident cell activation. This has been observed in microglial cells using multiple types of inhibitors. In BV-2
microglia, activation of PPARδ (involved in anti-inflammatory responses) with the agonist L-16504, reduced formation
of reactive oxygen species and microglial activation (Schnegg et al., 2012). Treatment with multiple doses of an
antioxidant Kukoamine A (KuA) elicited a dose-dependent partial attenuation of radiation-induced markers of
microglial cell activation in rats (Zhang et al. 2017). After administration of another antioxidant, curcumin, levels of
SOD and GSH-Px were restored and GFAP levels were decreased (Daverey & Agrawal, 2016; Wang et al., 2017).
Furthermore, a knockout model of mitochondrial SOD (SOD2) resulted in an increase in reactivity of microglial cells
post-irradiation (Fishman et. al 2009). 

Uncertainties and Inconsistencies

Although ROS can activate NF-KB (Gloire, Legrand-Poels et al. 2006), not all studies consistently show NF-kB
activation after RONs stressor IR. It is possible that the link between ROS and NF-kB depends on the local
environmental context, with different studies not adequately controlling all influential variables. One study offers a
possible explanation based on temporal response: in macrophages, NF-kB was activated by shorter exposures to
H2O2 (30 min), but the response disappeared with longer exposures (Nakao, Kurokawa et al. 2008). 

While many models in vivo and in vitro showed a decreased inflammatory response to RONS stressors IR in
combination with antioxidants, in endothelial cells in culture the increase in IL6 and IL8 after IR was not reduced by
antioxidants. Although a synergistic increase in those cytokines occurring with combined TNF-a and IR treatment was
reduced by antioxidants (Meeren, Bertho et al. 1997). Multiple mechanisms can increase inflammation, that
inflammatory factors participate in positive feedback loops, and that responses to stimuli vary between cells.

Many studies do not report direct measures of RONS. As RONS are quickly scavenged, the quantitative understanding
of this relationship can be inconsistent, due to varied response of antioxidant enzymes across experimental conditions
and time measurements.  

Limited data is available to support an understanding of this relationship at low doses (<0.1 Gy).

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance  

Reference Experiment description Result 

Wang,
2017 

In vivo. Adult male Sprague-Dawley rats were treated with 4 µg/µL
of the neurotoxin 6-hydroxydopamine. Oxidative stress was
measured by SOD and GSH-Px levels through a bicinchoninic acid
protein assay kit. GFAP was used as a marker of astrocytes and was
detected using immunohistochemistry. 

SOD decreased 0.64-fold and GSH-
Px decreased 0.34-fold. GFAP
increased 1.7-fold. 

Daverey &
Agrawal,
2016 

In vitro. Human A172 (glioblastoma astrocytes) and HA-sp (spinal
cord astrocytes) cell lines were treated with H2O2. GFAP expression
was detected through immunofluorescence. 

After 50 µM of H2O2, both cell
types showed increased GFAP
expression about 1.5-fold. GFAP
was also increased 1.5- to 2-fold
after 100 and 200 µM of H2O2. 

 

Time Concordance  

Reference Experiment description Result 

Schnegg et
al., 2012 

In vitro. BV-2 immortalized microglia were irradiated with
10 Gy of 137Cs gamma rays at 3.56 Gy/min. Measured 1h
after irradiation, intracellular ROS generation was
measured by the fluorescent DCFH-DA probe, and
activation of NF-κB and AP-1 was determined by
immunoblotting as a measure of cell activation. 

Both measured 1h after irradiation, ROS
increased about 7-fold while NF-κB and AP-1
DNA binding was increased 2.5- and 2-fold,
respectively. 

AOP483

109/209



Daverey &
Agrawal,
2016 

In vitro. Human A172 (glioblastoma astrocytes) and HA-
sp (spinal cord astrocytes) cell lines were treated with 50
µM of the ROS H2O2. GFAP expression was detected
through immunofluorescence after various durations of
H2O2 treatment. 

Both cell types showed increased GFAP about
1.5-fold, measured after treatment with
H2O2. H2O2 administered for 2, 6 and 12h
showed slight increases at each timepoint,
while after 24h of H2O2 treatment, GFAP was
only increased in A172 cells. 

 

Incidence Concordance 

Reference Experimental description Result 

Schnegg et
al., 2012 

In vitro. BV-2 immortalized microglia were irradiated with 10 Gy of 137Cs
gamma rays at 3.56 Gy/min. Intracellular ROS generation was measured
by the fluorescent DCFH-DA probe, and activation of NF-κB and AP-1 was
determined by immunoblotting as a measure of cell activation. 

ROS increased about 7-fold
while NF-κB and AP-1 DNA
binding was increased 2.5-
and 2-fold, respectively. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Drug KuA (antioxidant) 
After 30 Gy X-ray whole-brain irradiation of rats, activated
microglia increased to over 320% of control. KuA at 5 mg/kg
decreased this to 240%, at 10 mg/kg decreased it to 180% and at
20 mg/kg decreased it to 170%. 

Zhang et al.,
2017 

Drug 
 L-16504 (PPARδ
agonist, involved in
anti-inflammatory
responses) 

Treatment prevented the increase in ROS and reduced NF-κB and
AP-1 DNA binding. 

Schnegg et al.,
2012 

Drug Curcumin
(antioxidant) 

Treatment increased SOD and GSH-Px levels and decreased the
number of GFAP-positive cells. 

Wang et al.,
2017; Daverey
& Agrawal,
2016 

Age Increased age Increased age can cause susceptibility to ROS accumulation and
tissue-resident cell activation. 

Liguori et al.,
2018; Hanslik,
Marino &
Ulland, 2021 

Diet High antioxidant
diet 

Increased antioxidants in diet can lead to reduced oxidative
stress. 

Ávila-Escalante
et al., 2020 

Diet Hypocaloric diet Caloric restriction has been shown to lead to reduced markers of
oxidative stress. 

Ávila-Escalante
et al., 2020 

Smoking Active smokers Active smokers show reduced GSH-Px activity compared to non-
smokers (measured in patients with coronary artery disease). 

Kamceva et
al., 2016 

Prior
Disease 

Neurodegenerative
diseases like
Alzheimer’s and
Parkinson’s 

These diseases can generate an environment of increased
oxidative stress and promotes the activation of glial cells. 

Hanslik, Marino
& Ulland, 2021 

Genotype SOD knockout mice 
SOD2 knockout mice experienced increased microglia activation
following irradiation, indicating an impact of genotype on tissue
resident cell activation. 

Fishman et al.,
2009 

Known Feedforward/Feedback loops influencing this KER

Since inflammatory signaling and activated immune cells can also increase the production of RONS, positive feedback
and feedforward loops can occur (Zhao and Robbins 2009; Ratikan, Micewicz et al. 2015; Blaser, Dostert et al. 2016).
Similarly, positive feedforward and feedback loops regarding RONS, cellular activation, and inflammation also occur in
the CNS. Both RONS and microglial cell activation can accelerate neuroinflammatory pathways that can ultimately
promote further formation of RONS (Lee, Cha & Lee, 2021; Simpson & Oliver, 2020; Zhu et al., 2022).  
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Relationship: 2834: Tissue resident cell activation leads to Increase, Pro-Inflammatory
Mediators

AOPs Referencing Relationship

AOP Name Adjacency Weight of
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Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI
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Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Moderate

Evidence for this relationship comes from in vitro mouse- and human-derived models, as well as in vivo mouse and rat
models. The relationship is not sex or life stage specific. 

Key Event Relationship Description

Tissue-resident cell activation refers to the stimulation of resident cells in organ systems. Tissue-resident immune
cells can be found throughout the body, each tissue and organ containing specific resident immune cells (Chen et al.,
2018; Gray & Farber, 2022). Monocytes, found in the blood, and macrophages, found in all tissues in the body, are the
main components of the immune system (Ivanova & Orekhov, 2016). In the brain, the primary tissue-resident
macrophages are microglia, while astrocytes are also important cells found in the brain (Bourgognon & Cavanagh,
2020; Greene-Schloesser et al., 2012; Wang et al., 2020). Activated tissue-resident cells can undergo gliosis, whereby
they adopt a hypertrophic morphology and proliferate, exhibiting rounding of the cell body and retraction of cell
processes (Greene-Schloesser et al., 2012; Phatnani & Maniatis, 2015). It is well-characterized that activated tissue-
resident cells can increase expression of pro-inflammatory mediators (Hladik & Tapio, 2016; Lumniczky, Szatmari &
Safrany, 2017; Kaur et al., 2019). Acute inflammation from controlled biosynthesis of pro-inflammatory mediators
protects tissue and promotes healing (Kim & Joh, 2006; Vezzani & Viviani, 2015). Prolonged tissue-resident cell
activation leads to dysregulation in production or secretion of pro-inflammatory mediators, which results in chronic
inflammation and damage to tissue (Kim & Joh, 2006; Vezzani & Viviani, 2015). Additionally, activated tissue-resident
cells can show increased levels of transcription factor nuclear factor κB (NF-κB) and activated protein 1 (AP-1) DNA
binding due to increased oxidative stress or DNA damage (Betlazar et al., 2016; Lumniczky, Szatmari & Safrany,
2017). Through the activity of NF-κB, AP-1 and other signaling pathways, activated immune cells can together
produce/secrete a variety of cytokines and chemokines (Betlazar et al., 2016; Chen et al., 2018; Greene-Schloesser et
al., 2012; Kim & Joh, 2006; Phatnani & Maniatis, 2015; Smith et al., 2012; Wang et al., 2020). Chronic secretion of
these inflammatory proteins can lead to downstream detriments, such as in the brain, altering blood-brain barrier
permeability (Lumniczky, Szatmari & Safrany, 2017). 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate 

Biological Plausibility

Tissue-resident cells recognize pathogens or molecules released by injured or activated cells (Vezzani & Viviani,
2015). In response, resident cells become activated and release various pro-inflammatory mediators (Chen et al.,
2018; Gray & Farber, 2022). There is an abundance of studies which explore this relationship using the brain
microenvironment, where astrocytes and microglia are the primary tissue-resident cells. After activation, these cells
increase in number (whether through proliferation or recruitment), undergo morphological changes and release
cytokines (Greene-Schloesser et al., 2012; Kim & Joh, 2006). 

Several pathways and molecules are involved in the inflammatory response to activate tissue-resident cells. These
molecules include certain pro-inflammatory cytokines and various inflammatory stimuli, such as lipopolysaccharide
(LPS), thrombin (a protease), β-amyloid (Aβ), interferon (IFN)-γ, CD40 and gangliosides (Dheen, Kaur & Ling, 2007;
Kim & Joh, 2006). For example, LPS can diffuse into brain parenchyma and activate microglia, which then expresses
inflammatory mediators and ROS to initiate inflammation (Dheen, Kaur & Ling, 2007; Kim & Joh, 2006). As well,
pattern recognition receptor activation, through molecules such as damage-associated molecular pattern molecules
(DAMPs), can activate tissue-resident cells and, in turn, lead to pro-inflammatory mediator secretion (Chen et al.,
2018). 

Once resident cells become activated, various pathways, including the NF-κB transcription factor pathway and the
mitogen-activated protein kinase (MAPK)-AP-1 signaling pathway, can result in pro-inflammatory mediator production
(Chen et al., 2018; Vezzani & Viviani, 2015; Wang et al., 2020). When activated, microglia and astrocytes are sources
of cytokines in the central nervous system (CNS) (Bourgognon & Cavanagh, 2020; Kim & Joh, 2006; Smith et al., 2012;
Vezzani & Viviani, 2015; Boyd et al., 2021). Furthermore, uniquely in the brain, astrocyte activation can lead to blood-
brain barrier permeability through decreased astrocyte function, which can allow pro-inflammatory mediators to enter
from the blood (Lumniczky, Szatmari & Safrany, 2017). 

An abundance of studies supports the connectivity of the two key events using activated glial cells in the brain
microenvironment. Activated astrocytes express high levels of glial fibrillary acidic protein (GFAP) (Greene-Schloesser
et al., 2012), while microglia activation results in the expression of OX-42, Iba1 (activated and non-activated), Mac-1,
CD68, F4-80, Glut-5 and CR3/43. These markers play an important role in the phagocytic activity and morphological
changes of activated microglia (Jurga, Paleczna & Kuter, 2020). Upon expression of these markers, cells release pro-
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inflammatory mediators, these can further activate other glial cells (Bourgognon & Cavanagh, 2020). This results in
an inflammatory state, that initiates the further release of cytokines including IL-1 and TNF-⍺, IL-6, Cox-2 (Betlazar et
al., 2016; Kim & Joh, 2006; Smith et al., 2012) and chemokines MCP-1 and ICAM-1 (Greene-Schloesser et al., 2012;
Kyrkanides et al., 2002). Chronic activation of these cells can result in neurodegenerative disease due to their
continuous release and the overexpression of potentially cytotoxic molecules, which may eventually lead to cognitive
decline (Dheen, Kaur & Ling, 2007; Kaur et al., 2019; Smith et al., 2012). To suppress this activity, anti-inflammatory
proteins need to be released such as tumor growth factor (TGF)-β and IL-10; these act to reduce neuron activity (Kim
& Joh, 2006; Phatnani & Maniatis, 2015). In a state of chronic inflammation, the production of pro-inflammatory
proteins increases, while anti-inflammatory proteins decrease, and this imbalance results in a reduced stress
response (Jeon & Kim, 2016). 

 

Empirical Evidence

The evidence supporting the relationship between tissue-resident cell activation leading to increased pro-
inflammatory mediators was gathered from studies using human (Chen et al., 2016; Lodermann et al., 2012) and
mouse (Dong et al., 2015; Komatsu et al., 2017; Liu et al., 2010; Ramanan et al., 2008; Scharpfenecker et al., 2012;
van Neerven et al., 2010; Welser-Alves & Milner, 2013) in vitro cell cultures as well as rat (Lee et al., 2010; Liu et al.,
2010; Zhou et al., 2017) and mouse (Dong et al., 2015; Kyrkanides et al. 2002; Parihar et al., 2018) in vivo models.
The stressors used were gamma rays (Kyrkanides et al., 2002; Lee et al., 2010), X-rays (Liu et al., 2010; Lodermann
et al., 2012; Scharpfenecker et al., 2012), 4He ions (Parihar et al., 2018), nominal photon energy (Zhou et al., 2017)
and LPS treatment (Komatsu et al., 2017; van Neerven et al., 2010; Welser-Alves & Milner, 2013). Tissue-resident cell
activation is assessed by examining the morphology of activated cells (Dong et al., 2015; Zhou et al., 2017) and the
detection of activation markers (Chen et al., 2016; Dong et al., 2015; Liu et al., 2010; Parihar et al., 2018;
Scharpfenecker et al., 2012; van Neerven et al., 2010; Welser-Alves & Milner, 2013; Zhou et al., 2017) and AP-1 and
NF-κB DNA binding (Komatsu et al., 2017; Lee et al., 2010; Lodermann et al., 2012; Ramanan et al., 2008). Pro-
inflammatory mediators, including cytokines, adhesion markers, and inflammatory enzymes were assessed at both
the protein and mRNA level although transcriptional responses may not necessarily translate to changes in active
signaling molecules. Such studies provide indirect evidence to support the relationship. 

Dose Concordance 

Many studies demonstrate that activation of tissue-resident cells occurs at lower or the same doses as increased pro-
inflammatory mediators. Although, at doses of ionizing radiation less than 1 Gy, evidence suggests anti-inflammatory
activation of macrophages instead of towards inflammation (Wu et al., 2017). This was shown after irradiation of
human monocytes from 0.1 to 0.7 Gy which resulted in decreased NF-κB nuclear translocation and decreased IL-1β
levels (Lodermann et al., 2012). Dong et al. (2015) used various models and endpoints to study this relationship. In
vitro mouse microglia showed an activated morphology, increased F4-80 (activated macrophage indicator), and
increased levels and expression of TNF-α and IL-1β all after 16 Gy X-rays (Dong et al., 2015). With the same stressor
and dose but in mice kidneys, F4-80 and various pro-inflammatory cytokines were increased (Scharpfenecker et al.,
2012). In vivo mice with 10 Gy cranial X-ray irradiation showed a similar response (Dong et al., 2015). Activation of
glial cells in rat brains as well as levels of IL-1β and TNF-α in BV2 murine microglial cells increased linearly after 2, 4,
6, 8 and 10 Gy X-rays (Liu et al., 2010). Multiple studies found that LPS treatment at 1 µg/mL resulted in both
macrophage activation and TNF-α production (Lodermann et al., 2012; Welser-Alves & Milner, 2013). Rats with 10 Gy
gamma ray irradiation showed increases in both NF-κB and AP-1 DNA binding activity, indicators of activated
microglia. At the same dose, pro-inflammatory mediators TNF-α, IL-1β and MCP-1 also increased (Lee et al., 2010). 
When human microglia were irradiated with gamma rays, they showed a characteristic activated morphology after 8
Gy, while CR3/43 and Glut-5 (microglial activation markers) showed increased expression after 8 Gy, and IL-1α and
TNF-α also showed increased expression after 8 Gy (Chen et al., 2016). 

Time Concordance 

Many studies observed that tissue-resident cell activation occurs earlier or at the same time as increased pro-
inflammatory mediators. Mice irradiated with 4He particles showed increases in both activated microglia and pro-
inflammatory chemokine CCL-3 after 1 year (Parihar et al., 2018). In vitro murine microglial cells and in vivo rat brains
were irradiated with X-rays and showed increases in activated glial cells, as well as IL-1β and TNF-α pro-inflammatory
mediators 24h post-irradiation (Liu et al., 2010). After mouse cranial X-ray irradiation, the number of F4-80 positive
cells/mm2 was significantly increased from 3h to 2 weeks with a maximum after 24h, while TNF-α and IL-1β both
showed significantly increased levels and expression at many times from 3h to 6 weeks post-irradiation, with
maximum levels occurring after 24h (Dong et al., 2015). Gamma ray irradiation of rats showed increased NF-κB and
AP-1 DNA binding at 4 and 8h after irradiation, with levels reduced to control after 24h, and mRNA and protein levels
of pro-inflammatory mediators TNF-α, IL-1β and MCP-1 in the hippocampus and cerebellum showed a similar trend
(Lee et al., 2010). Juvenile rats irradiated with 4MV photon energy showed that microglial density increased at 6 and
24 h post-irradiation in the external germinal layer of the cerebellum, while IL-1α, IL-1β, IL-6, IL-18, GRO/KC and CCL-2
were all significantly increased after 24h (Zhou et al., 2017). Human microglia irradiated with gamma rays showed a
characteristic activated morphology after 7 days (Chen et al., 2016). In addition, activation markers CR3/43 and Glut-
5 were expressed after 2 weeks and Glut-5 continued expression after 1 week and 10 days. IL-1α and TNF-α showed
increased expression after 7 days, which was slightly lower after 2 weeks, but still significant (Chen et al., 2016). 

Incidence Concordance 

Two studies identified an incidence-concordant relationship between tissue resident cell activation and increase in
pro-inflammatory mediators. Parihar et al. (2018) found increased microglial activation after mice were irradiated
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with 5 and 30 cGy 4He particles. Chemokine CCL-3 was increased slightly after both 5 and 30 cGy. Zhou et al. (2017)
irradiated juvenile rats with a single dose of 6 Gy nominal photon energy (4MV) and showed microglial proliferation in
the external germinal layer of the cerebellum, while cytokines (IL-6, IL-18) and chemokines (CCL-2, GRO/KC) increased
significantly. 

Essentiality 

In the absence of tissue-resident cell activation, an increase in pro-inflammatory mediators is not expected. The
activation of tissue-resident cells can be attenuated by tamoxifen. Tamoxifen, an estrogen receptor modulator that
can serve as a radiosensitizer, attenuated microglial activation and significantly decreased inflammatory cytokine
production, including IL-1β and TNF-α, compared to the X-ray irradiated samples (4, 6, 8, 10 Gy) in absence of
tamoxifen (Liu et al., 2010). A study by van Neerven et al. (2010) pretreated cells of mice cerebral cortices with a
transcriptional activator, retinoic acid (RA) containing anti-inflammatory effects, for 12 h, and then exposed the cells
for another 12 h to RA and LPS, an endotoxin which induces production of IL-1β, IL-6, TNFα in astrocytes. RA, when
used with LPS, led to a significant reduction of the LPS-induced release of IL-1β, IL-6, TNF-α (van Neerven et al.,
2010). Similarly, N-acetyl-L-cysteine (NAC) at 40 and 80 µM was able to reduce the LPS-induced levels of IL-6, TNF-α
while preventing NF-κB nuclear translocation (Komatsu et al., 2017). NF-κB and AP-1 transcription factors binding to
DNA indicate activated microglia, which was observed post-irradiation in the study by Ramanan et al. (2008).
Radiation led to an increase in TNFα and IL-1β expression in microglia cultures, as well as an increase in Cox-2 protein
levels. Treatment with SP 600125 (SP), a specific c-jun kinase inhibitor, which prevented AP-1 binding to DNA, was
found to inhibit the radiation-induced increase in TNF-α, IL-1β, and Cox-2 expression. In contrast, treating BV-2 cells
with 6-amino-4-(4-phenoxyphenylethylamino) quinazoline (Q), NF-κB activation inhibitor, prevented the increase in
NF-κB binding to DNA, thus blocking the activation of tissue-resident cells, which then inhibited the radiation-induced
increase in IL-1β expression but allowed the radiation-induced increases in Cox-2 and TNF-α. (Ramanan et al., 2008).
Proinflammatory marker, ICAM-1, increased by 2.2-fold 72 h following 35 Gy irradiation (Kyrkanides et al. 2002).
However, inhibition of Cox-2, a microglial activator, by NS-398 led to a 0.6-fold decrease in ICAM-1 levels induced by
radiation in the brain (Kyrkanides et al. 2002). 

Uncertainties and Inconsistencies

More work could be done to observe this relationship in human models. 

Limited data is available to support an understanding of this relationship at low doses (<0.1 Gy). 

 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance 

Reference Experiment Description Result 

Liu et al.,
2010  

In vivo. BV2 murine microglia were irradiated with
0, 2, 4, 6, 8 or 10 Gy X-rays to measure microglial
activation, and OX-42 and GFAP staining was
performed on 15 Gy irradiated rat brains to
measure microglial and astrocyte activation,
respectively.  

 

In vitro. BV-2 murine microglia were irradiated with
0, 2, 4, 6, 8 or 10 Gy X-rays to determine cytokines
IL-1β and TNF-α production. Glial activation was
identified by light microscopy and
immunohistochemistry. ELISA was used to assess
cytokine levels of IL-1β and TNF-α. 

Irradiation of in vitro microglia cultures caused a
dose-dependent increase in microglial activation
from 0 to 10 Gy. At 15 Gy, in vivo astrocyte
activation increased 5-fold, while microglial
activation increased 3-fold. Levels of IL-1β and
TNF-α production were also dose-dependently
increased following 0 to 10 Gy irradiated
microglia, resulting in an 8.6-fold increase for IL-
1β and a 6.8-fold increase for TNF-α after 10
Gy. 

Welser-Alves &
Milner, 2013  

In vitro. Cultures of microglia and astrocytes from
postnatal mouse central nervous system were
stimulated with 1 µg/mL LPS. ELISA and
immunocytochemistry were used to measure glial
cytokine (TNF-α) production with Mac-1 as a
microglial marker. 

Microglia activation with 1 µg/mL LPS led to
increased TNF-α production from 40.6 pg/ml to
1875.0 pg/ml, and TNF-α showed co-localization
with Mac-1 positive microglia. TNF-α was not
present in astrocytes. 
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Lee et al.,
2010 

In vivo. Rats received whole-brain gamma ray
irradiation at 10 Gy. Levels of AP-1 and NF-κB
(microglial activation) as well as pro-inflammatory
mediators TNF-α, IL-1β, IL-6, and MCP-1 were
determined in the hippocampus and cortex. AP-1
and NF-κB DNA binding was determined through
electrophoretic mobility shift assay (EMSA), and
pro-inflammatory mediator levels were determined
using enzyme-linked immunosorbent assay
(ELISA). 

After 10 Gy, DNA binding of NF-κB and AP-1
increased a maximum of 3.6-fold and 2.8-fold,
respectively. 

 

Hippocampus: 

After 10 Gy at maximum, TNF-α was increased
23-fold, IL-1β increased 10-fold, IL-6 did not
significantly change, and MCP-1 increased 1.6-
fold. 

 

Cortex: 

After 10 Gy at maximum, TNF-α increased 30-
fold, IL-1β increased 7-fold. IL-6 did not
significantly change, and MCP-1 increased 2.2-
fold. 

Chen et al.,
2016 

In vitro. Human CHME5 microglia were irradiated
with various doses of 137Cs gamma radiation
delivered acutely over 1-3 min. Microglial
activation markers CR3/43 and Glut-5 were
determined by Western blot, morphology of
microglia was determined through fluorescence
microscopy, and expression of cytokines IL-1α and
TNF-α were determined through RT-PCR. 

After 8 Gy, microglia showed a characteristic
activated morphology, but not after 0.5 Gy.
CR3/43 and Glut-5 were both expressed after 8
Gy, but not 0.5 Gy. mRNA levels measured at 8
Gy were found to increase a maximum of 7.8-
fold for IL-1α and 5.8-fold for TNF-α. 

Dong et al.,
2015 

In vivo and in vitro. BV2 mouse microglial cells and
C57BL/6J mice brains were irradiated with various
doses of X-rays. Iba1 staining was performed to
determine cell morphology, while anti-F4-80
antibodies were used to determine microglial
activation. TNF-α and IL-1β levels were determined
through RT-PCR, ELISA (in vitro), and Western blot
(in vivo). 

In vitro: 

At 16 Gy, microglia adopted a characteristic
activated morphology while F4-80 was greatly
upregulated. Also at 16 Gy, IL-1β expression
increased a maximum of 23-fold, TNF-α
expression increased a maximum of 13-fold, IL-
1β increased from 0 to a maximum of 530
pg/mL, and TNF-α increased from almost 0 to a
maximum of 115 pg/mL. 

 

In vivo: 

The number of F4-80 positive cells/mm2
increased from 9 to a maximum of 40 after 10
Gy. Also at 10 Gy, IL-1β expression increased a
maximum of 7-fold, TNF-α expression increased
a maximum of 5-fold, IL-1β levels increased a
maximum of 10-fold, and TNF-α levels increased
a maximum of 5-fold compared to controls. 

Komatsu et al.,
2017 

In vitro. Murine macrophage RAW264 cell line
activation was induced by 1 µg/mL LPS treatment.
Activation was determined through NF-κB nuclear
translocation measured by western blot. Pro-
inflammatory mediators TNF-α and IL-6 were
measured by ELISA. 

After LPS treatment, cytosolic NF-κB decreased
0.64-fold, nuclear NF-κB increased 7.2-fold and
IκB (NF-κB inhibitor) decreased 0.21-fold. Both
TNF-α and IL-6 were increased from around 0
ng/mL to about 70 and 30 ng/mL, respectively. 

Lodermann et
al., 2012 

In vitro. Human monocytic leukemia cell lines were
irradiated with X-rays at 0.1, 0.3, 0.5, 0.7 and 1
Gy. Activation was determined through NF-κB
nuclear translocation by western blot. IL-1β was
measured by ELISA. 

NF-κB and IL-1β both showed linear decreases
from 0.1 to 0.7 Gy, resulting in maximum
decreases of 0.6- to 0.7-fold. Although, the
decrease for NF-κB was nonsignificant. No
changes were observed at 1 Gy. 

Scharpfenecker
et al., 2012 

In vitro. Mice kidneys were irradiated with 16 Gy of
X-rays. Immunofluorescence
staining was performed for IL-6, IL-1β and
macrophage marker F4-80. 

F4-80 positive area increased by 6.7 and 3.8-
fold in Eng+/+ and Eng+/- irradiated mice
respectively. Macrophages in irradiated mouse
kidney led to IL-6 and IL-1β production.  

 

Time Concordance 

Reference 
Experiment Description 

Result 
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Parihar et
al., 2018 

In vivo. C57BL/6 J mice were irradiated with
4He particles 1 year after irradiation. The
level of CCL-3 was determined in the brain,
and microglial activation was determined by
immunohistochemistry in the perirhinal
cortex. 

At maximum, there was a 3.8-fold increase in activated
microglia, CCL-3 increased 2.2-fold. 

Liu et al.,
2010  

In vitro. BV2 murine microglia were
irradiated with X-rays to measure microglial
activation after 24h, and OX-42 and GFAP
staining was performed on irradiated rat
brains to measure microglial and astrocyte
activation, respectively, after 3 days. BV-2
murine microglia were irradiated with X-rays
to determine cytokines IL-1β and TNF-α
production after 24h. Glial activation was
identified by light microscopy and
immunohistochemistry. ELISA was used to
assess cytokine levels of IL-1β and TNF-α. 

10 Gy irradiation of  microglia cultures caused an increase
in microglial activation after 24h. At 15 Gy after 3 days,
astrocyte activation increased 5-fold, while microglial
activation increased 3-fold. Levels of IL-1β and TNF-α were
also increased in 10 Gy irradiated microglia, resulting in
an 8.6-fold increase for IL-1β and a 6.8-fold increase for
TNF-α after 24h. 

Lee et al.,
2010 

In vivo. Rats received whole-brain gamma
ray irradiation at 10 Gy. Levels of AP-1 and
NF-κB (microglial activation) as well as pro-
inflammatory mediators TNF-α, IL-1β, IL-6,
and MCP-1 were determined 4, 8, and 24h
after irradiation in the hippocampus and
cortex. AP-1 and NF-κB DNA binding was
determined through electrophoretic mobility
shift assay (EMSA), and pro-inflammatory
mediator levels were determined using
enzyme-linked immunosorbent assay
(ELISA). 

DNA binding of NF-κB and AP-1 increased a maximum of
3.6-fold and 2.8-fold, respectively, after 8h. Binding
activity returned to control levels after 24h. 

 

Hippocampus: 

At control, TNF-α was 3.6 pg/mg protein, which increased
23-fold after 4 hours, 8.3-fold after 8h, and 3.6-fold after
24h. IL-1β increased linearly from 4 to 24h, reaching a 10-
fold maximum increase. IL-6 did not significantly change
other than a non-significant decrease over 24h, even
though an increase in IL-6 mRNA was observed at 4h with
RT-qPCR. MCP-1 showed a maximum increase of 1.6-fold
after 8h. 

 

Cortex: 

At control, TNF-α was 4.4 pg/mg protein, which increased
30-fold after 4 hours, 13-fold after 8h, and 4.1-fold after
24h. IL-1β showed a maximum increase of 7-fold after 4h.
IL-6 did not significantly change other than a non-
significant decrease over 24h, even though an increase in
IL-6 mRNA was observed at 4h with RT-qPCR. MCP-1
showed a maximum increase of 2.2-fold after 8h. 

Chen et al.,
2016 

In vitro. Human CHME5 microglia were
irradiated with 8 Gy gamma radiation
(137Cs source) delivered acutely over 1-3
min. Microglial activation markers CR3/43
and Glut-5 were determined by Western
blot, morphology of microglia was
determined through fluorescence
microscopy, and expression of cytokines IL-
1α and TNF-α were determined through RT-
PCR. 

Beginning after 7 days, microglia showed a characteristic
activated morphology. CR3/43 was expressed after 2
weeks, while Glut-5 was expressed after 1 week, 10 days,
and 2 weeks. After 7 days, mRNA levels were found to
increase a maximum of 7.8-fold for IL-1α and 5.8-fold for
TNF-α. mRNA levels dropped slightly but were still above
controls after 2 weeks. 

Zhou et al.,
2017 

In vivo. Juvenile rats were irradiated with
4MV nominal photon energy and a single
dose of 6 Gy (2.3 Gy/min). At 6 or 24h, the
molecular and cellular changes in the EGL of
the cerebellum was studied.
Immunohistochemistry staining was used to
measure Iba1 (microglia marker) with
morphometry analysis performed on
microglia. Luminex assay measured
cytokines, chemokines and growth factors
for the inflammatory response. 

Microglia density increased by 2.3-fold after 6 h and 6.77-
fold 24 h post-irradiation. Most of the iba1-positive cells
had a bushy or amoeboid morphology, signifying an
activated state. 

At 6 h of irradiation, IL-1α and CCL-2 increased by 2-2.8-
fold. IL-1β decreased at 6 h then slightly increased at 24 h
post-irradiation. IL-6, IL-18, GRO/KC, VEGF, and GM-CSF all
increased significantly at 24 h compared to the control
group. 
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Dong et al.,
2015 

In vivo and in vitro. BV2 mouse microglial
cells and C57BL/6J mice brains were
irradiated with X-rays. Iba1 staining was
performed to determine cell morphology,
while anti-F4-80 antibodies were used to
determine microglial activation. TNF-α and
IL-1β levels were determined through RT-
PCR, ELISA (in vitro), and Western blot (in
vivo) from 3h to 6 weeks after irradiation. 

In vivo, the number of F4-80 positive cells/mm2 increased
from 9 to a maximum of 40 after 24h, decreased over 2
weeks, and returned to control levels at 4 and 6 weeks. IL-
1β expression increased to a maximum after 72h and was
significantly increased from 6h to 6 weeks. TNF-α
expression was a maximum after 3 and 6h, was at
controls from 24h to 1 week, and was increased again
from 2 to 6 weeks. IL-1β levels were high after 3h, lower
at 6h, increased to a maximum at 2 weeks, then
decreased at 4 and 6 weeks. TNF-α levels increased to a
maximum after 72h, then decreased until 4 weeks, where
they increased again after 6 weeks. 

In vitro. IL-1β levels reached a maximum at 3h, but then
decreased at 6h, before rising again at 12h. TNF-α levels
remained elevated up to 24h, although its peak was at
6h. 

 

Incidence Concordance 

Reference Experimental Description Result 

Parihar et
al., 2018 

In vivo. C57BL/6 J mice were irradiated with 4He particles at either
5 or 30 cGy (5 cGy/min). The level of CCL-3 was determined in the
brain, and microglial activation was determined by ED-1
immunohistochemistry in the perirhinal cortex. 

Microglial activation increased 3.5-
fold after 5 cGy and 3.8-fold after 30
cGy. CCL-3 increased 1.4-fold (non-
significant, ns) after 5 cGy and 2.2-
fold after 30 cGy. 

Zhou et al.,
2017 

In vivo. Juvenile rats were irradiated with 4 MV nominal photon
energy and a single dose of 6 Gy (2.3 Gy/min). At 6 or 24h, the
molecular and cellular changes in the EGL of the cerebellum was
studied. Immunohistochemistry staining was used to measure Iba1
(microglia marker) with morphometry analysis performed on
microglia. Luminex assay measured cytokines, chemokines and
growth factors for the inflammatory response. 

Microglia density increased by 2.3-
fold after 6 h and 6.77-fold 24 h
post-irradiation. Most of the iba1-
positive cells had a bushy or
amoeboid morphology, signifying an
activated state. 

At 6 h of irradiation, IL-1α and CCL-2
increased by 2-2.8-fold. IL-1β
decreased at 6 h then slightly
increased at 24 h post-irradiation.
IL-6, IL-18, GRO/KC, VEGF, and GM-
CSF all increased significantly at 24
h compared to the control group. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Drug Flavonoids Flavonoids can inhibit NF-κB, preventing transcription of pro-
inflammatory mediators in active glial cells. 

Wang et al.,
2020 

Drug 

Tamoxifen
(estrogen receptor 

modulator
commonly used in
breast cancer
treatment) 

Treatment with Tamoxifen decreased the radiation-induced
activation of glial cells. It also consistently decreased the amount of
TNF-α and IL-1β and blood-brain barrier permeability after irradiation
at various doses. 

Liu et al.,
2010 

Drug 
RA (modulates
inflammatory
effects in different
cell types) 

RA treatment completely inhibited the increase in pro-inflammatory
mediators after LPS-induced glial activation. 

van Neerven
et al., 2010 

Drug 
SP (JNK, c-jun N-
terminal kinase,
inhibitor) 

AP-1 DNA binding (glial activation) was reduced by SP treatment
after irradiation. TNF-α, Cox-2 and IL-1β were reduced by SP
treatment after irradiation or viral infection. 

Ramanan et
al., 2008  

Drug Q (NF-κB inhibitor) 
NF-κB DNA binding (glial activation) was reduced by Q treatment
after irradiation. IL-1β was also reduced by Q treatment after
irradiation. 

Ramanan et
al., 2008 

Drug NS-398 (Cox-2
inhibitor) 

Treatment with NS-398 reduced TNF-α, IL-1β, IL-6, ICAM-1 and MCP-
1 expression after irradiation. 

Kyrkanides et
al., 2002 

Age Increased age 
Aging tissue becomes more sensitive to immune signals and
increases inflammation. In the aging brain, microglia will produce
more pro-inflammatory mediators. 

Patterson,
2015 
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Drug NAC NAC treatment inhibited pro-inflammatory mediator production in
macrophages. 

Komatsu et
al., 2017 

Known Feedforward/Feedback loops influencing this KER

It is well-characterized that activated tissue-resident cells can increase expression of pro-inflammatory mediators
(Hladik & Tapio, 2016; Lumniczky, Szatmari & Safrany, 2017; Kaur et al., 2019). However, there exists a feedforward
loop for this key event relationship as pro-inflammatory mediators can also activate tissue-resident cells within the
brain and perpetuate the inflammatory response (Kim & Joh, 2006; Vezzani & Viviani, 2015). Thus, after stimulation
by cytokines, chemokines or inflammogens such as from damaged neurons, microglia and astrocytes activate
inflammatory signaling pathways, which result in increased expression and/or release of inflammatory mediators such
as cytokines, eicosanoids, and metalloproteinases (Dong & Benveniste, 2001; Bourgognon & Cavanagh, 2020).
Various studies have shown that overexpression of IL-1β in mouse models resulted in the appearance of inflammatory
markers including activated glial cells and increased pro-inflammatory cytokine and chemokine mRNAs (Hein et al.,
2010; Moore et al., 2009). Additionally, IL-6 plays a role in activating glial cells as mouse models with IL-6 knocked out
showed reduced astrocytic population, as well as a reduced ability in activating microglia (Klein et al., 1997).
Cytokines and chemokines can also increase the permeability of the blood-brain barrier, further increasing pro-
inflammatory mediator levels (Lumniczky, Szatmari & Safrany, 2017). 
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Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate
Not Otherwise
Specified Low

Juvenile Low
Sex Applicability

Sex Evidence

Male Moderate
Female Low
Mixed Moderate
Unspecific Low

Evidence for this relationship comes from rat and mouse models. There is in vivo evidence in both male and female
animals, with more evidence in males. Animal age is occasionally not indicated in studies, but most evidence is in
adult rodent models. 

Key Event Relationship Description

Inflammatory mediators such as IL-1β, TNF-α, and IL-6 can affect the normal behavior of neuronal cells through
alterations in: (a) the neuronal architecture and (b) synaptic activity. Overexpression of these pro-inflammatory
mediators can disrupt the integrity of neurons through increased necrosis and demyelination, decreased
neurogenesis, neural stem cell proliferation and synaptic complexity (Cekanaviciute et al., 2018; Fan & Pang, 2017).
Structurally, the neuron is comprised of the cell body, dendrites, axon, and axon terminals, all of which are critical in
the normal functioning of the central nervous system. Another important component of the neuron is its signaling
properties, which uses chemical neurotransmitters to transfer messages in the synaptic cleft (Cekanaviciute et al.,
2018; Hladik & Tapio, 2016). Disruption to these structures or signaling properties results in abnormal neural
remodeling.  

Under physiological conditions, cytokine levels are low, but these can increase in response to various insults.
Cytokines mediate immune response through ligand binding to cell surface receptors, which activate signaling
cascades such as the JAK-STAT or MAPK pathways to produce or recruit more cytokines. Once organs initiate
inflammatory reactions, the cytokines are capable of impairing neural function through direct effects on neurons or
by indirect mechanisms mediated by microglia, astrocytes or vascular endothelial cells (Mousa & Bakhiet, 2013;
Prieto & Cotman, 2018).  

Evidence Supporting this KER

Overall Weight of Evidence: Moderate

Biological Plausibility

Various studies provide support for the biological plausibility of the link between an increase in pro-inflammatory
mediators and abnormal neural remodeling. It is known that cytokines and their receptors are constitutively
expressed by neurons in the central nervous system, and even in normal or pathological states, these cytokines can
be produced by individual cells and act on neurons. At the tissue level, the collective action and distribution of the
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cytokines can influence the overall inflammatory response within the brain tissue, impacting its function (Kishimoto et
al., 1994).  One important factor in the pathogenesis of neurotoxicity is the overexpression of pro-inflammatory
mediators, or Th1-type, cytokines. These cytokines bind to their receptors to induce a conformational change, which
triggers the activation of intracellular signaling pathways that alter cell structure and function (Mousa and Bakhiet,
2013). Several sources have reported a change in physical and electrophysiological properties of neurons in either
whole-brain samples, specific brain regions such as the hippocampus or dentate gyrus, or neuronal cell cultures in
response to increased expression of cytokines (Jenrow et al., 2013; Fan and Pang, 2017; Wong et al., 2004). The main
cytokines presenting detrimental effects are IL-1β, TNF-α, and IL-6, which can cause alterations in neuronal
architecture such as morphological changes in dendrites and synapses (Tang et al., 2017; Cekanaviciute et al., 2018;
Shi et al., 2017). Many studies have also reported decreased proliferation and differentiation in progenitor cells,
inhibited neural stem cell differentiation and decreased neurogenesis following increases in cytokines (Zonis et al.,
2015; Wong et al., 2004; Tang et al., 2017). IL-6 can affect neurogenesis through various distinct mechanisms. One
mechanism is through the stimulation of hypothalamic-pituitary-adrenal axis, which then increases circulating
glucocorticoids. These steroids can then inhibit cell proliferation and neurogenesis in the dentate gyrus (Turnbull and
Rivier, 1999; Gould et al., 1992; Cameron and Gould, 1994). Decreased neurogenesis in the hippocampus is also well
documented as a result of pro-inflammatory mediators, and one possible mechanism for this detrimental effect is
through the interaction of IL-1β and orphan nuclear receptor, TLX. This receptor is required to maintain the neural
precursor cell pool in neurogenic brain regions, and it has been shown that IL-1β can reduce the expression of TLX and
consequently cell proliferation (Ryan et al., 2013). TNF-α affects neuronal fate by interacting with its receptor, TNFR1,
which is expressed on neural stem cells. It has been reported that TNFR1-mediated signaling pathway inhibits growth
therefore, a reduction in neuron production after TNF-α injection (Chen and Palmer, 2013). A clear mechanistic
relationship has not yet been established, although it is accepted that pro-inflammatory mediators can alter the
structure and function of neurons.

Empirical Evidence

The empirical evidence collected for this KER comes from both in vitro and in vivo studies. Abnormal neural
remodeling can be defined by changes to the physical, functional and/or electrophysiological properties of neurons.
Most of the evidence examines effects of inflammation induced by either dextran sodium sulfate (DSS) treatment,
seizure induction, heavy ion or X-ray irradiation at higher doses (>5 Gy) and varying dose-rates from 78.0 cGy/min to
3.2 Gy/min, or lipopolysaccharide injection on both in vivo and in vitro rodent models. Injections or treatments with
pro-inflammatory cytokines were also used. These studies provide evidence to support a causal association between
an increase in pro-inflammatory mediators and decreased neurogenesis, but also provide evidence of reduced
neuronal signaling, neural stem cell and progenitor cell proliferation, as well as a change in overall neuronal shape
(Zonis et al., 2015; Vallieres et al., 2002; Green et al., 2012; Wu et al., 2012; Chen and Palmer, 2013; Saraiva et al.,
2019; Zhang et al., 2017; Dong et al., 2015; Kalm et al., 2013; Wong et al., 2004; Jenrow et al., 2013; Liu et al,
2010).  

Time Concordance 

Multiple studies suggest time-concordant relationship between increases in pro-inflammatory mediators leading to
abnormal neural remodeling. The proliferation and survival of stem and progenitor cells, collectively known as neural
precursor cells, was decreased or inhibited in response to increase pro-inflammatory cytokines at 4 days, 7 days and
1-month post-treatment (Zonis et al., 2015; Wong et al., 2004, Green et al., 2012; Ryan et al., 2013; Vallieres et al.,
2002). Various studies also report a reduction in neurogenesis in the hippocampus and dentate gyrus 1-month post-
treatment that was well-correlated with increased IL-1β, TNF-α, and IL-6 levels (Zonis et al., 2015; Vallieres et al.,
2002; Wu et al., 2012; Chen and Palmer, 2013). In addition to a significant decrease in neurogenesis 1-month post-
treatment, a study found that sustained IL-1β expression caused a significant reduction in neurogenesis that persisted
for 3 months (Wu et al., 2012). Another study observed that X ray-induced increases in IL-1β and TNF-α at three and
six hours resulted in a time-dependent decrease in DCX+ cells, a marker for neurogenesis, which persisted for 2
weeks. This was seen after a single dose of 10 Gy (Dong et al., 2015). Thus, these studies provide evidence to support
time concordance of the relationship using both in vivo and in vitro models.  

Dose Concordance 

No available data. 

Incidence Concordance 

No available data. 

Essentiality 

Several treatments that directly alter pro-inflammatory mediators preserve neuronal integrity in the dentate gyrus
and positively modulate hippocampal neurogenesis. The treatments included MW-151, a selective inhibitor of pro-
inflammatory cytokine production and Kukoamine A, an alkaloid that inhibits neuronal oxidative stress and
hippocampal apoptosis (Jenrow et al., 2013; Zhang et al., 2017). Another treatment used was histamine, which has
been shown to ameliorate the loss of neuronal complexity and synaptic plasticity (Saraiva et al., 2019). Multiple
studies use cytokine receptor antagonists or knock-out key receptors to block the effects of IL-1β, TNF-α, and CCL2,
which have preserves neuron survival (Green et al., 2012; Ryan et al., 2013; Wu et al., 2012; Chen and Palmer,
2013). Another knockout model of complement component 3 (C3) have also been used to demonstrate
essentiality. C3 is a central molecule in the complement cascade, and its roles include microglia-mediated synapse
elimination. C3 knockout models have been shown to cause reduced pro-inflammatory cytokines, increased synaptic
number, reduced neuron loss and synaptic morphology impairment (Shi et al., 2017). 
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Uncertainties and Inconsistencies

Various in vitro studies have reported a stimulation of neural precursor cell proliferation and differentiation or
increased neurogenesis by different cytokines such as IL-6 and IFN-γ (Islam et al., 2009; Wong et al., 2004).
Another study found increased proliferation within the hippocampus after repeated IL-6 and IL-1β infusion
(Seguin et al., 2009). Although a clear mechanism has not yet been elucidated, it is thought that these cytokines
have contradictory effects from the differential activation of various signaling cascades (Borsini et al., 2015). For
example, hyper-IL-6, a fusion of IL-6 and IL-6 receptor, was found to increase neurogenesis through the
activation of MAPK/CREB (mitogen-activated protein kinase/cAMP response element binding protein) cascade
(Islam et al., 2009). 
It has also been reported that TNF-α exhibits neuroprotective effects as their transmembrane receptors can
influence different signaling pathways (Figiel, 2008; Masli & Turpie, 2009)

Kalm et al. (2013) found a higher inflammatory response in lipopolysaccharide (LPS) treated females compared
with males after irradiation. Specifically, increased levels of pro-inflammatory cytokines IL-1β, IL-12, and IL-17, as
well as pro-inflammatory chemokines CCL4, CCL3 and CCL2 were detected relative to vehicle-treated animals
and LPS-treated males. This was associated with a 32% decrease in DCX+ cells, a marker for neurogenesis, in
females. However, in LPS-treated males, a 64% reduction in DCX+ cells compared to vehicle-treated males
following irradiation was reported (Kalm et al., 2013). Further research is required to elucidate the exact effects
of increased pro-inflammatory mediators on neural integrity between males and females. 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events as
presented in the paper. It was difficult to identify a general trend across all the studies due to differences in
experimental design and reporting of the data. All data is statistically significant unless otherwise stated. 

Time Concordance 

Reference Experiment Description Results 

Zonis et al.,
2015 

In vitro. Adult female C57Bl/6 mice were
treated with 3% wt/vol dextran sodium sulfate
(DSS) using a multiple-cycle administration for
up to 26 days. ELISA and qRT-PCR were used
to measure cytokine levels in neural precursor
cells and neural progenitor cell cultures.
Western blot and immunostaining were used to
measure Ki67 (neuronal cell proliferation
marker), DCX (marker for neurogenesis), BLBP
(marker for stem/early progenitor cells) and
nestin (neural stem cell marker and involved in
radial growth of axons). p21 (regulator of cell
cycle progression at G1 and S phase) was also
measured using these methods. 

Neural precursor cells (NPCs) treated with 50 ng/mL of
IL-6 led to a decline in the % of   neuroblasts, with
declines from 41% ± 6.4% in untreated cells to 22.39% 
± 5.2% in IL-6-treated cells). Thus, decreasing
neurogenesis was observed in in NPCs after DSS
treatment. Chronic intestinal inflammation (29 days
post-treatment) reduced hippocampal neurogenesis. 
Evidence has highlighted that IL-1β and TNF-α mRNA
levels were increased more than 2-fold, as well as a
fourfold increase in p21 mRNA levels, which were
accompanied by an approximate 2-fold down-regulation
of progenitor cell proliferation and neurogenesis.
Protein levels of IL-1β and TNF-α were not assessed.  

Jenrow et
al., 2013 

In vivo. Adult male Fischer 344 rats were
exposed to 10 Gy of whole-brain irradiation
(WBI) using a 137Cs irradiator at a dose rate of
3.2 Gy/min. Rats also underwent mitigating
therapy with MW01-2-151SRM (MW-151), a
selective inhibitor of β amyloid-induced glial
pro-inflammatory cytokine production that was
initiated 24 h post-WBI and was continued for
28 days post-WBI by daily injection.
Immunofluorescence assays for cell
proliferation and neurogenesis were performed
at 2 months and for neuroinflammation at 2
and 9 months post-WBI. 

MW-151 mitigated radiation-induced
neuroinflammation, measured by OX-6+ cell densities,
an indicator of pro-inflammatory level of activation, at
2- and 9-months post-irradiation. The 10 Gy group had
mean OX-6+ cell densities of 1,966 (±218) and 1,493
(±270) cells/mm3, respectively. In the 10 Gy MW-151
group, the mean OX-6+ cell densities were significantly
reduced  to 849 (±350) and 437 (±119) cells/mm3,
respectively. In addition, 2 months post-irradiation, the
mean DCX+ cell density, a marker for neurogenesis,
was 1,375 (±535) cells/mm3 in the 10 Gy group, but
was significantly increased  to 4,702 (±622) cells/mm3
after MW-151 therapy.  

Vallieres et
al., 2002 

In vitro. Seizure was induced in transgenic
mice expressing IL-6 under control of the glial
fibrillary acidic protein (GFAP) promoter.
Bromodeoxyuridine (BrdU) assay and
immunofluorescence was used to detect
proliferating neural progenitor cells and fluoro-
jade staining was used to detect degenerating
neurons. 

IL-6 compromised proliferation, survival, and
differentiation of hippocampal progenitor cells when
expressed over the long term (31 days) in young adult
transgenic mice expressing the IL-6 transgene, causing
a 63% decrease in the production rate of new neurons.
The BrdU assay revealed a 27% reduction in progenitor
cell proliferation, 53% reduction in progenitor cell
survival in the dorsal hippocampus. 
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Wong et al.,
2004 

In vitro. Neural stem cell lines derived from
adult C57BL/6 mice were allowed to proliferate
and differentiate for 1 h to 3 days in the
presence of IFN-γ and TNF-α. Proliferation and
cytotoxicity assays were used to assess neural
stem cell survival and their ability to
differentiate and proliferate. 

IFN-γ (100 U/mL) and TNF-α (10 ng/mL) inhibited neural
stem cell proliferation. The reduction was first
significant at 4 days when control cells began to
proliferate rapidly, and until day 6, control cells
continued to proliferate while IFN-γ and TNF-α inhibited
proliferation. 

Green et
al., 2012 

In vitro. Rat hippocampal NPC cultures were
treated with IL-1β (10 ng/mL) in the presence
or absence of IL-1 receptor antagonist (IL-1RA),
which prevents the interaction of IL-1β with IL-
1R1. Cell proliferation analysis was performed,
and RT-PCR and immunoblotting were used to
measure DCX and cytokines. MTT assay was
used to assess cell viability.  

Treatment with 10 ng/mL of IL-1β significantly
decreased neurosphere circumference in a time-
dependent manner. Compared to untreated cultures, a
difference was seen at day 4, which continued until day
7. Neural integrity was assessed by examining the
neural cell viability and proliferation IL-1β treatment for
24 hours after 4 days in vitro significantly decreased
cell proliferation. IL-1β treatment for 7 days in vitro
caused a significant decrease in cell viability compared
to untreated cultures. 

Wu et al.,
2012 

In vitro. Wild-type and IL-1βXAT C57BL/6 mice
were exposed to Cre recombinase to induce IL-
1β overexpression. Immunohistochemistry was
used to measure IL-1β and DCX, a marker for
migrating neuroblasts and neurogenesis.   

There was a significant effect of sustained IL-
1β overexpression on adult neurogenesis one month
after injection. A 94% decrease in migrating neuroblasts
and neurogenesis was found, mirroring the pattern of
neuroinflammation. 3 months post-injection, there was
also an 87% reduction in neurogenesis. 

Chen and
Palmer,
2013 

In vitro. Microglial cultures isolated from
neonatal pups of C57BL/6 mice were treated
with 1 μg/mL LPS, then incubated in neural
stem cell (NSC) differentiation medium. The
conditioned medium was then collected and
applied to NSCs. Immunohistochemistry was
used to measure cytokine levels and DCX, a
marker for neurogenesis.  

After 72 h, neurogenesis significantly reduced in the
differentiation culture after TNF-α injection of 20 ng/mL.
One month after injection, proliferation and survival of
endogenous neural stem cells decreased, as well as a
reduction in neurogenesis. 

Saraiva et
al., 2019 

In vitro. C57BL/6J male mice were injected with
1 or 2 mg/kg LPS. Histamine was also injected
in the hippocampal dentate gyrus. The BrdU
assay was used to quantify proliferating cells,
while immunohistochemical analysis and
western blot was used to measure IL-1β and
DCX.  

In mice exposed to LPS, histamine significantly
increased the total amount of proliferative cells. Mice
exposed to 1 mg/kg of LPS had 98.8 ± 4.7 BrdU+ cells, a
marker for proliferating cells, whereas 1 mg/kg of LPS + 
His had 197.6 ± 28.2 BrdU+ cells. 2 mg/kg of LPS
yielded 96.7 ± 9.7 BrdU+ cells and 2 mg/kg of LPS + 
Histamine had 154.1 ± 23.8 BrdU+ cells. Histamine was
also able to revert the LPS-induced loss of neuronal
volume from 238.6 ± 19.7 (1 mg/kg LPS) to 331.1 ± 33.4
(1 mg/kg LPS + His) µm3. And 248.7 ± 18.8 (2 mg/kg
LPS) to 334.3 ± 24.8 (2 mg/kg LPS + His) µm3.
Postsynaptic density protein 95 (PSD-95) levels were
also elevated due to histamine treatment (2 mg/kg LPS,
55.8 ± 9.9; 2 mg/kg LPS + His, 110.1 ± 12.9). 

Ryan et al.,
2013 

In vitro. Adult Sprague Dawley rat dentate
gyrus NPC cultures were prepared and treated
with IL-1β (100 ng/mL) for 7 days.
Immunohistochemistry was used to detect
NPCs, proliferating cells and newly born cells. 

24 h after IL-1β treatment (100 ng/mL), there was no
difference in proliferating neural cells relative to
untreated cells. However, at 7 days post-treatment,
there was a significant reduction in proliferating neural
cells. There was also a decrease in neurogenesis. 

Dong et al.,
2015 

In vitro. The mouse microglial cell line, BV-2,
were irradiated with a single 16 Gy dose  of X-
rays, then assessed at various time points up
to 6 weeks. ELISA was used to measure levels
of IL-1β and TNFα, whereas
immunohistochemical staining was used to
detect DCX+ cells. 

DCX+ cells, a marker of neurogenesis, were
significantly reduced at 6 h until 2 weeks post-
irradiation, which was accompanied by increased levels
of IL-1β and TNF-α. TNF-α levels peaked at 3 h post-
irradiation, decreased at 6 h, then increased in a time-
dependent manner until 2 weeks. IL-1β levels increased
in a time-dependent manner until peaking at 72 h, then
spiked again at 6 weeks. 

Known modulating factors
Modulating
Factor Details Effects on the KER References 

Drug Therapy 

MW01-2-151SRM (MW-151) –
water soluble, nontoxic,
bioavailable compound that
mitigates pro-inflammatory
cytokine production, glial
activation and inflammation in rat
hippocampus. 

MW-151 reduced the neuroinflammation caused
by 10 Gy of heavy ion exposure, thus preserving
the integrity of neurogenic signaling in the
dentate gyrus. 

Jenrow et al.,
2013 
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 Genetic
Manipulation 

IL-1 receptor antagonist to prevent
the interaction between IL-1β with
IL-1R1.  

After 7 days in vitro, IL-1β significantly decreased
the percentage of DCX-positive neurons, but pre-
treatment and subsequent co-treatment with IL-
1RA abolished this anti-neurogenic effect of IL-
1β. 

Green et al.,
2012 

Neuromodulator 
Histamine – an endogenous amine
that can regulate both brain
inflammation and neurogenesis. 

Histamine treatment significantly increased the
total number cells, positively modulates
hippocampal neurogenesis, ameliorates the loss
of neuronal complexity of hippocampal
neuroblasts and reverts synaptic plasticity loss
caused by LPS. 

Saraiva et
al., 2019 

Drug 
Tamoxifen – synthetic, non-
steroidal estrogen receptor
modulator with anti-inflammatory
and neuroprotective properties. 

Tamoxifen decreased the production of
inflammatory cytokines released from irradiated
microglia, attenuating glial activation and
decreasing neuronal apoptosis.  

Liu et al.,
2010 

Drug 

Kukoamine A (KuA) – alkaloid
extracted from traditional Chinese
herb cortex lycii radicis that has
been previously reported to have
antioxidant properties.  

KuA inhibited radiation-induced increases in pro-
inflammatory cytokines, alleviated the activation
of hippocampal microglia and ameliorated the
suppression of hippocampal neurogenesis. 

Zhang et al.,
2017 

Genetics 

Polymorphism that increases the
expression of APOE4  increases
the risk of developing Alzheimer’s
diseases, which generally consists
of a decline in memory, thinking
and language. 

In homozygous human APOE4 knock-in mice, a
dramatic increase in pro-inflammatory cytokines
TNF-α, IL-1β and IL-6 was seen after LPS injection
compared to the APOE2 and APOE3 alleles,
suggesting that APOE4 is implicated in a greater
inflammatory response.  

Hunsberger
et al., 2019;
Zhu et al.,
2012 

Known Feedforward/Feedback loops influencing this KER

NA
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memory

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate
Not Otherwise
Specified Low

Juvenile Low
Sex Applicability

Sex Evidence

Male Moderate
Female Low

Evidence for this relationship comes from rat and mouse models. There is in vivo evidence in both male and female
animals, with more evidence in males. Animal age is occasionally not indicated in studies, but most evidence is in
adult rodent models. 

Key Event Relationship Description

Neural stem cells (NSCs) come from different sources, such as the subgranular zone (SGZ) located in the dentate
gyrus (DG) of the hippocampal formation, and the subventricular zone (SVZ) region of the brain. NSCs give rise to
mature neurons that are then able to receive signals from other neurons (Bálentová & Adamkov, 2020; Hladik & Tapio,
2016; Monje & Palmer, 2003; Romanella et al., 2020; Tomé et al., 2015). Changes in neuronal architecture can lead to
altered synaptic activity, necrosis, demyelination, neurogenesis, neurodegeneration, and dendrite morphology, all of
which encompass abnormal neural remodeling (Hladik & Tapio, 2016; Monje & Palmer, 2003; Tomé et al., 2015).
These alterations can then cause cognitive deficits in the form of impaired learning and memory (Barker & Warburton,
2011; Hladik & Tapio, 2016; Monje & Palmer, 2003; Tomé et al., 2015). Impaired learning consists reduced ability to
create new associative or non-associative relationships, whereas impaired memory consists of decreased ability to
establish sensory, short-term or long-term memories (Desai et al., 2022; Kiffer et al., 2019). Multiple brain areas are
involved these processes, such as the hippocampal region, amygdala, prefrontal cortex, basal ganglia, and other
areas of the neocortex (Cucinotta et al., 2014; Desai et al., 2022; NCRP Commentary, 2016). 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate

Biological Plausibility

Several reviews provide support for the biological plausibility of the link between abnormal neural remodeling and
impaired learning and memory. It is generally accepted that abnormal neural remodeling can disrupt learning and
memory through changes to neurogenesis, neurodegeneration, neuronal excitability and synaptic plasticity,
demyelination and dendritic spine density (Hladik & Tapio, 2016; Bálentová & Adamkov, 2020; Tomé et al., 2015;
Monje & Palmer, 2003; Romanella et al., 2020). 

Neurogenesis in the DG creates new neurons in the hippocampus that can make connections to Cornu Ammonis (CA)
neurons involved in learning and memory (Monje & Palmer, 2003; Tomé et al., 2015). Accordingly, learning and
memory can be impaired through reduced neurogenesis in the neurogenic SGZ of the DG (Bálentová & Adamkov,
2020; Monje & Palmer, 2003). Many studies also associate decreased neurogenesis to impaired hippocampal-
dependent cognitive function, indicating that it is a common mechanism for the relationship (Tomé et al., 2015).
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Similarly, apoptosis and neurodegeneration impair cognitive function (Bálentová & Adamkov, 2020; Hladik & Tapio,
2016). In the hippocampus, the degree of atrophy corresponds to the degree of impaired learning and memory (Tomé
et al., 2015).  

Synaptic strength and neuronal excitability are important components of learning and memory. Decreased
hippocampal excitability and disrupted long-term potentiation (LTP), a form of long-term synaptic plasticity, are
associated with reduced learning and memory (Romanella et al., 2020). Changes in the expression of synaptic
receptors and other synaptic proteins may also result in impaired learning and memory (Hladik & Tapio, 2016). 

Demyelination correlates with decreased long-term memory formation (Tomé et al., 2015) and along with white
matter necrosis, these lead to impaired learning and memory (Bálentová & Adamkov, 2020). Although demyelination
is a factor in learning and memory, sub-threshold demyelination may still cause impaired learning and memory
(Monje & Palmer, 2003). 

Reduced dendritic complexity and spine density are also associated with impaired learning and memory (Bálentová &
Adamkov, 2020; Hladik & Tapio, 2016; Romanella et al., 2020). The complexity of signal processing in the
hippocampus can be reduced by a loss in dendritic spines, which results in impaired learning and memory (Romanella
et al., 2020). In addition, various studies show reduced dendritic branching, length and area in hippocampal neurons
associated with learning and memory (Hladik & Tapio, 2016). 

Empirical Evidence

The empirical evidence surrounding this KER stems from research using in vivo models. When compared to the
control, irradiated subjects demonstrated significant changes in neuronal integrity and cognitive deficits (Achanta,
Fuss & Martinez, 2009; Acharya et al., 2019; Akiyama et al., 2001; Hodges et al., 1998; Howe et al., 2019; Krukowski
et al., 2018; Madsen et al., 2003; Miry et al., 2021; Parihar et al., 2015, 2016; Raber et al., 2004; Rola et al., 2004;
Simmons et al., 2019; Sorokina et al., 2021; Whoolery et al., 2017; Winocur et al., 2006). 

Dose Concordance 

There is strong evidence suggesting dose-concordance between abnormal neural remodeling and impaired learning
and memory. Dose-dependent changes in dendritic complexity are correlated with behavioral deficits at doses from
0.05 to 30 Gy (Bálentová & Adamkov, 2020; Howe et al., 2019; Parihar et al., 2015, 2016; Simmons et al., 2019;
Whoolery et al., 2017). Mice exposed to 0.05 and 0.3 Gy of 48Ti showed dose-dependent decreases in total dendritic
length and number of dendritic branch points. When subjected to cognitive testing, mice exposed to 0.3 Gy
demonstrated greater impairment in the novel object recognition (NOR) and object in place (OiP) tests compared to
0.05 Gy exposed mice (Parihar et al., 2016). These results for OiP were correlated positively to the number of
dendritic spines and negatively to the number of postsynaptic density protein 95, also a marker for abnormal neural
remodeling. Similarly, another study identified a correlation between the total number of dendritic spines and the
performance of mice in the OiP task (Parihar et al., 2015). This study also demonstrated dose-dependent decreases in
the total number of spines, total dendritic length, number of branch points, number of dendritic branches, and DI in
both the NOR and OiP tasks when exposed to 0.05 and 0.3 Gy of 16O and 48Ti. 

Changes in the levels of neurogenesis also exhibit dose-concordance with cognitive deficits. Whoolery et al. (2017)
identified a 0.8- and 0.4-fold decrease in the number of Ki-67+ cells in male mice exposed to 0.2 and 1 Gy of 28Si
particles, respectively. The mice also demonstrated a decrease in percentage freezing by 0.4-fold in contextual FC,
indicative of impaired learning and memory, when exposed to 0.2 Gy, although no significant changes in learning and
memory were seen at 1 Gy. Another study identified dose-dependent decreases in the numbers of Ki67+ and BrdU+
cells in three age groups (postnatal day (PD) 21, PD 50, and PD 70) in rats exposed to 0.3, 3, and 10 Gy of ionizing
radiation (Achanta, Fuss & Martinez, 2009). In PD 21 rats, dose-dependent decreases in freezing response were
observed at doses of 0.3 and 10 Gy during the trace fear conditioning/testing. These results show that higher doses of
irradiation lead to greater alterations in neuronal integrity, correlated with greater cognitive impairments. Many other
studies showed decreased neurogenesis or increased neurodegeneration and impaired learning and memory at doses
from 0.3 to 25 Gy, with stressors like X-rays, gamma rays, carbon ions and iron ions (Achanta, Fuss & Martinez, 2009;
Akiyama et al., 2001; Hodges et al., 1998; Madsen et al., 2003; Miry et al., 2021; Raber et al., 2004; Rola et al., 2004;
Sorokina et al., 2021; Winocur et al., 2006). 

Neuron excitation has also been measured to assess neuron integrity. After 0.18 Gy of 252Cf neutron, with an activity
of 1.6 GBq, excitatory signaling in CA1 neurons of mice was reduced and both NOR and OiP showed decreased
learning and memory (Acharya et al., 2019). 

Synaptic composition in hippocampal neurons was assessed as well to determine neuron integrity. GluR1, involved in
hippocampal-dependent working memory, and recognition memory were both reduced after 0.5 Gy of simulated
galactic cosmic radiation (GCR) (Krukowski et al., 2018). 

Time Concordance 

Evidence supporting time concordance between abnormal neural remodeling and impaired learning and memory
come from several studies. Whoolery et al. (2017) found that the number of Ki-67+ cells decreased 24 hours after 0.2
Gy of 28Si radiation of mice, while contextual FC 3 months after radiation showed impaired memory. Similarly, after
10 Gy X-rays, cell proliferation and the number of immature neurons decreased by 95% in mice after 3 months, and a
Barnes maze showed impaired hippocampal-dependent spatial learning and memory measured after proliferation at
3 months as well (Raber et al., 2004). After mice were irradiated with 16O and 48Ti particles at 0.05 and 0.30 Gy,
dendritic complexity and spine density were reduced and synaptic spine puncta were increased 15 weeks post-
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irradiation while learning and memory was impaired 15 and 24 weeks post-irradiation (Parihar et al., 2016).
Neurogenesis was reduced immediately after 3 Gy 300 kVp X-ray radiation in rats and remained low 2 and 6 weeks
later, and memory was impaired 1, 3 and non-significantly at 7 weeks post-irradiation (Madsen et al., 2003). Rats
irradiated with gamma rays showed decreased neurogenesis and impaired performance during FC both 4 weeks post-
irradiation (Winocur et al., 2006). In a longer-term study, neurogenesis was impaired 1 and 3 months after 5 Gy X-ray
radiation in mice, while the Morris Water Maze (MWM) demonstrated impaired learning and memory also at 3 months
(Rola et al., 2004). This trend continued after 9 months where both learning and memory through NOR testing and
abnormal neural remodeling through mushroom and thin spine density were reduced after mice were irradiated with
0.05 Gy 16O particles (Howe et al., 2019). Hodges et al. (1998) showed abnormal neural remodeling at 41 weeks after
250 kVp X-ray irradiation and impaired learning and memory from 35 to 44 weeks post-irradiation.

Incidence Concordance 

No available data.  

Essentiality 

No identified studies applied countermeasures to support the causal relationship between abnormal neural
remodeling and impaired learning and memory.

Uncertainties and Inconsistencies

One study observed cognitive deficits in the one- and two-way avoidance, press-lever avoidance, and water
maze tests, but through pathological examination, no abnormalities were seen in the brains (white matter and
axons were normal with no inflammation or glial response) (Lamproglou et al., 1995). This is indicative of
impaired cognition without any changes in neuron integrity.  

At 25 Gy of X-irradiation, Hodges et al. (1998) observed both abnormal neural remodeling and impaired learning
and memory. However, at 20 Gy in the same study, abnormal neural remodeling was not observed.

Whoolery et al. (2017) found that abnormal neural remodeling was high at 1 Gy and low and 0.2 Gy but found
impaired learning and memory at 0.2 Gy and not at 1 Gy.  

Miry et al. (2021) found that 1 Gy of 56Fe particles led to increased learning and memory 20 months after
exposure, although this is part of the compensatory or repair mechanisms following early suppressive changes.  

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance 

Reference Experiment Design Summary 

Acharya et
al., 2019 

In vivo. Mice were irradiated with neutrons
from a 252Cf source over 180 days at 1
mGy/day. Electrophysiological
measurements were taken from CA1
pyramidal neurons to assess neuron
integrity. NOR, OiP and FE were used to
assess learning and memory. 

Spontaneous excitatory postsynaptic current (sEPSC)
frequency decreased with a mean difference of
approximately –0.81 Hz. Field excitatory postsynaptic
potential (fEPSP) slopes also decreased in the dorsal
hippocampus and cortical layer. 

Avoidance behavior was increased by 20 sec, time spent
interacting was decreased by 10 sec, and the discrimination
index in both NOR and object in place OiP were decreased
by 19.  

Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice
were irradiated with charged particles
(16O and 48Ti) at 600 MeV/amu (0.05 to
0.25 Gy/min). In the medial prefrontal
cortex, neuron integrity was measured
through spine density, dendritic
complexity and postsynaptic density
protein 95 synaptic puncta, while NOR,
OiP, TO and FE tests were done to assess
learning and memory. Wistar rats were
used in an attentional set-shifting (ATSET)
test. 

Dendritic complexity and spine density were both
decreased about 0.7-fold, while synaptic puncta were
increased about 1.5-fold after both types of radiation at
0.05 and 0.3 Gy. Impairment in cognitive ability was
observed at both 0.05 and 0.3 Gy. The impairment was
typically greater in 48Ti than 16O. The correlation between
the OiP DI and number of synaptic puncta was significant at
0.05 Gy 48Ti and 0.3 Gy 48Ti and 16O. The correlation
between the OiP DI and number of dendritic spines was
significant at 0.05 Gy 48Ti and 16O and 0.3 Gy 48Ti. 
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Parihar et
al., 2015 

In vivo. Thy1- EGFP transgenic mice were
irradiated with 600 MeV/amu 16O and 48Ti
particles (0.5-1 Gy/min). In the medial
prefrontal cortex, neuron integrity was
measured through spine density, dendritic
complexity and postsynaptic density
protein 95 synaptic puncta, while learning
and memory was assessed with NOR and
OiP. 

Dendritic complexity was decreased 0.6-fold, spine density
decreased 0.5-fold and synaptic puncta increased 1.4-fold
for both radiation types at 0.05 and 0.3 Gy. The DI for NOR
and OiP was reduced dose- and particle size-dependently,
decreasing from a control DI of 30-40 to DI < 0 after 0.3 Gy
of 48Ti. The correlation between OiP DI and number of
dendritic spines was significant with 0.3 Gy 48Ti.   

Krukowski
et al., 2018 

In vivo. Male and female C57Bl/6J mice
were irradiated with GCR (60% 252 MeV/n
protons, 20% 249.3 MeV/n helium and
20% 594.4 MeV/n oxygen) at various
doses. Neuronal integrity was measured
through synaptic composition and number
of synaptosomes. Memory was assessed
through NOR. 

No changes were observed in female mice. Male mice
showed a 0.9-fold decrease in the number of synaptosomes
after 0.5 Gy. GluR1 (associated with hippocampal-
dependent 

working memory) levels were decreased 0.8-fold. No
changes in synapsin 1 and postsynaptic density protein 95
were observed. Recognition memory was reduced after 0.15
and 0.5 Gy irradiation in male mice, as irradiated mice did
not spend significantly more time with the novel object. 

Raber et
al., 2004 

In vivo. Male C57BL/6J mice were
irradiated with 10 Gy of X-rays. Ki-67
positive (proliferating) and DCx positive
(immature) cells were measured to assess
neuron integrity. NOR, MWM and Barnes
maze were used to assess learning and
memory. 

Before cognitive testing, the number of Ki-67 and DCx
positive cells each decreased by 95% after irradiation. In
the Barnes maze, irradiated mice took a longer path to
reach the escape tunnel and also made more errors than
control mice. Irradiated mice showed no impairment during
NOR and the MWM. 

Madsen et
al., 2003 

In vivo. Adult male Wistar rats were
irradiated with 3 Gy of 300 kVp X-rays
(4.58 Gy/min). Neuron integrity was
assessed using BrdU (thymidine analog)
staining to show neurogenesis in the DG.
Learning and memory was assessed using
NOR, novel location recognition (NLR) and
a water maze. 

At a dose of 3 Gy, BrdU-positive cells decreased from
approximately 1750 to values too small to be observed
when injected during the second block of irradiation. The
place recognition test showed reduced time spent in the
novel location to almost 50% in irradiated rats. NOR and the
water maze did not show any changes in cognitive
function.  

Akiyama et
al., 2001 

In vivo. Male Fischer 344 rats were
irradiated with 25 Gy of 10 MeV X-rays.
Bodian and neurofilament (NF) staining
were used to identify axons in the corpus
callosum. MWM and a passive avoidance
test were used to assess learning and
memory. 

Rats irradiated with 25 Gy had fewer axons and took longer
in each trial to reach the platform in the MWM, although not
significantly. When the platform was removed, irradiated
rats crossed the area where the platform was 0.6-fold fewer
times than control rats. During passive avoidance, the
retention time after a shock was also decreased 0.6-fold in
irradiated rats.  

Hodges et
al., 1998 

In vivo. Male Sprague–Dawley rats were
irradiated with 250 kVp X-rays at 1.4
Gy/min. Histological analysis was
performed to measure damage and
necrosis in the fimbria-fornix, hippocampus
and corpus callosum. Learning and
memory were measured through a T-maze
and water maze. 

At 20 Gy, there was no histological evidence of abnormal
neural remodeling, while learning and memory were
impaired. At 25 Gy, various necrotic areas were observed in
the brain, while learning and memory were impaired. For
example, irradiated rats at both 20 and 25 Gy showed 2-fold
more errors in the T-maze. 

Rola et al.,
2004 

In vivo. Male C57BL/6J mice were
irradiated with X-rays at 1.75 Gy/min). Ki-
67 positive (proliferating) and DCx positive
(immature) cells were measured along
with BrdU staining to assess neuron
integrity in the subgranular zone. NOR,
NLR, MWM, Barnes maze and passive
avoidance learning were used to assess
learning and memory. 

The number of Ki-67-positive and DCx-positive cells
decreased linearly at 0, 2 and 5 Gy, then leveled off at 10
Gy, reaching reductions of 0.1-fold for Ki-67 and 0.3-fold for
DCx. The number of BrdU-positive cells decreased by 70%
after 5 Gy. Also, after 5 Gy in the MWM, irradiated mice
spent 30% less time in the target quadrant compared to
control mice, indicative of reduced memory retention. No
changes were observed in NOR, NLR, Barnes maze and
passive avoidance tests. 

Whoolery et
al., 2017 

In vivo. Nestin-GFP male and female mice
(C57BL/6J background) were irradiated
with 300 MeV/n 28Si particles (linear
energy transfer = 67 keV/µm) at 1 Gy/min.
Stereological immunopositive cell counts
were determined for BrdU, Ki-67 and DCx
in the DG granule cell layer. FC was used
to assess learning and memory. 

Ki-67-positive cells decreased 0.8-fold at 0.2 Gy and 0.4-fold
at 1 Gy, which occurred in both males and females. BrdU-
positive cells decreased by 0.8- and 0.7-fold at 1 Gy in
males and females, respectively. DCx-positive cells
decreased by 0.5-fold at 1 Gy in both sex groups. Small and
nonsignificant decreases in BrdU- and DCx-positive cells
occurred at 0.2 Gy. Mice exhibited a decrease in percentage
freezing of 0.4-fold at 0.2 Gy in contextual FC. No changes
in learning and memory were observed at 1 Gy. 
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Howe et al.,
2019 

In vivo. C57BL/6 mice were irradiated with
heavy ions 16O (600 MeV/n) at 0.05 Gy.
NOR was used to assess non-spatial
declarative memory. Y-maze assessed
short-term spatial memory of mice. Sholl
analysis was performed to quantify the
neurons in the hippocampus. The
morphology and density of dendritic spines
from the DG and dorsal CA1 and CA3
pyramidal neurons. Behavior was
evaluated 9 months after irradiation. 

Overall dendritic complexity in the DG decreased 0.59-fold,
while overall dendrite density in the DG decreased 0.94-
fold. 

Irradiated animals exhibited a 0.11-fold change in the
discrimination ratio in NOR, as the irradiated group was
unable to discriminate between the familiar and novel
object, indicating cognitive impairment. 

Irradiated mice spent more time exploring the novel object
than the familiar object in the Y-maze, indicating no
impairment on short-term spatial memory.  

Achanta,
Fuss &
Martinez,
2009 

In vivo. Male Sprague Dawley rats were
irradiated with 0.3, 3 or 10 Gy of X-rays.
BrdU staining was used to assess neuronal
proliferation. Changes in cognitive
behavior was evaluated by FC/testing. Fear
testing was performed at 90 days post-
irradiation. 

At 3-months post-irradiation, total number of Ki67+ cells
(proliferative marker for cells) decreased by 0.8-, 0.7-, and
0.3-fold in the PD 21 group; 0.8-, 0.7-, and 0.3-fold in the PD
50 group; and 0.9-, 0.083-, and 0.3-fold in the PD 70 group,
at 0.3, 3, and 10 Gy, respectively.  

Total number of BrdU+ cells decreased by 0.7-, 0.4-, and
0.1-fold in the PD 21 group; 0.6-, 0.48-, and 0.03-fold in the
PD 50 group; and 0.9-, 0.6-, and 0.04-fold in the PD 70
group, at 0.3, 3, and 10 Gy, respectively. 

% mean freezing in the PD 21 group in response to a
conditioned stimulus (CS) decreased by 0.7- and 0.6-fold in
the trace fear conditioning after 3 Gy and 10 Gy,
respectively, and 0.7- and 0.6-fold with an intertrial interval
(ITI) after 3 Gy and 10 Gy, respectively.  

% mean freezing in the PD 50 group in response to a CS
decreased by 0.6-fold in trace fear conditioning after 10 Gy,
and 0.6-fold with an ITI after both 0.3 and 10 Gy.  

% mean freezing in the PD 70 group in response to a CS
decreased by 0.6-fold in trace fear conditioning and 0.6-fold
with an ITI after 10 Gy. 

Winocur et
al., 2006 

In vivo. Long-Evans rats were irradiated
with 7.5 or 10 Gy of 60Co gamma rays.
BrdU staining was used to label the DNA of
proliferating cells. DCX as an immature
neuron marker and NeuN for mature
neuron staining were used. Cognitive
impairment was identified by contextual
FC in the studied rats 4 weeks after
irradiation. 

Numbers of BrdU+ cells decreased by 0.2- and 0.2-fold after
10 and 7.5 Gy, respectively. Total number of DCX+ cells
decreased by 0.03- and 0.10-fold, for 10 and 7.5 Gy,
respectively. 

Times spent freezing in the irradiated context-only group
were decreased by 0.1- and 0.4-fold at the short and long
delays, respectively.  

Simmons et
al., 2019 

In vivo. C57BL/6J mice were irradiated with
30 Gy electrons (16 and 20 MeV). Spatial
and non-spatial object recognition was
studied by object location and NOR 10
weeks after irradiation. Spine density was
measured by Golgi-stained hippocampal
neuron tracing using Neurolucida neuron
tracing software and Neurolucida Explorer
software (MBF Bioscience). 

Apical dendritic spine density decreased 0.8-fold in 30 Gy
conventional irradiated (given over 240 s) mice. The
discrimination index for NOR decreased from 23% to 8%
after 30 Gy given conventionally. The discrimination index
for NOL decreased from 12% to -8% after 30 Gy given
conventionally. Conventionally irradiated mice spent
significantly less time with the object in a new location,
indicating impairment to hippocampus learning and
memory. Irradiated mice spent less time exploring a novel
object than control mice. No significant changes were
observed when the 30 Gy was given over 0.1-0.16 s. 

Sorokina et
al., 2021 

In vivo. Male mice were irradiated with
accelerated carbon ions at 0.7 Gy (450
MeV/n). Spatial learning, short-term and
long-term hippocampus-dependent
memory were studied using Barnes Maze
and NOR 2 months after irradiation. Nissl
staining was performed 1 month after
cognitive evaluations to quantify neuronal
cells. 

Neuronal quantification revealed a decrease in the number
of cells in irradiated mice by 0.9-fold in the DG. The length
of the CA3c field of the dorsal hippocampus decreased by
0.89-fold. 

In the Barnes maze, the latency to the goal box was 3.1-fold
higher in the irradiated mice than control on the 9th day
after learning, indicating long-term decreased learning. NOR
did not show any changes to learning and memory, shown
through the 0.7 Gy irradiated mice spending significantly
longer with the novel object.  
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Miry et al.,
2021 

In vivo. C57BL/6J mice were irradiated with
0.1, 0.5 and 1 Gy 56Fe. Active avoidance
was used to study spatial learning and
discrimination. Immunohistological
analysis of proliferating neural cells were
performed using DCX, an immature neural
marker. Other tests performed included
the Barnes Maze for spatial learning. Mice
were studied at multiple time-points (2, 6,
12, and 20 months) post-exposure. 

 

2 months post-exposure, levels of DCX+ cells decreased by
0.7- (0.1 Gy), 0.4- (0.5 Gy) and 0.6-fold (1 Gy) in male mice,
and 0.7- (0.1 Gy), 0.6- (0.5 Gy) and 0.4-fold (1 Gy) in female
mice. 12 months post-exposure, levels of DCX+ cells
increased by 2.6- (0.1 Gy), 2.4- (0.5 Gy), and 2.3-fold (1 Gy)
in male mice, and 2.2- (0.1 Gy), 1.1- (0.5 Gy), and 2-fold (1
Gy) in female mice. 

In the active avoidance task, the normalized error entries
significantly increased in both male and female 0.5 Gy
irradiated mice compared to the 0 Gy group.  

In Barnes maze, male mice 20 months post-exposure to 1
Gy 56Fe showed a significant decrease in latency to escape.
The most profound change was measured on day 2 with a
0.6-fold decrease in latency to escape, as the irradiated
mice learned the location of the escape box faster than the
control group over the 5-day training period. 

 

Time Concordance 

Reference Experiment Design Summary 

Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice
were irradiated with 600 MeV/amu
charged particles (16O and 48Ti) (0.05 to
0.25 Gy/min) at 0.05 and 0.3 Gy. In the
medial prefrontal cortex, neuron integrity
was measured through spine density,
dendritic complexity and postsynaptic
density protein 95 synaptic puncta, while
NOR, OiP, TO and fear extinction (FE)
tests were done to assess learning and
memory. Wistar rats were used in an
ATSET test. 

Dendritic complexity and spine density were reduced 0.7-fold
15 weeks post-irradiation, while synaptic puncta were
increased 1.3-fold 15 weeks post-irradiation and 1.5-fold 27
weeks post-irradiation. Learning and memory were impaired
15 weeks post-irradiation, and even further impaired 24
weeks post-irradiation. 

Raber et
al., 2004 

In vivo. Male C57BL/6J mice were
irradiated with 10 Gy of X-rays. Ki-67
positive (proliferating) and DCx positive
(immature) cells were measured to
assess neuron integrity. NOR, MWM and
Barnes maze were used to assess
learning and memory. 

Before cognitive testing (3 months post-irradiation), the
number of Ki-67 and DCx positive cells each decreased by
95% after irradiation. In the Barnes maze, irradiated mice
took a longer path to reach the escape tunnel and also made
more errors than control mice 3 months after irradiation.
Irradiated mice showed no impairment during NOR and the
MWM. 

Madsen et
al., 2003 

In vivo. Adult male Wistar rats were
irradiated with 3 Gy of 300 kVp X-rays
(4.58 Gy/min). Neuron integrity was
assessed using BrdU (thymidine analog)
staining to show neurogenesis in the DG.
Learning and memory was assessed
using NOR, NLR and a water maze. 

At a dose of 3 Gy, numbers of BrdU-positive cells
(neurogenesis) decreased from approximately 1750 to values
too low to be observed when injected during the second block
of irradiation. BrdU-positive cells decreased from 1300 to 300
when injected 2 weeks after end of irradiation. BrdU-positive
cells decreased from 1300 to 250 when injected 6 weeks after
end of irradiation. The place recognition test showed
impairments in irradiated animals as time in the new arm
decreased from 72% to 62% at 1 week post-irradiation; and
67% to 54% at 3 weeks post-irradiation. After 7 weeks, rats
showed impaired location memory but not significantly. 

Hodges et
al., 1998 

In vivo. Male Sprague–Dawley rats were
irradiated with 250 kVp X-rays at 1.4
Gy/min and 20 or 25 Gy. Histological
analysis was performed to measure
damage and necrosis in the fimbria-
fornix, hippocampus and corpus
callosum. Learning and memory were
measured through a T-maze and water
maze. 

Abnormal neural remodeling, only measured at 41 weeks
after radiation, was observed. Impaired learning and memory
were observed from 35 to 44 weeks after radiation. 
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Rola et al.,
2004 

In vivo. Male C57BL/6J mice were
irradiated with X-rays at 1.75 Gy/min).
Ki-67 positive and DCx positive cells were
measured along with BrdU staining to
assess neuron integrity in the
subgranular zone. NOR, NLR, MWM,
Barnes maze and passive avoidance
learning were used to assess learning
and memory. 

The number of Ki-67-positive and DCx-positive cells
decreased 0.1-fold and 0.3-fold, respectively, 48h after 5 Gy.
The number of BrdU-positive cells decreased by 70% at both
1 and 3 months after 5 Gy. Also, after 3 months, in the MWM,
irradiated mice spent 30% less time in the target quadrant
after 5 Gy compared to control mice. No changes were
observed in NOR, NLR, Barnes maze and passive avoidance
tests. 

Whoolery et
al., 2017 

In vivo. Nestin-GFP male and female mice
(C57BL/6J background) were irradiated
with 300 MeV/n 28Si particles (linear
energy transfer = 67 keV/µm) at 1
Gy/min. Stereological immunopositive
cell counts were determined for BrdU, Ki-
67 and DCx in the DG granule cell layer.
FC was used to assess learning and
memory. 

24 h post-irradiation, BrdU-positive cells decreased by 0.75-
and 0.65-fold at 1 Gy in the male and female groups,
respectively, DCx-positive cells decreased by 0.5-fold at 1 Gy
in both sex groups and Ki-67-positive cells decreased by 0.8-
fold at 0.2 Gy and 0.4-fold at 1 Gy in both males and females.
At 3 months post-irradiation, BrdU-positive cells decreased by
0.83- and 0.31-fold in male mice only at 0.2 and 1 Gy,
respectively, Ki-67 was not significantly changed and DCx
was reduced at 1 Gy but only when both sexes were
combined. 3 months post-irradiation, male mice exhibited a
decrease in percentage freezing of 0.43-fold at 0.2 Gy in
contextual FC. 

Howe et al.,
2019 

In vivo. C57BL/6 mice were irradiated
with heavy ions 16O (600 MeV/n) at 0.05
Gy. NOR was used to assess non-spatial
declarative memory. Y-maze assessed
short-term spatial memory of mice. Sholl
analysis was performed to quantify the
neurons in the hippocampus. The
morphology and density of dendritic
spines from the DG and dorsal CA1 and
CA3 pyramidal neurons. Behavior was
evaluated 9 months after irradiation. 

9 months after irradiation, mice exhibited a 0.1-fold change in
discrimination ratio in NOR indicating cognitive impairment.
Dendritic spine density at 9 months post-irradiation was
found to be reduced in the DG. 

Achanta,
Fuss &
Martinez,
2009 

In vivo. Male Sprague Dawley rats were
irradiated with 0.3, 3 or 10 Gy. BrdU
staining was used to assess neuronal
proliferation.  Changes in cognitive
behavior were evaluated by FC/testing.
Fear testing was performed at 90 days
post-irradiation. 

Total number of BrdU+ cells and total number of Ki67+ cells
(proliferative marker for cells) 3-months post-irradiation
decreased in PD 21, PD50 and PD 70 groups.  

Fear conditioning/testing at 90 days post-irradiation showed a
decrease in % mean freezing in response to a CS in PD21,
PD50 and PD 70. As well, ITI decreased in the studied groups. 

Winocur et
al., 2006 

In vivo. Long-Evans rats were irradiated
with 7.5 or 10 Gy of 60Co gamma rays.
BrdU staining was used to label the DNA
of proliferating cells. DCX as an immature
neuron marker and NeuN for mature
neuron staining were used. Cognitive
impairment was identified by contextual
fear conditioning in the studied rats 4
weeks after irradiation. 

Numbers of BrdU+ cells decreased by 0.22- and 0.23-fold 4
weeks after irradiation. 

Fear conditioning took place 4 weeks post-irradiation. The
time spent freezing in the irradiated context-only group was
decreased by 0.1- and 0.4-fold at the short and long delays,
respectively.  

Sorokina et
al., 2021 

In vivo. Male mice were irradiated with
accelerated carbon ions at 0.7 Gy (450
meV/n). Spatial learning, short-term and
long-term hippocampus-dependent
memory were studied using Barnes Maze
and NOR 2 months after irradiation. Nissl
staining was performed 1 month after
cognitive evaluations to quantify
neuronal cells. 

1 month after cognitive evaluations, neuronal quantification
revealed a decrease in the number of cells by 0.9-fold in the
DG. The length of the CA3c field of the dorsal hippocampus
decreased by 0.5-fold. 

In the Barnes maze 2 months after irradiation, the latency to
the goal box was 3.1-fold higher in the irradiated mice than
control on the 9th day after learning. Meanwhile no
significant changes in latency to the goal box were observed
on the second day of learning. NOR did not show any changes
to memory. 

Miry et al.,
2021 

In vivo. C57BL/6J mice were irradiated
with 0.1, 0.5 and 1 Gy of 56Fe ions.
Active avoidance was used to study
spatial learning and discrimination.
Immunohistological analysis of
proliferating neural cells were performed
using DCX, an immature neural marker.
Other tests performed included the
Barnes maze for spatial learning. Mice
were studied at multiple time-points (2,
6, 12, and 20 months) post-exposure. 

2 months post-exposure, levels of DCX+ cells decreased by
0.4- to 0.7- fold in both male and female mice. 12 months
post-exposure, DCX+ cells were increased in irradiated mice
compared to control mice and levels of DCX+ cells increased
by 1.1- to 2.6-fold in male and female mice. 

20 months after exposure, learning was found to be
improved. 
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Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Sex Female mice 
Female mice were protected from the GCR-induced
deficits in learning and memory and did not show
changes in synapse levels 

Krukowski et al.,
2018 

Antioxidant α-tocopherol Improved global cognitive ability, memory and executive
function Hladik & Tapio, 2016 

Stem cells Human neural stem
cell treatment 

Increased neurogenesis in the brain after radiation and
improved learning and memory Hladik & Tapio, 2016 

Drug 
Ramipril (Angiotensin
converting enzyme
inhibitor) 

Mitigated neurodegeneration and prevented cognitive
impairment Hladik & Tapio, 2016 

Drug Memantine (NMDA
receptor antagonist) Reduced rate of memory decline after radiotherapy Bálentová & Adamkov,

2020 

Hypoxia Systemic hypoxia Systemic hypoxia reversed the effects of radiation on
learning and memory 

Bálentová & Adamkov,
2020; Hladik & Tapio,
2016 

Known Feedforward/Feedback loops influencing this KER

NA
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Relationship: 3321: Altered Stress Response Signaling leads to Abnormal Neural
Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Low NCBI

Life Stage Applicability
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Life Stage Evidence

Juvenile Moderate
Adult Low

Sex Applicability
Sex Evidence

Male Moderate
Female Low
Unspecific Moderate

Evidence for this relationship comes from human-derived cells, rat, and mouse models, with most of the evidence in
mice. There is in vivo evidence in both male and female animals, with more evidence in males. Animal age is
occasionally not indicated in studies, but most evidence is in adolescent rodent models with a few studies using adult
animals. 

Key Event Relationship Description

Alterations in signaling pathways can trigger disruption to neuronal structures, which can lead to altered morphology,
changes in neurogenesis, neurodegeneration, apoptotic activity and synaptic activity, collectively known as abnormal
neural remodeling (Cekanaviciute et al., 2018; Chakraborti et al., 2012; Hladik & Tapio, 2016). These intracellular
pathways are key processes to control various cell functions such as cell growth, death or communication. Within the
neuron, multiple signaling pathways influence its structure and function. For example, the phosphatidylinositol 3-
kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK) family pathways are involved in neuronal survival,
proliferation, morphology, and synaptic plasticity (Davis and Laroche, 2006; Long et al., 2021; Mazzucchelli and
Brambilla, 2000). The senescence pathway induces cell cycle arrest and can restrict neurogenesis (McHugh and Gil,
2018). The apoptotic pathway can be initiated within the mitochondria due to dysfunction within the respiratory chain
and induces various signaling proteins such as p53, BAX, caspases and cytochrome C (Betlazar et al., 2016; Mielke
and Herdegen, 2000; Wang et al., 2020). Apoptosis of neurons results in a reduction in neuron numbers, which can be
a marker of abnormal neural remodeling. A few studies also measure high apoptosis levels over time, indicating
sustained neuron loss contributing to reduced neural activity (Chow, Li, and Wong, 2000; Limoli et al., 2004; Pius-
Sadowska et al., 2016). Additionally, the brain-derived neurotrophic factor (BDNF)-cAMP-calcium response element
binding protein (CREB) pathway is involved in the regulation of excitatory transmission as CREB-dependent
transcription allows for persistent pre- and post-synaptic neurotransmitter release at excitatory synapses (Ran et al.,
2012). 

Evidence Supporting this KER

Biological Plausibility

Abnormal neural remodeling can occur through multiple signaling pathways, including MAPK signaling, PI3K/Akt
signaling, senescence signaling, and apoptotic signaling. These pathways are involved in the homeostatic regulation
of neuron numbers, morphology, proliferation, differentiation, and synaptic activity. 

 

Like many signaling pathways, MAPK pathways help maintain the biological functions in neurons, and changes to the
expression or activity of signaling molecules in MAPK pathways can result in altered structure and function of
neurons. The extracellular signal-regulated protein kinase (ERK)1/2 MAPK pathway is crucial for modulating synaptic
function and alteration in expression of critical proteins in this pathway will result in long-term potentiation (LTP)
deficits (Davis and Laroche, 2006; Mazzucchelli and Brambilla, 2000). Research shows that modulations in ERK1/2
expression and activity can decrease cell proliferation in the hippocampus (Betlazar et al., 2016). The p38 MAPK
pathway is also involved in maintaining neuronal plasticity and synaptic function, by inducing metabotropic glutamate
receptor (mGluR)-dependent long-term depression (LTD) in hippocampal neurons (Falcicchia et al., 2020). However,
p38 demonstrates variable effects in neuronal survival and proliferation. Although p38 signaling is required for the
survival of developing neurons, p38 can also be involved in the induction of apoptosis, and subsequent inhibition of
p38 promotes cell survival (Mielke and Herdegen, 2000; Nebreda and Porras, 2000). The role of p38 is often
dependent on the cell type and stimulus and will determine whether p38 has a positive or negative role on neural cell
proliferation (Nebreda and Porras, 2000). The c-Jun NH2-terminal kinase (JNK) MAPK pathway plays a similar role to
the p38 pathway, and its function is also dependant on the cell type and context of the cellular environment. JNK can
induce apoptosis as well as regulate proteins like tau and microtubule-associated protein (MAP)2 involved in altering
cytoskeletal dynamics and cell morphology (Mielke and Herdegen, 2000; Sherrin, Blank, and Todorovic, 2011). JNK is
also involved in both pre- and post-synaptic function through the phosphorylation of AMPA receptors and postsynaptic
density protein (PSD)95 (Sherrin, Blank, and Todorovic, 2011). 

 

The PI3K/Akt pathway is involved in many neural functions. Activation of the PI3K/Akt pathway promotes transcription
of survival genes and inhibits death genes, while also regulating the activity of various death pathways (Long et al.,
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2021; Rai et al., 2019). 

 

Alterations in Akt expression and activity can decrease cell proliferation in the hippocampus (Betlazar et al., 2016).
The pathway can also regulate neuron morphology, as neurite outgrowth can be induced by activation of the pathway
(Rodgers and Theibert, 2002). Synaptic plasticity and LTP, which is induced by the activation of NMDA receptors and
the subsequent insertion of AMPA receptors to the membrane, can additionally be regulated by the PI3K/Akt pathway.
It has been shown that the mammalian target of rapamycin (mTOR), downstream of Akt, increases the expression of
LTP-related proteins while PI3K guides AMPA insertion on the membrane (Long et al., 2021). Therefore, maintaining
the appropriate expression levels of signaling molecules is critical for proper neural development and function. 

 

The signaling molecules p53/p21 and p16 as part of the cellular senescence pathway can induce cell cycle arrest. For
example in neural stem cells (NSCs), reduced functionality and limited neurogenesis is associated with increased
senescence markers (McHugh and Gil, 2018). 

The apoptosis pathway, consisting of the pro-apoptotic tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) receptor, caspases, cytochrome C, and Bcl-2-associated X protein (BAX) as well as the anti-apoptotic B-cell
leukemia/lymphoma (Bcl)-2 protein, contributes to a reduction in neuron numbers through cell death when activated
(Betlazar et al., 2016; Wang et al., 2020). This pathway may be induced by perturbations to other signaling pathways,
including MAPK, PI3K/Akt, and senescent pathways (Hladik and Tapio, 2016; Mielke and Herdegen, 2000). For
example, JNK and p53 can both antagonize the anti-apoptotic Bcl-2, while JNK can stabilize p53 and p53 enhances
BAX (Mielke and Herdegen, 2000). 

 

Apoptotic signaling pathways activated not just in neurons, but also in astrocytes and microglia, can lead to
maladaptive neural remodeling. For example, it was previously mentioned that p38 signaling in neurons contribute to
hippocampal mGluR-dependent LTD. In astrocytes, p38 signaling is necessary for NMDA-dependent LTD during
astrocyte-to-neuron communication (Falcicchia et al., 2020). In addition, BDNF signaling in both neurons and
astrocytes prevents cell death in the respective cells through activation of the ERK and PI3K/Akt pathways. Neuronal
death can be prevented by BDNF signaling in both cell types because astrocytes release factors that prevent neuronal
death (Rai et al., 2019). 

 

Synergistic and antagonistic interactions between signaling pathways can also occur, contributing to the complexity
and context- dependence of neural activity  in response to various signaling pathways. For example, nuclear factor of
activated T-cells (NFATc) nuclear translocation and transcriptional activation can be encouraged by the PI3K/Akt
pathway and the ERK pathway and inhibited by p38 and JNK (Macian, 2005; Mielke and Herdegen, 2000). Activation
of NFATc promotes neuronal survival, synaptic plasticity, and neurite outgrowth through the transcription of multiple
target genes (Zhang et al., 2018). BDNF activation of the ERK, PI3K/Akt, and Ca2+/calmodulin-dependent protein
kinase II (CaMKII) pathways through tropomyosin receptor kinase (Trk) activation results in the activation of CREB
transcriptional activity (Cunha, Brambilla, and Thomas, 2010). CREB is essential for the regulation of excitatory
transmission, and exogenous stressors can induce hippocampal neuronal damage through the inhibition of this
pathway (Hladik and Tapio, 2016; Wang et al., 2020). 

 

Empirical Evidence

The empirical evidence for this KER comes from in vivo mouse and rat models as well as in vitro rat-, mouse-, and
human-derived cell models. Stressors used included gamma ray radiation (El-Missiry et al., 2018; Eom et al., 2015;
Ivanov and Hei, 2014; Kanzawa et al., 2006; Pius-Sadowska et al., 2016; Suman et al., 2013), X-ray radiation (Chow,
Li and Wong, 2000; Huang et al., 2021; Limoli et al., 2004; Silasi et al., 2004), electron radiation (Ji et al., 2014;
Zhang et al., 2018), iron-56 ion radiation (Suman et al., 2013), simulated ischemic stroke (Tian et al., 2020), and
pharmacological modulation of signaling molecules (Kumar et al., 2005). Abnormal neural remodeling can be
determined through various endpoints, including neuronal apoptosis, morphology, proliferation, differentiation, and
synaptic activity. 

 

 

Dose Concordance 

 Several studies demonstrate dose concordance for this relationship. Studies have observed that altered signaling can
occur at the same stressor doses as neural remodeling. X-irradiation at doses ranging from 0.5 Gy to 10 Gy resulted
in changes in protein levels and phosphorylated proteins in key signaling pathways, as well as increased apoptotic
activity and decreased number of neurons. Silasi et al. (2004) irradiated male and female mice with either acute
(single 0.5 Gy dose) or chronic (0.05 Gy/day for 10 days) X-ray radiation at 0.002 Gy/s and found that chronic
radiation decreased the levels of phosphorylated Akt, ERK1/2, CREB and CaMKII in males. Female mice showed a 1.3-
fold increase in ERK1/2. A decrease in DCx+ cells was also observed in both sexes. At 2 Gy, Chow, Li and Wong (2000)
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reported an increase in p53+ cells and apoptosis within the brain. 10 Gy of X-irradiation resulted in an increase in
BAX/Bcl-2 ratio, p53 and cleaved caspase 3 levels, as well as apoptosis within hippocampal neurons (Huang et al.,
2021). Another radiation source is electrons, and doses from 2 to 20 Gy also affect protein levels and phosphorylated
proteins in key signaling pathways, as well as neuronal structure and number. Zhang et al. (2018) reported a dose-
dependent decrease in dephosphorylated (active) NFATc4/3 after 2 and 8 Gy, as well as an increase in phosphorylated
(inactive) NFATc4/3 at these doses within the brains of rats. Total neurite length and branching points dose-
dependently decreased at 2 and 8 Gy, whereas total dendritic length decreased at only 2 Gy. Whole-brain irradiation
of rats at 20 Gy decreased p-ERK1/2, p-Akt, BDNF, p-TrkB, p- CaMKII, and p-CREB. Irradiation at 20 Gy also reduced
the number of DCx+ cells and the number of BrdU+/NeuN+ cells (Ji et al., 2014). 

Furthermore, studies using gamma irradiation as a stressor have also shown changes within this KER. Doses ranged
from 2-10 Gy and resulted in altered levels of phosphorylated and dephosphorylated proteins in the MAPK family,
apoptotic pathway, senescence pathway and BDNF-pCREB pathway (El-Missiry et al., 2018; Ivanov & Hei, 2014;
Kanzawa et al., 2006; Pius-Sadowska et al., 2016; Suman et al., 2013). In another study, Kumar et al. (2005) utilized
pharmacological inhibition of various signaling proteins such as those associated with the PI3K-Akt and MAPK family
pathway. The results elicited changes in hippocampal neuron morphology as defined by a reduction in dendritic
branch length, number of terminal tips, soma area, spine density and filopodia density. 

Time Concordance 

Multiple studies demonstrate that signaling pathways are altered before abnormal neural remodeling is observed in a
time-course. Altered stress response signaling are often found as early as hours post-irradiation, while abnormal
neural remodeling is first measured after days. NSCs isolated from rats showed an increase in p-JNK as early as 1h
post-irradiation (10 Gy of gamma rays), while apoptosis was measured 48h post-irradiation (Kanzawa et al., 2006).
After 5 Gy X-ray irradiation of rat neural precursor cells, p53 and p21 signaling was increased after 2h, while the first
significant increase in apoptosis was observed after 24h (Limoli et al., 2004). In mice exposed to gamma ray
irradiation at 10 Gy, multiple signaling molecules were increased as early as 3h post-irradiation, while measurements
of apoptosis and neuronal morphological changes occurred 48h post-irradiation (Pius-Sadowska et al., 2016). 

Neuron levels were found decreased 24h post-irradiation in this study, although this was in an in vivo mouse model.
Human NSCs irradiated with 5 Gy of gamma rays showed many signaling molecules were dysregulated after 6h,
apoptosis was first increased after 24h, and the differentiation of NSCs was decreased after 10-12 days (Ivanov and
Hei, 2014). 

A few studies also demonstrated time concordance when altered signaling was measured after days or longer. Rat
neurons irradiated with electrons at 2 Gy showed higher inactive and lower active levels of NFATc4/3 after both 1 and
3 days (Zhang et al., 2018). The number of branching points were subsequently decreased after only 3 days.
However, total neurite length was decreased after 1 day. Furthermore, total dendritic length decreased after both 14
and 28 days, although this was in an in vivo rat model (Zhang et al., 2018). In a longer-term study using both gamma
ray (2 Gy) and 56Fe ion (1.6 Gy) irradiation of mice, Suman et al. (2013) found changes in apoptotic and senescent
signaling pathways at both 2 and 12 months post-irradiation, while increased apoptosis and decreased cortical
thickness were only measured after 12 months. 

Incidence Concordance 

Several studies reported an incident-concordant relationship between altered stress response signaling and abnormal
neural remodeling. In the study conducted by Suman et al. (2013), female mice were irradiated with either gamma
rays (2 Gy) or 1 GeV/n 56Fe ions (1.6 Gy) and at both doses, an increase in p16, p21, p53, BAX and apoptosis was
observed. A decrease in Bcl-2 and cortical thickness was also seen after both gamma and 56Fe irradiation. Another
study irradiated neural stem cells with 6 Gy of gamma rays and found increased p-Akt, p-p53, p-STAT3, and mGluR1,
with decreased neural stem cells (Eom et al., 2015). At 5 Gy of X-irradiation, Limoli et al. (2004) also found increased
levels of p53 and phosphorylated p53 with increased apoptosis and decreased DCx+ cells. 

Through the use of middle cerebral artery occlusion, a technique to simulate an ischemic stroke, alteration in
signaling pathways were shown. Following the administration of this procedure in male mice, the ratios of
phosphorylated to total ERK1/2, p38 and JNK increased, as well as levels of BAX, cleaved caspase-3 and the percent of
apoptosis. Anti-apoptotic marker Bcl-2 also decreased after surgery (Tian et al., 2020). 

 

 

Essentiality 

Attenuation of altered signaling consistently results in a reduction in endpoint measurements of abnormal neural
remodeling. Multiple studies showed this using genetic knockout of signaling molecules. For example, genetic
knockout of Src, an upstream activator of multiple signaling pathways, or a combination of p38 and ERK1/2 in mice
with a simulated ischemic stroke led to the inhibition of signaling in the MAPK pathways, decreased apoptosis, and
increased neuron levels compared to wild-type mice (Tian et al., 2020). In accordance, activation of Src led to
increased MAPK signaling and apoptosis compared to wild-type mice after simulated ischemic stroke (Tian et al.,
2020). Two studies showing that neurons decreased following 1-5 Gy irradiation of mice found that knockout of p53
decreased apoptosis and slightly restored neuron numbers (Chow, Li and Wong, 2000; Limoli et al., 2004). 

Inhibition of various signaling molecules after irradiation also led to reduced abnormal neural remodeling. The mGluR1
inhibitor LY367385 restored NSC numbers after irradiation of neural-like stem cells with 6 Gy of gamma rays (Eom et
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al., 2015). Similarly, the JNK inhibitor SP600125 restored neuronal differentiation after 2 Gy gamma ray irradiation of
NSCs (Kanzawa et al., 2006). Zhang et al. (2018) found that activation of NFATc4/3 nuclear translocation with BDNF
was able to restore neurite length and the number of total branching points in rats and rat-derived neurons after 2 Gy
electron irradiation, while inactivation of NFATc4/3 nuclear translocation with CsA produced the opposite effect in rat-
derived neurons after irradiation. 

 

  

Uncertainties and Inconsistencies

  

The changes to a signaling pathway may provide inconsistent outcomes in markers of abnormal neural
remodeling. For example, the p38 pathway is involved in many, often opposing, biological processes (Nebreda
and Porras, 2000). Different cell types and exposures can be associated with the expression of different
receptors of the p38 pathway, resulting in different biological changes. In addition, signaling pathways that
synergize or antagonize with each other may be influenced at the same time resulting in cumulative effects
across different pathways (Nebreda and Porras, 2000). 

 

Eom et al., 2015: Irradiation of C17.2 mouse neural stem-like cells with 6 Gy of gamma rays resulted in an
increase in β-III tubulin expression, indicating a rise in neurons post-irradiation. However, all other studies
observed a decrease in neuron numbers post-irradiation. 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance 

Reference Experiment Description Result 

Kumar et
al., 2005 

In vitro. Hippocampal cornu ammonis
(CA)3/CA1 pyramidal neurons extracted from
rats were subjected to pharmacological
inhibition of various signaling molecules. The
level of various signaling molecules was
determined with western blot. Confocal
microscopy was used to assess hippocampal
neuron morphology, including total dendritic
branch length, number of terminal tips, soma
area, spine density, and filopodia density. 

The PI3K inhibitor LY294002, at a dose of 50 µM,
resulted in a 0.4-fold decrease in p-Akt (activated Akt)
and a decrease in p- S6 (activated S6, downstream in
the PI3K/Akt pathway) to less than 0.1-fold. The mTOR
inhibitor rapamycin, at a dose of 1 µM, resulted in a
decrease in p-S6 to less than 0.1-fold. The MAPK/ERK
kinase (MEK) (kinase upstream of ERK) inhibitor U0126,
at a dose of 10 µM, resulted in a decrease in p-ERK to
less than 0.1-fold. 

  

  

LY294002 decreased total dendritic branch length 0.7-
fold, the number of terminal tips 0.7-fold, soma area 0.6-
fold, spine density 0.8-fold, and filopodia density 0.7-
fold. Rapamycin decreased total dendritic branch length
0.5-fold, the number of terminal tips 0.6-fold, soma area
0.6-fold, spine density 0.7- fold, and filopodia density
0.5-fold. U0126 alone did not show any changes to any
markers of  abnormal neural remodeling, but U0126 with
overexpression of RasL61 (activates the signaling
pathway) decreased the total dendritic branch length
0.8-fold, decreased the number of terminal tips 0.4-fold,
increased spine density 1.4-fold, and decreased filopodia
density 0.5-fold compared to just RasL61 alone.  

Kanzawa et
al., 2006 

In vitro. NSCs isolated from the frontal cortex
of embryonic Fisher 344 rats were irradiated
with a maximum of 10 Gy 137Cs gamma rays
at 3.4 Gy/min. Signaling was determined by
western blot. Apoptotic morphology of cells
was determined with Hoechst 33258 staining.
Apoptosis of just neurons was measured by a
TUNEL assay. 

p-JNK (activated) increased a maximum of 60% after 10
Gy. No changes in p38 or ERK1/2 activation were
observed. Cytochrome C and BAX were increased, and
Bcl-2 was decreased after 10 Gy. The percent of
apoptotic cells increased from 40 to 65% after 10 Gy.
The percent of apoptotic neurons increased from 15 to
42% after 10 Gy. The percent of TUNEL+ cells that were
p-JNK+ increased from 33 to 82% after 10 Gy as well. 
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Silasi et al.,
2004 

In vivo. Male and female C57/Bl6 mice were
whole-body irradiated with either acute (single
0.5 Gy dose) or chronic/fractionated (0.05
Gy/day for 10 days) X-ray radiation, both at
0.002 Gy/s. Western blot was used to assess
the levels of proteins in various signaling
pathways in the hippocampus. DCx staining
(immature neurons) was performed to
determine hippocampal neurogenesis. 

After chronic radiation, male mice showed a 1.2-fold
increase in Akt, a 0.95-fold decrease in p-Akt, a 0.6-fold
decrease in p-ERK1/2, a 0.8-fold decrease in CaMKII, and
a 0.9-fold decrease in p-CREB. Female mice showed a
1.3-fold increase in ERK1/2. After chronic radiation,
DCx+ cells decreased 0.5-fold in both males and
females. After acute radiation, a 0.6-fold decrease in p-
ERK1/2 and a 0.7-fold decrease in CaMKII in males was
observed, and DCx+ cells decreased 0.8-fold in males
(non-significant) and 0.9-fold in females (non-
significant). 

Ivanov &
Hei, 2014 

In vitro. Human NSCs or neuroblastoma SK-N-
SH cells were irradiated with 2.5, 5 or 10 Gy of
137Cs gamma rays (0.82 Gy/min). Western
blot analysis was used to assess the levels of
various signaling proteins. The percentage of
hypodiploid nuclei was analyzed using flow
cytometry to quantify apoptotic cells. Survival
of differentiated cells was assessed with
staining for Nestin (NSCs) and DCx (immature
neurons). 

NSCs: p53 and TRAIL were increased at 2.5 and 5 Gy.
Akt, p-Akt, p-p38, p-JNK, and pro-caspase-8 and -3
(inactive) were decreased at 5 Gy. The percent of NSCs
that were apoptotic increased at 2.5 and 5 Gy, with a 5-
fold increase at 10 Gy. At 5 Gy, just 11% of NSCs
survived after differentiation compared to the
unirradiated control. 

 

Neuroblastoma cells: p53, BAX, and p-ERK1/2 were
increased at 2.5, 5, and 10 Gy. p-p38 was increased at 5
and 10 Gy. p-JNK2 and p-Akt were decreased at 10 Gy.
Differentiation of NSCs cultured with non-irradiated SK-
N-SH cells led to a survival rate of 19%, while NSCs
cultured with 5 Gy irradiated SK-N-SH cells had a
survival rate of 5%. 

Zhang et
al., 2018 

In vivo and in vitro. Male 1-month-old
Sprague-Dawley rats were whole-brain
irradiated with electrons (4 MeV) at 2 Gy.
Primary cultured hippocampal neurons from
18-day-old Sprague-Dawley rat embryos were
irradiated with electrons at 2 or 8 Gy. Western
blot was used to assess phosphorylated
(inactive) and dephosphorylated (active)
NFATc4/3 levels in vitro. Neurite growth in
vitro was determined by immunofluorescence
of β-tubulin+ neurons. In vivo dendritic growth
was determined in the dentate gyrus with a
retrovirus labeling newborn neurons with
green fluorescent protein. 

In vitro: Dephosphorylated NFATc4/3 decreased by 20%
at 2 Gy and 30% at 8 Gy. p-NFATc4/3 increased by 60%
at 2 Gy and 90% at 8 Gy. Total neurite length decreased
after 3 days by 24% at 2 Gy and 32% at 8 Gy. Branching
points decreased by 29% at 2 Gy and 36% at 8 Gy after
3 days.  

In vivo: Total dendritic length in the dentate gyrus
decreased about 30% after 2 Gy. 

Chow, Li
and Wong,
2000 

In vivo. Female C57BL6/J mice (57 to 123 days
old) were irradiated with X-rays to the entire
brain (2 Gy). p53 levels were determined
through immunohistochemistry. Apoptosis
levels were quantified through morphological
assessment after hematoxylin and eosin
staining. 

In the subependymal region of the brain, 2 Gy resulted
in the identification of many p53+ cells while none were
found in the control. Specifically in glial cells, 2 Gy in the
subependyma increased the p53+ cells from 0.23 to
15.7%. Apoptosis in the subependyma increased from
0.33 to 11.5% at 2 Gy. 

Huang et
al., 2021 

In vitro. HT22 hippocampal neuronal cells
were irradiated with 10 Gy of X-rays (6
Gy/min). Levels of proteins in the PI3K/Akt,
p53, and apoptotic signaling pathways were
determined by western blot. Apoptosis was
measured by flow cytometry with annexin V
(marker for apoptotic cells) and propidium
iodide staining. 

The ratio of p-PI3K/PI3K increased 5-fold (non-
significant), the ratio of p-Akt/Akt increased 2-fold (non-
significant), the ratio of BAX/Bcl-2 increased 5-fold, p53
increased 2-fold, cleaved caspase-3 increased 2.7-fold,
and apoptosis increased 9-fold all at 10 Gy. 

El-Missiry et
al., 2018 

In vivo. Adult male albino Wistar rats were
whole-body irradiated with 137Cs gamma rays
at 4 Gy (0.695 cGy/s). Levels of signaling
proteins in the hippocampus were determined
with respective assay kits. Hematoxylin and
eosin staining in the hippocampal dentate
gyrus was used for histopathological analysis.
Apoptosis levels in the hippocampus were
determined by flow cytometry with annexin V
(marker for apoptotic cells) and propidium
iodide staining. Radiation was delivered to the
animal's entire body. 

Radiation at 4 Gy resulted in 2- to 4-fold increases in
p53, cytochrome C, BAX, and caspase-3, -8, and -9
levels. Radiation at 4 Gy also resulted in a 0.2-fold
decrease in Bcl-2. The percent of live cells decreased
0.6-fold, the frequency of apoptosis increased 3- to 4-
fold, and the frequency of necrosis increased 7-fold. In
addition, 4 Gy resulted in extensive damage to the
dentate gyrus. 
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Pius-
Sadowska
et al., 2016 

In vivo. Female 6- to 8-week-old BALB/c mice
were whole-brain irradiated with 60Co gamma
rays at 10 Gy. After whole-brain irradiation,
the levels of various signaling molecules were
assessed with western blot in the brain.
Apoptosis was measured with a TUNEL assay
in the hippocampus. Nissl staining was used to
assess neuron morphology in the
hippocampus. 

Irradiation at 10 Gy resulted in a maximum 1.8-fold
increase in caspase-3, a 1.7-fold increase in BDNF, a 1.8-
fold increase in TrkA, a 3.8-fold increase in TrkB, a 1.7-
fold increase in TrkC, a 4.1-fold increase in p-ERK1/2,
and a 2.9-fold increase in p-Akt. Without irradiation, no
TUNEL+ cells were found in the brain, while 10 Gy
resulted in the detection of apoptotic nuclei in the
dentate gyrus. Also, degenerative morphological
changes were observed in the hippocampus after 10 Gy. 

Ji et al.,
2014 

In vivo. Male 1-month-old Sprague-Dawley
rats were whole-brain irradiated with electrons
(4 MeV) at 20 Gy. Western blot was performed
to assess the levels and activity of proteins in
the BDNF-pCREB pathway in the
hippocampus. Neurogenesis in the dentate
gyrus was assessed using DCx (immature
neurons) or BrdU/NeuN (new neurons)
staining. 

Irradiation at 20 Gy decreased p-ERK1/2 by 15%, p-Akt
by 34% BDNF by 38%, p-TrkB by 54%, p-CaMKII by 30%,
and p-CREB by 29%. Irradiation at 20 Gy also reduced
the number of DCx+ cells by 92% and the number of
BrdU+/NeuN+ cells by 82%. 

 

Time Concordance 

Reference Experiment Description Result 

Kanzawa et
al., 2006 

In vitro. NSCs isolated from the frontal cortex of embryonic Fisher
344 rats were irradiated with 137Cs gamma rays at 10 Gy (3.4
Gy/min). Signaling was determined by western blot. Apoptotic
morphology of cells was determined with Hoechst 33258 staining.
Apoptosis of just neurons was measured by a TUNEL assay. 

p-JNK increased 30% after 1h and
60% after 2h post-irradiation.
Starting 24h post-irradiation, BAX
and cytochrome C were increased,
and Bcl-2 was decreased. Apoptosis
increased 48h post-irradiation. 

Suman et
al., 2013 

In vivo. Female 6- to 8-week-old C57BL/6J mice were irradiated
with either 137Cs gamma rays (2 Gy) or 1 GeV/n 56Fe ions (1.6
Gy) both at 1 Gy/min. p16, p21, p53, BAX, and Bcl-2 levels were
determined in the cerebral cortex with immunoblotting.
Hematoxylin and eosin staining was used to measure cerebral
cortex thickness, and a TUNEL assay was used to measure
apoptosis. 

Altered signaling through p16, p21,
p53, BAX, and Bcl-2 protein levels
was observed as early as 2 months
post-irradiation, while increased
apoptosis and decreased cortical
thickness were only shown at 12
months. 

Limoli et
al., 2004 

In vivo and in vitro. Male 2-month-old C57BL/J6 mice (1.75
Gy/min) and neural precursor cells (4.5 Gy/min) isolated from rats
were irradiated with X-rays at 5 Gy. Mice were irradiated
cranially. Western blot analysis was done in vitro to measure
levels of p53 and p21 proteins. An antibody against DCx was
used to detect immature neurons in the dentate gyrus in vivo.
FACS analysis of propidium iodide fluorescence was used to
assess apoptosis in vitro. 

In vitro: At 2h post-irradiation, p53
protein levels increased 2-fold
compared to unirradiated controls. At
6h post-irradiation, p53 protein levels
increased 4-fold compared to
unirradiated controls. At the same
timepoints increases in p21 and p-
p53 were observed. Apoptosis
showed a maximum increase 12h
post-irradiation. 

 

In vivo: DCx+ cells were decreased
at 24h post-irradiation. 

Ivanov &
Hei, 2014 

In vitro. Human NSCs or neuroblastoma SK-N-SH cells were
irradiated with 5 Gy of 137Cs gamma rays (0.82 Gy/min).
Western blot analysis was used to assess the levels of various
signaling proteins. The percentage of hypodiploid nuclei was
analyzed using flow cytometry to quantify apoptotic cells. Survival
of differentiated cells was assessed with staining for Nestin
(neuroprogenitors) and DCx (immature neurons). 

Altered signaling in both cell types
was observed 6h post-irradiation.
Apoptosis of NSCs was observed only
24h post-irradiation. NSC
differentiation was reduced 10-12
days post-irradiation. 
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Zhang et
al., 2018 

In vivo and in vitro. Male 1-month-old Sprague-Dawley rats were
whole-brain irradiated with electrons (4 MeV) at 2 Gy. Primary
cultured hippocampal neurons from 18-day-old Sprague-Dawley
rat embryos were irradiated with electrons at 2 or 8 Gy. Western
blot was used to assess phosphorylated (inactive) and
dephosphorylated (active) NFATc4/3 levels in vitro. Neurite
growth in vitro was determined by immunofluorescence of β-
tubulin+ neurons. In vivo dendritic growth was determined with a
retrovirus labeling newborn neurons with green fluorescent
protein. 

In vitro: Dephosphorylated NFATc4/3
was decreased and p-NFATc4/3 was
increased at both 1- and 3-days post-
irradiation. Although total neurite
length was decreased at both 1 and
3 days as well, the number of
branching points was only decreased
at 3 days post-irradiation. 

 

In vivo: Total dendritic length
decreased at both 14- and 28-days
post-irradiation. 

Pius-
Sadowska
et al., 2016 

In vivo. Female 6- to 8-week-old BALB/c mice were whole-brain
irradiated with 60Co gamma rays at 10 Gy. The levels of various
signaling molecules were assessed with western blot in the brain.
Apoptosis was measured with a TUNEL assay in the hippocampus.
Nissl staining was used to assess neuron morphology in the
hippocampus. 

Following 10 Gy, the various
signaling molecules were increased
as early as 3h, while apoptosis and
morphological changes were found
48h post-irradiation. 

 

Incidence Concordance 

Reference Experimental Description Results 

Tian et al.,
2020 

In vivo. Male 8- to 10-week-old C57BL/6J
mice were subjected to middle cerebral
artery occlusion to simulate an ischemic
stroke. MAPK signaling molecules and
BAX/Bcl-2 apoptotic markers were
measured with western blotting in
ischemic brain tissues. Apoptosis was
determined using a TUNEL assay in the
ischemic cerebral cortex. Endpoints were
measured 7 days after surgery. 

 

After surgery, ERK1/2, p38 and JNK mRNA increased 2- to 3-
fold. The ratios of phosphorylated to total ERK1/2, p38 and
JNK increased 2- to 3- fold as well. BAX increased 2.5-fold,
Bcl-2 decreased 0.15-fold, and cleaved caspase-3 increased
1.5-fold. The % of TUNEL+ cells increased 2-fold. 

 

Eom et al.,
2015 

In vitro. C17.2 mouse neural stem-like
cells were irradiated with 6 Gy of 137Cs
gamma rays at 0.95 Gy/min. Protein levels
in signaling pathways were determined by
western blot. The number of cells
expressing nestin (NSC marker) were
quantified with immunocytochemistry.
Endpoints were measured 72h post-
irradiation. 

 

Radiation at 6 Gy led to increased p-Akt, p-p53, p-STAT3,
and mGluR1 at least 2-fold. NSCs decreased 0.4-fold. 

 

Suman et
al., 2013 

In vivo. Female 6- to 8-week-old C57BL/6J
mice were irradiated with either 137Cs
gamma rays (2 Gy) or 1 GeV/n 56Fe ions
(1.6 Gy) both at 1 Gy/min. p16, p21, p53,
BAX, and Bcl-2 levels were determined in
the cerebral cortex with immunoblotting.
Hematoxylin and eosin staining was used
to measure cerebral cortex thickness, and
a TUNEL assay was used to measure
apoptosis. 

p16 increased a maximum of 3.4-fold after gamma rays and
5-fold after 56Fe radiation. p21 increased a maximum of 1.5-
fold after gamma rays and 3-fold after 56Fe radiation. p53
increased a maximum of 8.4-fold after gamma rays and 9-
fold after 56Fe radiation. BAX increased a maximum of 2.3-
fold after gamma rays and 6.7-fold after 56Fe radiation. Bcl-
2 decreased a maximum of 0.6-fold after gamma rays and
0.4-fold after 56Fe radiation. Gamma rays increased
apoptosis 1.8-fold and 56Fe ions increased apoptosis 3.6-
fold. Gamma rays decreased cortical thickness 0.9-fold and
56Fe ions decreased cortical thickness 0.7-fold. 
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Limoli et
al., 2004 

In vivo and in vitro. Male 2-month-old
C57BL/J6 mice (1.75 Gy/min) and neural
precursor cells (4.5 Gy/min) isolated from
rats were irradiated with X-rays. Mice
were irradiated cranially. Western blot
analysis was done in vitro to measure
levels of p53 and p21 proteins. An
antibody against DCx was used to detect
immature neurons in the dentate gyrus in
vivo. FACS analysis of propidium iodide
fluorescence was used to assess apoptosis
in vitro. 

 

In vitro: At 5 Gy, p53 levels increased a maximum of 4-fold,
while p-p53 and p21 were also increased at this dose.
Apoptosis was increased a maximum of 1.4-fold after 5 Gy. 

 

In vivo: The number of DCx+ cells decreased 0.4-fold after 5
Gy. 

 

Known modulating factors

 

Modulating
factor  Details  Effects on the KER  References  

Genetic 

Src (regulates the
activation of MAPK
pathways) knockout 

Src knockout in mice inactivated MAPK and apoptotic signaling
and reduced apoptosis in the brain after middle cerebral artery
occlusion. 

Tian et al.,
2020 

miR-137 (silences
Src) knockout 

miR-137 knockout in mice increased MAPK and apoptotic
signaling and further increased apoptosis after middle cerebral
artery occlusion. 

Tian et al.,
2020 

p38 and ERK1/2
knockout 

p38 and ERK1/2 knockout in mice inactivated MAPK and apoptotic
signaling and reduced apoptosis in the brain after middle cerebral
artery occlusion. 

Tian et al.,
2020 

p53 knockout 
Irradiation (1-5 Gy) of p53 knockout mice led to a higher number
of neurons and decreased apoptosis compared to irradiation of
wild-type mice. 

Chow, Li and
Wong, 2000;
Limoli et al.,
2004 

Drug 

LY367385 (mGluR1
inhibitor). mGluR1 is
involved in neuronal
differentiation. 

LY367385 (25 M) increased the number of NSCs after 6 Gy
radiation of C17.2 neural stem-like cells. 

Eom et al.,
2015 

SP600125 (JNK
inhibitor) 

SP600125 (5 μM) restored neuronal differentiation after it was
reduced by 2 Gy radiation of rat NSCs. 

Kanzawa et
al., 2006 

Cyclosporin (CsA,
prevents NFATc4/3
nuclear
translocation) 

CsA (1 µg/mL) further reduced the levels of dephosphorylated
NFATc4/3 as well as total neurite length and branching points
after both 2 and 8 Gy irradiation of rat neurons. 

Zhang et al.,
2018 

BDNF (induces
NFATc4/3 nuclear
translocation) 

BDNF (100 ng/mL in vitro, 0.75 µg/1.5 μL in vivo) slightly restored
the levels of dephosphorylated NFATc4/3 after 2 Gy irradiation
and completely restored neurite length and total branching points
both in vitro and in vivo. 

Zhang et al.,
2018 

Sex Female mice 

Male mice showed many changes in Akt and ERK1/2 activity
following acute and chronic irradiation at 0.5 Gy. However,
female mice showed only few changes. In addition, male mice
showed a trend of fewer immature neurons after 0.5 Gy
radiation. 

Silasi et al.,
2004 

Exercise 
Forced running in 30-
minute intervals twice
per day, 5 times per
week for 3 weeks. 

Forced running after irradiation completely restored the levels of
the signaling molecules in the BDNF-pCREB pathway and slightly
restored neurogenesis. 

Ji et al., 2014 

Known Feedforward/Feedback loops influencing this KER

N/A 
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Relationship: 2841: Increase, DNA strand breaks leads to Abnormal Neural Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Low NCBI

Life Stage Applicability
Life Stage Evidence

Juvenile Low
Adult Moderate

Sex Applicability
Sex Evidence

Male Moderate
Female Low

Evidence for this relationship is derived from studies that use human-derived cells and mouse models, with most of
the evidence in mice. There is in vivo evidence in male animals. Most evidence is from adult models. 
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DNA single strand breaks (SSBs) and double strand breaks (DSBs) can lead to cell cycle arrest and apoptosis
(Madabhushi, Pan and Tsai, 2014; Michaelidesova et al., 2019). In proliferative cells like neural stem/progenitor cells
this will reduce neurogenesis within the brain (Alt and Schwer, 2018; Lee and McKinnon, 2007; Michaelidesova et al.,
2019). Although the role of DSBs is less well-characterized in mature neurons (Lee and McKinnon, 2007; Thadathil
fsylet al., 2019), some evidence suggests that unrepaired DNA strand breaks could also have deleterious effects in
these neurons (Wang et al., 2017). Furthermore, there is evidence that DNA strand breaks can induce changes to
neural plasticity and synaptic activity through changes in gene expression (Konopka and Atkin, 2022; Thadathil et al.,
2019). This can occur via changes in N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-isoxazole-4-
propionate (AMPA) receptor activity or changes in the expression of early response genes (ERGs) that encode
transcription factors controlling processes like neurite outgrowth, synapse development and maturation and the
balance between excitatory and inhibitory synapses (Konopka and Atkin, 2022). 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate

Biological Plausibility

The biological plausibility between DNA strand breaks leading to abnormal neural remodeling is supported by
literature.  

Abnormal neural remodeling due to DNA strand breaks can occur through apoptosis (Abner and McKinnon, 2004;
Desai et al., 2022; Madabhushi, Pan and Tsai, 2014; Michaelidesova et al., 2019; Wang et al., 2017; Zhu et al., 2019).
Newly post-mitotic neurons with DSBs may undergo checkpoint mediated apoptosis as a mechanism to prevent their
incorporation into the nervous system as mature neurons (Alt and Schwer, 2018; Lee and McKinnon, 2007). In
response to DSBs, developing neural progenitor cells and a trace number of neural stem cells will undergo cell cycle
arrest at critical stages. In the mammalian genome, DNA strand breaks can regulate checkpoint activation through
the activation of phosphoinositide 3-kinase (PI3K)-related family of serine/threonine kinases (PIKK), ataxia
telangiectasia mutated (ATM) and ATM/RAD3-related (ATR), that can phosphorylate many downstream proteins
(Wang et al., 2017). Specifically, DSBs can activate ATM which phosphorylates p53, which can then act on apoptosis
factors, p53-upregulated modulator of apoptosis (PUMA), CD95 (Fas/APO1) and apoptotic peptidase activating factor 1
(Apaf1) (Zhu et al., 2019). Activation of this pathway in proliferating cells like neuronal precursors can reduce
neurogenesis (Wang et al., 2017; Michaelidesova et al., 2019). 

 

DNA strand breaks can also lead to changes in synaptic activity, neural plasticity, proliferation, and differentiation.
Neurons communicate electrically and chemically through synaptic contacts. Neural plasticity refers to the ability of
the nervous system to modify its structure, function or connections in response to stimuli. DNA damage can modulate
the activity and expression of glutamate receptors, including NMDA/AMPA, which are involved in synaptic activity,
plasticity and neuronal activation in the central nervous system. The changes in receptor activity and expression
modulate neural gene expression and lead to changes in plasticity (Konopka and Atkin, 2022). Additionally, changes in
ERG expression following DNA damage can lead to certain abnormal neural remodeling changes, such as neurite
outgrowth, synapse development and maturation (Konopka and Atkin, 2022). As well, inhibition of the cell cycle by
DNA strand breaks can impair neurogenesis through decreased differentiation and proliferation of neural stem cells
(NSCs) (Michaelidesova et al., 2019).

 

Empirical Evidence

The empirical evidence for this KER comes from in vivo mouse models as well as in vitro mouse- and human-derived
cell models. Stressors used included X-ray radiation (Barazzuol, Ju and Jeggo, 2017; Barazzuol et al., 2015; Huang et
al., 2021; Zhang et al., 2017), 60Co gamma ray radiation (Zanni et al., 2015), 137Cs gamma rays (Acharya et al.,
2010), and 6 MV photon radiation (Schmal et al., 2019). Abnormal neural remodeling can be determined through
various endpoints, including neuronal apoptosis, morphology, proliferation, differentiation and altered synaptic
activity. Markers of DNA strand breaks in this KER include p53 binding protein 1 (53BP1), phosphorylation of H2AX (γ-
H2AX), and phosphorylation of ATM (p-ATM).

 

Dose Concordance 

Several studies demonstrate dose concordance for the relationship between DNA strand breaks leading to abnormal
neural remodeling. Adult mice irradiated with X-rays showed increased 53BP1 foci in the lateral ventricle at doses as
low as 0.1 Gy, while neuronal apoptosis and impaired neurogenesis were observed as low as 1 Gy (Barazzuol, Ju and
Jeggo, 2017). Juvenile and adult male mice irradiated with 0.5 to 2 Gy of 6 MV photons showed increased DSBs in
neurons at the same doses as impaired neurogenesis (Schmal et al., 2019). X-ray irradiation of mice aged 2 to 4
months with 50 mGy, 100 mGy and 200 mGy showed increased DSBs in the cerebellum, as well as apoptosis in the
subventricular zone (SVZ) (Barazzuol et al., 2015). 

 

Time Concordance 
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Many studies demonstrate that DNA strand breaks occur prior to abnormal neural remodeling. Studies frequently
measure increased DNA DSBs through γ-H2AX foci or 53BP1 foci within 1 h post-irradiation and increased neuronal
apoptosis 4 to 6 h post-irradiation (Acharya et al., 2010; Barazzuol, Ju and Jeggo, 2017; Barazzuol et al., 2015; Zhang
et al., 2017). Studies have also measured abnormal neural remodeling at later timepoints than this. For example,
Zhang et al. (2017) showed increased apoptosis at 2 days after 12 Gy of X-ray irradiation in HT22 hippocampal
neurons, and Acharya et al. (2010) demonstrated decreased human NSC (hNSC) differentiation at 2 days and
decreased cell numbers at 3 days following 5 Gy of 137Cs gamma rays.

 

Incidence Concordance 

Few studies show greater levels of DNA strand breaks than abnormal neural remodeling. In hNSCs irradiated with 5
Gy of 137Cs gamma rays, γ-H2AX foci increased 30-fold, while apoptosis increased 2- to 3-fold and hNSC
differentiation decreased 0.5-fold (Acharya et al., 2010). A study using multiple doses of X-rays (50, 100 and 200
mGy) demonstrated greater increases to DNA strand breaks than to apoptosis. At 200 mGy, 53BP1 foci increased 30-
fold and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)+ cells increased 10-fold (Barazzuol et
al., 2015).

 

Essentiality 

Multiple studies show that inhibition of DNA strand breaks can reduce abnormal neural remodeling. Treatment of
HT22 hippocampal neuronal cells with minocycline inhibited the expression of γ-H2AX and the p-ATM/ATM ratio as
well as reduced apoptosis following X-ray exposure (Zhang et al., 2017). Similarly, mesenchymal stem cell
conditioned media (MSC-CM) reduced the expression of γ-H2AX and reduced apoptosis, reversing the changes
induced by X-ray radiation (Huang et al., 2021). Lithium chloride was also shown to reduce γ-H2AX levels and
increase proliferation in neural stem cells irradiated with 60Co gamma rays (Zanni et al., 2015).

 

Uncertainties and Inconsistencies

None identified. 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. All data
is statistically significant unless otherwise stated. 

 

Dose Concordance 

Reference Experiment Description Result 

Schmal et
al., 2019 

In vivo. Juvenile and adult male mice were whole-
body irradiated with various doses (5, 10, 15 or
20 fractions of 0.1 Gy) of 6 MV photons. DNA DSBs
were determined by 53BP1 immunofluorescence
in mature neurons. Abnormal neural remodeling
was assessed by the level of DCX+
neuroprogenitor cells and transcription factor SRY
(sex-determining-region-Y) box 2 (SOX2)+
stem/progenitor cells in the subgranular zone
(SGZ) of the hippocampal dentate gyrus. 

At 72h post-irradiation of juvenile mice, 53BP1 foci
increased 1.5-fold at 0.5 Gy and 2.7-fold at 2 Gy,
while DCX+ cells decreased 0.9-fold at 0.5 Gy and
0.7-fold at 2 Gy. At 72h post-irradiation of adult
mice, 53BP1 foci increased 1.2-fold (non-significant)
at 0.5 Gy and 2-fold at 2 Gy, while DCX+ cells
decreased 0.9-fold at 0.5 Gy and 0.8-fold at 2 Gy.
SOX2+ cells did not change at 72 h post-irradiation,
but decreased 0.6-fold in juvenile mice and 0.8-fold
in adult mice at 2 Gy after 1 month. 

Barazzuol
et al., 2015 

In vivo. C57BL/6 mice aged 2-4 months were
irradiated with 50 mGy, 100 mGy and 200 mGy of
X-rays. Apoptosis in the SVZ was determined with
a TUNEL assay. DSBs in the cerebellum were
quantified with 53BP1 immunofluorescence. 

53BP1 foci increased linearly from 0.05 foci/cell at 0
Gy to 1.3 foci per cell at 200 mGy. The number of
TUNEL+ cells increased linearly from 5 cells/section
at 0 Gy to about 50 cells/section at 200 mGy. 

Barazzuol,
Ju and
Jeggo,
2017 

In vivo. C57BL/6 mice were irradiated with various
doses of X-rays (0.5 Gy/min).
Immunofluorescence was used to detect TUNEL+
cells (apoptotic), Ki67+ cells (proliferating) and
DCX+ cells (neuron progenitors). 53BP1 was also
detected by immunofluorescence. 

53BP1 foci increased over 10-fold at 0.1 Gy and
about 80-fold at 2 Gy in the lateral ventricle. At 1, 2,
and 3 Gy, Ki67+ cells in the lateral ventricle
decreased 0.2-fold, and TUNEL+ cells were
increased in the lateral ventricle. At 2 Gy, DCX+ cells
decreased to less than 0.1-fold. 

 

Time Concordance 
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Reference Experiment Description Result 

Acharya et
al., 2010 

In vitro. hNSCs were irradiated with 5 Gy of 137Cs gamma
rays (2.2 Gy/min. γ-H2AX foci for DSBs were quantified
with immunofluorescence. Apoptosis of hNSCs was
measured using fluorescence-activated cell sorting (FACS)
for poly (ADP-ribose) polymerase (PARP) cleavage (early
marker) and annexin V binding (late marker).
Differentiation of hNSCs was measured by β-III-Tubulin
staining and cell numbers were measured by SYBR green
fluorescence. 

γ-H2AX foci were increased from 5% to 95%
as early as 0.3 h post-irradiation. PARP+
cells were increased 3-fold at 6 h post-
irradiation, while annexin V+ cells were
increased 2-fold 48 h post-irradiation. hNSC
differentiation was decreased 0.5-fold 2
days post-irradiation. hNSC cell numbers
were decreased 0.3-fold 3 days post-
irradiation. 

Barazzuol
et al., 2015 

In vivo. C57BL/6 mice aged 2-4 months were irradiated
with 50 mGy, 100 mGy and 200 mGy of X-rays. Apoptosis
in the SVZ was determined with a TUNEL assay. DSBs in
the cerebellum were quantified with 53BP1
immunofluorescence. 

The earliest increase in 53BP1 foci was
observed at 0.25 h post-irradiation. The
earliest increase in TUNEL+ cells was
observed at 6 h post-irradiation. 

Zhang et
al., 2017 

In vitro. Cells from the HT22 mouse hippocampal neuronal
cell line were irradiated with 12 Gy of X-rays (4 Gy/min). γ-
H2AX and p-ATM protein expression was determined with
western blot. Apoptosis was determined with flow
cytometry using annexin V and propidium iodide staining. 

At 30 min post-irradiation, γ-H2AX
increased 3.2-fold and the ratio of p-
ATM/ATM increased 4.4-fold. Apoptosis
increased over 10-fold at 48 h post-
irradiation. 

Barazzuol,
Ju and
Jeggo,
2017 

In vivo. C57BL/6 mice were irradiated with various doses of
X-rays (0.5 Gy/min). Immunofluorescence was used to
detect TUNEL+ cells (apoptotic), Ki67+ cells (proliferating)
and DCX+ cells (neuron progenitors). 53BP1 was also
detected by immunofluorescence. 

A peak in 53BP1 foci occurred at 0.5 h post-
irradiation. Changes to TUNEL+ cells, Ki67+
cells and DCX+ cells were observed at 6 h
post-irradiation. 

 

Incidence Concordance 

Reference Experimental Description Results 

Acharya et
al., 2010 

In vitro. hNSCs were irradiated with 5 Gy of 137Cs gamma rays
(2.2 Gy/min. γ-H2AX foci for DSBs were quantified with
immunofluorescence. Apoptosis of hNSCs was measured using
FACS for PARP cleavage (early marker) and annexin V binding
(late marker). Differentiation of hNSCs was measured by β-III-
Tubulin staining and cell numbers were measured by SYBR green
fluorescence. 

γ-H2AX foci were increased about
20-fold. PARP+ cells were increased
3-fold and annexin V+ cells were
increased 2-fold. hNSC
differentiation was decreased by
0.5-fold. hNSC cell numbers were
decreased 0.3-fold. 

Barazzuol
et al., 2015 

In vivo. C57BL/6 mice aged 2-4 months were irradiated with 50
mGy, 100 mGy and 200 mGy of X-rays. Apoptosis in the SVZ was
determined with a TUNEL assay. DSBs in the cerebellum were
quantified with 53BP1 immunofluorescence. 

53BP1 foci increased almost 30-fold
between 0 Gy and 200 mGy. The
number of TUNEL+ cells increased
about 10-fold between 0 Gy and 200
mGy. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Drug 

MSC-CM Treatment reduced the expression of γ-H2AX and reduced
apoptosis 

Huang et al.,
2021 

Lithium chloride Reduced the level of γ-H2AX and increased proliferation of
neural stem cells. 

Zanni et al.,
2015 

Minocycline (an
antibiotic shown to
reduce radiation-
induced memory loss) 

Treatment inhibited the increase in γ-H2AX and p-ATM and
reduced apoptosis. 

Zhang et al.,
2017 

Genetics DNA ligase IV-null
mutation 

Mice with this mutation show greatly increased levels of
apoptosis compared to wild-type mice due to reduced DNA
repair following irradiation. 

Barazzuol et
al., 2015 

Age 
Hippocampal
neurogenesis is more
pronounced in younger
mice. 

Proliferative potential of neuronal precursors in the
hippocampus, determined by Ki-67 immunostaining, was
significantly reduced in juvenile mice but not significantly
affected in adult mice after irradiation. 

Schmal et al.,
2019 

Known Feedforward/Feedback loops influencing this KER

Some studies suggest that neuron activity can generate DNA DSBs. Specifically, it has been shown that γ-H2AX foci
can be formed by the activation of NMDA a https://www.canada.ca/en/public-health/services/laboratory-biosafety-
biosecurity/pathogen-safety-data-sheets-risk-assessment/epstein-barr-virus.html nd AMPA glutamate receptors
(reviewed by Konopka and Atkin, 2022). Activity induced DSBs in mature neurons subsequently influence gene
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expression and neuronal activity (Alt and Schwer, 2018). 
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Relationship: 2811: Oxidative Stress leads to Increase, DNA strand breaks

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of energy leading to occurrence of cataracts adjacent Moderate Low
Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Moderate
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Deposition of energy leads to abnormal vascular
remodeling adjacent High Moderate

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
rat Rattus norvegicus Low NCBI
rabbit Oryctolagus cuniculus Low NCBI
bovine Bos taurus Low NCBI
mouse Mus musculus Low NCBI

Life Stage Applicability
Life Stage Evidence

Adult Low
Not Otherwise
Specified Low

Sex Applicability
Sex Evidence

Unspecific Low
Male Low

This KER is plausible in all life stages, sexes, and organisms with DNA. The evidence is from human, rodent, rabbit
and bovine in vitro studies that do not specify the sex, as well as an adult rat in vivo study.

Key Event Relationship Description

Oxidative stress is an event that involves both a reduction in free radical scavengers and enzymes, and an increase in
free radicals (Brennan et al., 2012). Oxidative stress needs to be maintained within an organism to avoid an excess of
damage to biological structures, such as DNA. A redox homeostasis between the radicals and the scavengers is
necessary. Between reactive oxygen species (ROS) and reactive nitrogen species (RNS), collectively known as RONS,
ROS is particularly significant to oxidative damage and disease states. Radicals such as singlet oxygen and hydroxyl
radical are highly unstable and will react with molecules near their generation point, while radicals such as H2O2 are
more stable and membrane permeable, meaning they can travel further to find electrons (Spector, 1990). Since DNA
is mainly found in nucleus, ROS needs to reach the nucleus to induce breaks. Hydroxyl radicals, in addition to being
highly reactive, are capable of causing DNA damage (Halliwell et al., 2021; Engwa et al., 2020). The regulation of
these radicals is achieved by the antioxidant defense response (ADR), which includes enzymatic and non-enzymatic
processes. The ADR is recruited to manage RONS levels, with antioxidants such as superoxide dismutase (SOD)
functioning as the first line of defense (Engwa et al., 2020). These antioxidants act as scavengers to oxidants, reacting
with them before reaching other structures within the cell such as DNA strands (Cabrera et al., 2011; Engwa et al.,
2020). The backbone of DNA can fragment upon sustained exposure to ROS (Uwineza et al., 2019; Cannan et al.,
2016). Due to low oxidation potentials, adenine and guanine are the DNA bases more prone to oxidation, with
oxidation potentials (normal hydrogen electrode) at pH 7 of 1.3 eV and 1.42 eV compared to the 1.6 eV and 1.7 eV of
cytosine and thymine (Fong, 2016; Halliwell et al., 2021; Poetsch, 2020). In fact, certain radicals even target guanine
in a selective fashion, including carbonate anion radical (CO3•-) and singlet oxygen (1O2) (Halliwell et al., 2021).

Evidence Supporting this KER

Overall Weight of Evidence: Moderate

Biological Plausibility

The biological plausibility of the relationship between increased oxidative stress leading to increased DNA double
strand breaks (DSBs) is highly supported by the literature. Evidence was collected from studies conducted using in
vitro lens epithelial cell models and derived from humans, bovine and germ line cells (Spector, 1990; Stohs, 1995;
Aitken et al., 2001; Spector, 1995). As this evidence is derived from studies using a human cell model it limits the
ability to compare between different taxonomies (Ahmadi et al., 2022; Cencer et al., 2018; Liu et al., 2013; Meng et
al., 2021; Smith et al., 2015; Zhou et al., 2016). Other evidence comes from human-derived and rodent models of
neuronal and endothelial cells (Cervelli et al., 2014; El-Missiry et al., 2018; Huang et al., 2021; Sakai et al., 2017;
Ungvari et al., 2013; Zhang et al., 2017). 
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ROS that are generated specifically as a result of radiation are highly localized, increasing the likelihood of clustered
regions of damage. Naturally generated ROS are more widespread and as a result less capable of generating clusters
of damage. ROS will act on DNA bases to oxidize or delete them from the sequence, which create nicks on the strand
(Cannan et al., 2016). This damage can occur to any DNA base but bases such as guanine and adenine are most
vulnerable due to their low oxidation potentials (Fong, 2016). The mechanism through which the strand break occurs
is a result of base excision repair (BER) happening at multiple sites that are too close together, resulting in the
spontaneous conversion to DSBs prior to completion of repair. ROS damage to bases clustered together means that
multiple sites of BER are happening very close together and while the strand may be able to support the damaged
area for one repair, concurrent repairs make surrounding areas more fragile and the strand breaks at the nick sites
are under added strain (Cannan et al., 2016). Endogenous damage to DNA as a result of radicals appears over time
and mainly as isolated lesions, a pattern understood to be due to the diffusion of the radicals resulting in homogenous
distribution patterns. This differs from the specific situations where radiation acts as the stressor to increase oxidative
stress, as the radiation track will be highly localized and form radicals within that hit space. This leads to non-
homologous lesions and clustered damage to the DNA (Ward et al., 1985). 

Empirical Evidence

This relationship is well supported through empirical evidence from studies using stressors such as H2O2, photons, γ-
and X-ray, which cause an increase in markers of oxidative stress such as ROS-generating enzymes (lactate
dehydrogenase, LDH), and a decrease in free radical scavengers, resulting in DNA strand fragmentation. These
studies include both in vivo and in vitro human lens epithelial cells (LECs), mouse, rat and rabbit models, including
neuronal cells lines and endothelial cells (Ahmadi et al., 2022; Cencer et al., 2018; Cervelli et al., 2014; El-Missiry et
al., 2018; Huang et al., 2021; Liu et al., 2013; Meng et al., 2021; Spector et al., 1997; Ungvari et al., 2013; Zhang et
al., 2017; Zhou et al., 2016; Sakai et al., 2017). 

Dose/Incidence Concordance  

There is high evidence to support a dose concordance between oxidative stress and DNA strand breaks. One in vitro
study demonstrated that when ROS levels in LECs are 10% above control following 0.5 Gy gamma ray exposure, DNA
strand breaks increased 15-20% above control (Ahmadi et al., 2021). Another study with ultraviolet (UV)B radiation
demonstrated higher ROS levels after exposure to 0.14 J/cm2 on in vitro LECs as compared to a lower dose exposure
(0.014 J/cm2) for the same time. This corresponded to DNA strand break levels also increasing following high dose
rate exposure, but not with the low dose exposure (Cencer et al., 2018). 

A 30 µM of H2O2 treatment of in vitro LECs is associated with a 1.4x increase in lactate dehydrogenase (LDH) and
55% more DNA strand breaks (Liu et al., 2013; Smith et al., 2015). Following exposure of in vitro LECs to 50 µM H2O2,
increased ROS levels, 4x for LDH, and decreased antioxidant levels, 2x control for GSH-Px and SOD, are associated
with a 3x increase in γ-H2AX, a marker of DNA strand breaks (Meng et al., 2021). SOD and GSH decreased by 2-fold
following 100 µM H2O2 exposure on LECs with an in vitro model (Zhou et al., 2016). At 125 µM H2O2 intact DNA can
be reduced to near 1% of pre-treatment levels for in vitro LECs (Spector et al., 1997). Following 400 µM H2O2 LDH
increased to 1200% of control in neuroblastoma cells (Feng et al., 2016) and DNA strand breaks increased to over
150% of control in in vitro LECs (Li et al., 1998). 

Exposure of in vitro mouse hippocampal neuronal cells (HT22 cell line) to 10 Gy of X-irradiation resulted in a 5x
increase in ROS generation and 3x increase in γ-H2AX (Huang et al., 2021). Another study exposed the same cell line
to 8 and 12 Gy of X-irradiation and found a ~2x increase in ROS at 8 Gy and a 4.4x and 3.2x increase in
phosphorylation of ataxia telangiectasia mutated (ATM) and γ-H2AX, respectively, 30 minutes after 12 Gy (Zhang et
al., 2017). A separate study exposed adult male rats to 4 Gy of γ-irradiation and found 2x increase in 4-hydroxy-2-
nonenal (4-HNE) (lipid peroxidation marker) and 3x increase in protein carbonylation. Glutathione reductase
decreased by approximately 5x, whereas glutathione and glutathione peroxidase levels decreased by approximately
3x each. Tail DNA %, tail length and tail moment (DNA strand break parameters) increased by approximately 2x, 3x
and 6x, respectively (El-Missiry et al., 2018). 

Endothelial cells exposed to irradiation also demonstrated the relation between oxidative stress and DNA strand
breaks. Rat cerebromicrovascular endothelial cells (CMVECs) exposed to 8 Gy 137Cs gamma rays showed increased
cellular peroxide production and mitochondrial oxidative stress. Tail DNA content indicating DNA damage was also
increased from 0 to 45% (Ungvari et al., 2013). Human umbilical vein endothelial cells (HUVECs) were irradiated with
single (0.125, 0.25, 0.5 Gy), or fractionated (2 × 0.125 Gy, 2 × 0.250 Gy) doses of X-rays. Intracellular ROS production
increased in a dose-dependent manner following 0.125, 0.25, 0.5 Gy, and γ-H2AX foci positive cells were observed at
all doses (Cervelli et al., 2014). Human aortic endothelial cells (HAECs) exposed to 100µM H2O2 showed 3.7-fold
increase in intracellular ROS and a 3.4- and 4.7-fold increase in γ-H2AX and p-ATM, respectively (Sakai et al., 2017). 

Time Concordance 

There is low evidence to support a time concordance between oxidative stress to strand breaks on DNA. Non-protein-
thiol levels, an antioxidant, in in vitro LECs decreased to near zero by 30 minutes post-exposure to 300 µM H2O2,
before recovering to 70% of control by 120 minutes. At 60 minutes post-exposure to 125 µM H2O2 there was a start
to a divergence from control level DNA fragmentation, one that increased logarithmically, with the treated group
having a 14~18% reduction in intact DNA by 9 h post-exposure (Yang et al., 1998). Time response information is
difficult to monitor for DNA strand breaks because repair will occur, reducing the number of breaks over time. At 0
minutes post in vitro exposure to 40 µM H2O2 LECs had ~145% of control level DNA strand breaks but that number
dropped to ~105% by 30 minutes post-exposure (Li et al., 1998). 

Essentiality  
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Oxidative stress has been found to increase levels of DNA strand breaks above background levels (Li et al., 1998; Liu
et al., 2013; Cencer et al., 2018; Ahmadi et al., 2022; El-Missiry et al., 2018; Huang et al., 2021; Cervelli et al., 2017;
Sakai et al., 2017). It has been shown that inhibition of oxidative stress leads to a reduction in DNA strand breaks.
Sulforaphane (SFN) is an isothiocyanate, which provides chemical protection against ROS by activating the release of
enzymatic scavengers. When SFN was added to in vitro LECs exposed to 30 µM H2O2, LDH decreased to near
unexposed cell levels from the 1.4x control level without SFN. This LDH drop was associated with reducing the levels
of DNA strand breaks induced by oxidative stress almost 3-fold as compared to cells without SFN (Liu et al., 2013). In
another study, intact DNA levels were returned to control when treated with µPx-11 (peroxidase that breaks down
H2O2), following exposure to 125 µM H2O2. This was a near 100% recovery compared to the drop seen in LECs that
did not contain µPx-11 (Spector et al., 1997). 

Within the brain of Wistar rats, epigallocatechin-3-gallate (EGCG) ameliorated radiation-induced increases in lipid
peroxidation and protein carbonylation, as well as decreases in glutathione (GSH), glutathione peroxidase (GPx) and
glutathione reductase (GR) and reverted the levels back to those similar to controls. DNA strand break parameters
also returned to those similar to controls after treatment with EGCG (El-Missiry et al., 2018). Similar effects were also
shown in another study using treatment mesenchymal stem cell-conditioned medium in mouse hippocampal cells
exposed to 10 Gy of X-irradiation (Huang et al., 2021). 

HUVECs pretreated with the antioxidant mixture RiduROS blunted ROS generation in a concentration-dependent
manner by 65% ± 5.6% and 98% ± 2%, at 0.1 and 1 μg/mL, respectively, compared with cells irradiated without
pretreatment. Low-dose irradiation also increased DSB-induced γ-H2AX foci compared with control cells and 24 h of
RiduROS pretreatment reduced the γ-H2AX foci number by 41% (Cervelli et al., 2017). Additionally, HAECs treated
with eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) found significantly reduced intracellular ROS at
100µM, as well as reduced γ-H2AX foci formation by 47% and 48% following EPA and DHA treatment respectively.
(Sakai et al., 2017).

Uncertainties and Inconsistencies

N/A.

Quantitative Understanding of the Linkage

The following tables provide representative examples of the relationship, unless otherwise indicated, all data is
significantly significant. 

Dose Concordance 

Reference  Experiment Description Result 

Cencer et
al., 2018 

 

In vitro, human LECs exposed to UVB
and tested for 120 min post exposure
with fluorescent probes to detect ROS
production and mitochondrial
superoxide, and tetramethylrhodamine-
dUTP (TMR) red assay to detect strand
breaks. 

Both ROS and DNA strand breaks were increased by both
0.014 J/cm2 and 0.14 J/cm2 UVB radiation. At 0.014 J/cm2,
cellular ROS increased a maximum of 15 fluorescence units
above the control at 5 min post-UVB, while DNA strand breaks
increased about 115 fluorescence units above the control at
this time. At 0.14 J/cm2, cellular ROS increased a maximum of
about 35 fluorescence units above the control at 90 min post-
UVB, while mitochondrial superoxide increased about 30
fluorescence units above the control and DNA strand breaks
increased about 125 fluorescence units above the control at
this time. 

 
 

Ahmadi et
al., 2021  

In vitro, human LECs exposed to 0.065-
0.3 Gy/min gamma radiation, with
dihydroethdium (DHE) fluorescent
probes to measure ROS levels and
comet assay to measure strand
breaks. 

Human LECs exposed in vitro to 0.1 - 0.5 Gy gamma rays
showed a gradual increase in ROS levels and a corresponding
gradual increase in DNA in the tail from the comet assay
(indicative of increased DNA strand breaks) with the maximum
dose displaying a 10% increase in ROS levels and a 17%
increase in DNA strand damage. 

Li et al.,
1998  

In vitro, bovine LECs were exposed to
40 and 400 µM H2O2 with an alkaline
unwinding assay to determine strand
break levels. 

Immediately after LECs were exposed to 40 µM and 400 µM
H2O2, there were ~145% and ~150% DNA strand breaks
compared to the unexposed control level, respectively. The
amounts of DNA strand breaks in cells exposed to both
concentrations were reduced to ~105% of the unexposed
control level after 30 min. After 400 µM H2O2, oxidative stress
as measured by LDH was 1200% of control in neuroblastoma
cells. 

Spector et
al., 1997  

In vitro, rat LECs exposed to 100 and
125 µM H2O2 with alkaline elution
assay to determine single strand break
level. 

Exposure to 125 µM of H2O2 to lens epithelial cells resulted in
reduction of intact DNA to near 1% by 9 hr post-exposure.
Exposure to 100 µM H2O2 reduced SOD and GSH levels by 2-
fold. 
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El-Missiry et
al., 2018 

In vivo, albino Wistar rats were
exposed to 4 Gy of γ radiation (137Cs
source) at 0.695 rad/s. Kits were used
to measure 4-HNE (secondary product
of lipid peroxidation) and protein 

carbonyl group levels as markers of
oxidative stress. Antioxidants including
GSH, GPx 

and GR were also assessed. The comet
assay was used to analyze DNA strand
breaks by visualizing DNA tail %, tail
length and tail moment. 

4-HNE and protein carbonyl levels increased by approximately
2- and 3-fold after radiation exposure. GSH and GPx levels
decreased by approximately 3-fold each, whereas GR levels
decreased by approximately 5-fold. Tail DNA %, tail length and
tail moment increased by approximately 2-, 3- and 6-fold after
exposure to 4 Gy. 

Ungvari et
al., 2013 

In vitro. CMVECs and rat hippocampal
neurons were irradiated with 2-8 Gy
137Cs gamma rays. 5(and 6)-
chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate
acetyl ester (CM-H2DCFDA) staining,
and flow cytometry were used to
measure ROS production. DNA damage
was quantified by measuring the tail
DNA content (as a percentage of total
DNA) using the Comet Assay-IV
software. 

Day 1 post-irradiation showed increased cellular peroxide
production and increased mitochondrial oxidative stress in
CMVECs in a dose-dependent manner, increasing a maximum
of ~3-fold at 8 Gy. Tail DNA content also increased in a dose-
dependent manner with an approximate increase from 0 to
45% at 8 Gy. 

 

Huang et
al., 2021 

In vitro, HT22 cells (mouse
hippocampal neuronal cell line) were
exposed to 10 Gy of X-irradiation at 6
Gy/min. ROS levels were measured
using H2-DCFDA staining and
fluorescence microscope analysis,
whereas western blotting was used to
detect γ-H2AX. 

At 10 Gy, intracellular ROS generation increased by 5-fold and
γ-H2AX increased by 3-fold. 

Zhang et
al., 2017 

In vitro. HT22 cells were exposed to 8
and 12 Gy X-rays. Relative intracellular
ROS levels were determined by DCFDA.
p-ATM, γ-H2AX were measured with
Western blot. 

Following 8 Gy irradiation, intracellular ROS levels increased
~1.8-fold. Phosphorylation of ATM and γ-H2AX were increased
4.4-fold and 3.2-fold, respectively, 30 min after 12 Gy. 

 

Cervelli et
al., 2014 

In vitro. HUVECs were irradiated with
single doses (0.125, 0.25, 0.5 Gy), or
fractionated doses (2 × 0.125 Gy, 2 ×
0.250 Gy) of X-rays. Intracellular ROS
generation was measured with a
fluorescent dye, C-DCFDA, using a
spectrofluorometer.
Immunofluorescence microscopy was
used to measure γ-H2AX foci. 

Intracellular ROS production was significantly increased in a
dose-dependent manner (1.6-, 2- and 2.8-fold at 0.125, 0.25,
0.5 Gy, respectively). When HUVECs were exposed to
fractionated doses, no increase in ROS generation was
observed, compared with respective single doses. 24h post-
irradiation the percentage of foci-positive cells exposed to
0.125 Gy, 2 × 0.125 Gy, 0.250 Gy, 2 × 0.250 Gy and 0.5 Gy,
was 1.68, 1.48, 3.53, 2.59, 8.74-fold over the control,
respectively. 

Sakai et al.,
2017 

In vitro. HAECs were exposed to 100uM
H2O2. Intracellular ROS was measured
by CM-H2DCFDA. DNA DSBs were
detected by immunofluorescent
analysis with γ-H2AX as a marker. 

Intracellular ROS increased by ~3.7-fold 

p-ATM increased by ~4.7-fold. γ-H2AX increased by ~3.4-fold. 

 

Incidence Concordance 

Reference  Experiment Description Result 

Meng et al.,
2021 

In vitro, human LECs exposed to 50 µM
H2O2 with DCFH-DA fluorescent probe to
detect ROS levels and
immunofluorescence and western blot
assay to detect γ-H2AX. 

50 µM H2O2 exposure to lens epithelial cells increased
oxidative stress, with ROS measured by LDH, by 4-fold and
decreased the level of antioxidants by 2-fold as measured
by SOD and GSH-PX. This resulted in 3-fold increase in γ-
H2AX. 

Smith et al.,
2015 

In vitro, human LECs exposed to 30 µM
H2O2 with alkaline comet assay to
determine amount of strand breaks. 

Treatment of lens epithelial cells to 30 µM H2O2 induced
DNA strand breaks by 55% at 0.5 hr after exposure and
increased the level of LDH by ~1.4 fold at 24 hr post-
exposure. 

Liu et al.
2013 

In vitro, human LECs exposed to 30 µM
H2O2 with alkaline comet assay
determination of strand breaks. 

LDH increased by ~1.4 fold at 24 hr post-exposure, with a
5x increase from control levels in DNA strand breaks. 
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Time Concordance 

Reference  Experiment Description Result 

Yang et al.,
1998  

In vitro, rabbit LECs exposed to H2O2
with TCA addition and thiol assay to
determine non-protein thiol (NP-SH)
level and alkaline elusion assay to
determine strand breaks. 

 In rabbit LECs exposed in vitro to 125 µM H2O2, non-protein
thiol levels decreased to <5% control (indicates oxidative
stress) 30 min post-irradiation, and % DNA retained using
alkaline elution decreased by 1.6 log (indicates increased DNA
fragmentation) within the next 8.5 h. 

Known modulating factors

There is limited evidence demonstrating this relationship across different life stages/ages or sexes (Cencer et al.,
2018; Li et al., 1998).

Modulating
Factors MF Details Effects on the KER References 

Age 

Reduced antioxidant capacities
have been linked to aged
lenses (in humans >30 years
old). The development of a
chemical barrier between the
cortex and the nucleus is
partially responsible, as it
prevents GSH from protecting
aged lens cells from ROS. 

Prevention of RONS-mediated damage is primarily
achieved by antioxidants, so a lowered capacity would
likely lead to reduced damage mitigation abilities. 78%
of lens over 30 had a low level of GSH in the center
compared to 14% of lens under 30. Lens epithelial cells
have an associated 3-fold increase in γ-H2AX (marker of
DNA damage) when GSH-PX decreases by 2-fold. 

Taylor &
Davies, 1987;
Cabrera &
Chihuailaf,
2011; Quinlan
& Hogg,
2018;
Sweeney &
Truscott,
1998; Meng &
Fang, 2021 

Free radical
scavengers 

ROS-scavengers are essential
components of the body’s
natural defense against
oxidative damage. Increased
ROS production leads to
increased incidence of electron
donation by scavengers, thus
reducing the overall level of
free radical scavengers
available to deal with ROS. 

Isothiocyanates, such as sulforaphane (SFN), activate
the release of more enzymatic scavengers. When SFN
was added to in vitro LECs, LDH decreased to near
unexposed cell levels and was associated with 3.3x less
DNA strand breaks compared to the non-SFN cells
following stressor exposure. Epigallocatechin-3-gallate
(EGCG) also has antioxidant properties and was shown
to alleviate radiation-induced increases in oxidative
stress and DNA strand breaks within rat hippocampi. 

Taylor et al.,
1987;
Cabrera et
al., 2011; Liu
et al., 2013;
El-Missiry et
al., 2018 

Media 

Mesenchymal stem cell-
conditioned medium (MSC-CM),
which has self-renewal,
differential and proliferation
capacities. 

MSC-CM treatment has also been shown to improve ROS
levels and decrease radiation-induced DNA strand
breaks within mouse hippocampal neuronal cells. 

Huang et al.,
2021

Known Feedforward/Feedback loops influencing this KER

Not identified. 
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Relationship: 1977: Energy Deposition leads to Increase, DNA strand breaks

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of energy leading to lung cancer adjacent High High
Deposition of energy leading to population decline via DNA strand
breaks and follicular atresia adjacent High
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Deposition of energy leading to population decline via DNA strand
breaks and oocyte apoptosis adjacent

Deposition of energy leading to occurrence of cataracts adjacent High High
Deposition of energy leads to abnormal vascular remodeling adjacent High High
Deposition of Energy Leading to Learning and Memory Impairment adjacent High High

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

mouse Mus musculus High NCBI
human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
bovine Bos taurus Low NCBI
rabbit Oryctolagus cuniculus Low NCBI
Pig Pig Low NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages High

Sex Applicability
Sex Evidence

Unspecific High

This KER is plausible in all life stages, sexes, and organisms with DNA. The majority of the evidence is from in vivo
adult mice and human in vitro models that do not specify the sex.

Key Event Relationship Description

Direct deposition of ionizing energy refers to imparted energy interacting directly with the DNA double helix and
producing randomized damage. This can be in the form of double strand breaks (DSBs), single-strand breaks, base
damage, or the crosslinking of DNA to other molecules (Smith et al., 2003; Joiner, 2009; Christensen, 2014; Sage &
Shikazono, 2017). Among these, the most detrimental type of DNA damage to a cell is DSBs. They are caused by the
breaking of the sugar-phosphate backbone on both strands of the DNA double helix molecule, either directly across
from each other or several nucleotides apart (Ward, 1988; Iliakis et al., 2015). This occurs when high-energy
subatomic particles interact with the orbital electrons of the DNA causing ionization (where electrons are ejected from
atoms) and excitation (where electrons are raised to higher energy levels) (Joiner, 2009). The number of DSBs
produced and the complexity of the breaks is highly dependent on the amount of energy deposited on and absorbed
by the cell. This can vary as a function of the dose-rate (Brooks et al., 2016) and the radiation quality which is a
function of its linear energy transfer (LET) (Sutherland et al., 2000; Nikjoo et al., 2001; Jorge et al., 2012). LET
describes the amount of energy that an ionizing particle transfers to media per unit distance (Smith et al., 2003;
Okayasu, 2012a; Christensen et al., 2014). High LET radiation, such as alpha particles, heavy ion particles, and
neutrons can deposit larger quantities of energy within a single track than low LET radiation, such as γ-rays, X-rays,
electrons, and protons (Kadhim et al., 2006; Franken et al., 2012; Frankenberg et al., 1999; Rydberg et al., 2002; Belli
et al., 2000; Antonelli et al., 2015). As such, radiation with higher LETs tends to produce more complex, dense
structural damage, particularly in the form of clustered damage, in comparison to lower LET radiation (Nikjoo et al.,
2001; Terato and Ide, 2005; Hada and Georgakilas, 2008; Okayasu, 2012a; Lorat et al., 2015; Nikitaki et al., 2016).
Thus, the complexity and yield of clustered DNA damage increases with ionizing density (Ward, 1988; Goodhead,
2006). However, clustered damage can also be induced even by a single radiation track through a cell. 

While the amount of DSBs produced depends on the radiation dose (see dose concordance), it also depends on
several other factors. As the LET increases, the complexity of DNA damage increases, decreasing the repair rate, and
increasing toxicity (Franken et al., 2012; Antonelli et al., 2015).

Evidence Supporting this KER

Overall Weight of Evidence: High 
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Biological Plausibility

The biological rationale linking the direct deposition of energy on DNA with an increase in DSB formation is strongly
supported by numerous literature reviews that are available on this topic (J .F. Ward, 1988; Lipman, 1988; Hightower,
1995; Valentin, 1998; ; UNSCEAR, 2000; Terato & Ide, 2005; Goodhead, 2006; Kim & Lee, 2007; Asaithamby et al.,
2008; Hada & Georgakilas, 2008; Jeggo, 2009; Stewart, 2012; Okayasu, 2012b; M. E. Lomax et al., 2013; EPRI, 2014;
Hamada, 2014; Moore et al., 2014; Desouky et al., 2015; Rothkamm et al., 2015; Ainsbury, 2016; Foray et al., 2016;
Hamada & Sato, 2016; Hamada, 2017a; Sage & Shikazono, 2017; Chadwick, 2017; Wang et al., 2021; Nagane et al.,
2021; Sylvester et al., 2018; Baselet et al., 2019). Ionizing radiation can be in the form of high energy particles (such
as alpha particles, beta particles, or charged ions) or high energy photons (such as γ-rays or X-rays). Ionizing
radiation can break the DNA within chromosomes both directly and indirectly, as shown through using velocity
sedimentation of DNA through neutral and alkaline sucrose gradients. The most direct path entails a collision between
a high-energy particle or photon and a strand of DNA.    

Additionally, excitation of secondary electrons in the DNA allows for a cascade of ionization events to occur, which can
lead to the formation of multiple damage sites (Joiner, 2009). As an example, high-energy electrons will traverse a
DNA molecule in a mammalian cell within 10-18 s and 10-14 s, resulting in 100,000 ionizing events per 1 Gy dose in a
10 µm cell (Joiner, 2009). The amount of damage can be influenced by factors such as the cell cycle stage and
chromatin structure. It has been shown that in more condensed, packed chromatin structures such as those present in
intact cells and heterochromatin, it is more difficult for the DNA to be damaged (Radulescu et al., 2006; Agrawala et
al., 2008; Falk et al., 2008; Venkatesh et al., 2016). In contrast, DNA damage is more easily induced in lightly-packed
chromatin such as euchromatin and nucleoids, (Radulescu et al., 2006; Falk et al., 2008; Venkatesh et al., 2016). 

Of the possible radiation-induced DNA damage types, DSB is considered to be the most harmful to the cell, as there
may be severe consequences if this damage is not adequately repaired (Khanna & Jackson, 2001; Smith et al., 2003;
Okayasu, 2012a; M. E. Lomax et al., 2013; Rothkamm et al., 2015). 

A considerable fraction of DSBs can also be formed in cells through indirect mechanisms. In this case, deposited
energy can split water molecules near DNA, which can generate a significant quantity of reactive oxygen species in
the form of hydroxyl free radicals (Ward, 1988; Wolf, 2008; Desouky et al., 2015; Maier et al., 2016, Cencer et al.,
2018; Bains, 2019; Ahmadi et al., 2021). Estimates using models and experimental results suggest that hydroxyl
radicals may be present within nanoseconds of energy deposition by radiation (Yamaguchi et al., 2005). These short-
lived but highly reactive hydroxyl radicals may react with nearby DNA. This will produce DNA damage, including
single-strand breaks and DSBs (Ward, 1988; Sasaki, 1998; Desouky et al., 2015; Maier et al., 2016). DNA breaks are
especially likely to be produced if the sugar moiety is damaged, and DSBs occur when two single-strand breaks are in
close proximity to each other (Ward, 1988). 

Empirical Evidence

Empirical data strongly supports this KER. The evidence presented below is summarized in table 1. The types of DNA
damage produced by ionizing radiation and the associated mechanisms, including the induction of DSBs, are reviewed
by Lomax et al. (2013) and documents produced by international radiation governing frameworks (Valentin, 1998;
UNSCEAR, 2000). Other reviews also highlight the relationship between the deposition of energy by radiation and DSB
induction, and discuss the various methods available to detect these DSBs (Terato & Ide, 2005; Rothkamm et al.,
2015; Sage & Shikazono, 2017). A visual representation of the time frames and dose ranges probed by the dedicated
studies discussed here is shown in Figures 1 & 2 below. 

 

 

AOP483

157/209

https://docs.google.com/spreadsheets/d/1iehBBqhFFSOhgis-0U3tasQwJ50bZJPVmenWUiR4vmA/edit?gid=0#gid=0


Figure 1: Plot of example studies (y-axis) against equivalent dose (Sv) used to determine the empirical link between
direct deposition of energy and DSBs. The z-axis denotes the equivalent dose rate used in each study. The y-axis is
ordered from low LET to high LET from top to bottom.  
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Figure 2: Plot of example studies (y-axis) against time scales used to determine the empirical link between direct
deposition of energy and DSBs. The z-axis denotes the equivalent dose rate used in each study. The y-axis is ordered
from low LET to high LET from top to bottom.  

 

 

Dose Concordance 

There is evidence in the literature suggesting a dose concordance between the direct deposition of energy by ionizing
radiation and the incidence (Grudzenski et al., 2010) of DNA DSBs. Results from in vitro (Aufderheide et al., 1987;
Sidjanin, 1993; Bucolo, 1994; Frankenberg et al., 1999; Rogakou et al., 1999; Belli et al., 2000; Sutherland et al.,
2000; Lara et al., 2001; Rydberg et al., 2002; Baumstark-Kham et al., 2003; Rothkamm & Lo, 2003; Long, 2004;
Kuhne et al., 2005; Sudprasert et al., 2006; Beels et al., 2009; Grudzenski et al., 2010; Liao, 2011; Franken et al.,
2012; Bannik et al., 2013; Shelke & Das, 2015; Antonelli et al., 2015; Markiewicz et al., 2015; Allen, 2018; Dalke,
2018; Bains, 2019; Ahmadi et al., 2021; Sabirzhanov et al., 2020; Ungvari et al., 2013; Rombouts et al., 2013; Baselet
et al., 2017), in vivo (Reddy, 1998; Sutherland et al., 2000; Rube et al., 2008; Beels et al., 2009; Grudzenski et al.,
2010; Markiewicz et al., 2015; Barnard, 2018; Barnard, 2019; Barnard, 2022; Schmal et al., 2019; Barazzuol et al.,
2017; Geisel et al., 2012), ex vivo (Rube et al., 2008; Flegal et al., 2015) and simulation studies (Charlton et al.,
1989) suggest that there is a positive, linear, dose- dependent increase in DSBs with increasing deposition of energy
across a wide range of radiation types (iron ions, X-rays, ultrasoft X-rays, gamma-rays, photons, UV light, and alpha
particles) and radiation doses (1 mGy - 100 Gy) (Aufderheide et al., 1987; Sidjanin, 1993; Frankenberg et al., 1999;
Sutherland et al., 2000; de Lara et al., 2001; Baumstark-Khan et al., 2003; Rothkamm & Lo, 2003; Kuhne et al., 2005;
Rube et al., 2008; Grudzenski et al., 2010; Bannik et al., 2013; Shelke & Das, 2015; Antonelli et al., 2015; Dalke,
2018; Barazzuol et al., 2017; Ungvari et al., 2013; Rombouts et al., 2013; Baselet et al., 2017; Geisel et al., 2012).
DSBs have been predicted to occur at energy deposition levels as low as 75 eV (Charlton et al., 1989). 

 

 

Time Concordance 

There is evidence suggesting a time concordance between the direct deposition of energy and the incidence of DSBs.
A number of different models and experiments have provided evidence of ionizing radiation-induced foci (IRIF), which
can be used to infer DSB formation seconds (Mosconi et al., 2011) or minutes after radiation exposure (Rogakou et
al., 1999; Rothkamm & Lo, 2003; Rube et al., 2008; Beels et al., 2009; Kuefner et al., 2009; Grudzenski et al., 2010;
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Antonelli et al., 2015; Acharya et al., 2010; Sabirzhanov et al., 2020; Rombouts et al., 2013; Nübel et al., 2006;
Baselet et al., 2017; Zhang et al., 2017). 

 

Essentiality 

Deposition of energy is essential for DNA strand breaks. They can also be caused through other routes, such as
oxidative stress (Cadet et al., 2012), but under normal physiological conditions deposition of energy is necessary. This
was tested through many studies using various indicators such as 53BP1 foci/cell, γH2AX foci/cell, DNA migration, and
the amount of DNA in tails for the comet assay. Various organisms such as humans, mice, rabbits, guinea pigs, and
cattle were used. They showed that without the deposition of energy, there was only a negligible amount of DNA
strand breaks (Aufderheide et al., 1987; Sidjanin, 1993; Bucolo, 1994; Reddy, 1998; Rogers, 2004; Bannik et al.,
2013; Dalke, 2018; Bains, 2019; Barnard, 2019; Barnard, 2021). 

Uncertainties and Inconsistencies

Uncertainties and inconsistencies in this KER are as follows: 

Studies have shown that dose-rates (Brooks et al., 2016) and radiation quality (Sutherland et al., 2000; Nikjoo et
al., 2001; Jorge et al., 2012) are factors that can influence the dose-response relationship.  
Low-dose radiation has been observed to have beneficial effects and may even invoke protection against
spontaneous genomic damage (Feinendegen, 2005; Day et al., 2007; Feinendegen et al., 2007; Shah et al.,
2012; Nenoi et al., 2015; Dalke, 2018). This protective effect has been documented in in vivo and in vitro, as
reviewed by ICRP (2007) and UNSCEAR (2008) and can vary depending on the cell type, the tissue, the organ, or
the entire organism (Brooks et al., 2016). 
Depositing ionizing energy is a stochastic event; as such this can influence the location, degree and type of DNA
damage imparted on a cell. As an example, studies have shown that mitochondrial DNA may also be an
important target for genotoxic effects of ionizing radiation (Wu et al., 1999). 

Quantitative Understanding of the Linkage

Quantitative understanding of this linkage suggests that DSBs can be predicted upon exposure to ionizing radiation.
This is dependent on the biological model, the type of radiation and the radiation dose. In general, 1 Gy of radiation is
thought to result in 3000 damaged bases (Maier et al., 2016), 1000 single-strand breaks, and 40 DSBs (Ward, 1988;
Foray et al., 2016; Maier et al., 2016). The table below provides representative examples of the calculated DNA
damage rates across different model systems, most of which are examining DNA DSBs. 

Dose Concordance 

The following tables provide representative examples of the relationship, unless otherwise indicated, all data is
significantly significant.  

Reference Experiment Description Result 

Ward, 1988 In vitro. Cells containing approximately 6 pg of
DNA were exposed to 1 Gy. 

Under the assumption of 6 pg of DNA per cell. 60 eV
of energy deposited per event over a total of 1 Gy.
Deoxyribose (2.3 pg/cell): 14,000 eV deposited, 235
events. Bases (2.4 pg/cell): 14.7 keV deposited, 245
events. Phosphate (1.2 pg/cell): 7,300 eV deposited,
120 events. Bound water (3.1 pg/cell): 19 keV
deposited, 315 events. Inner hydration shell (4.2
pg/cell): 25,000 eV deposited 415 events. 

Charlton,
1989 

In-silico. A computer simulation/model was used
to test various types of radiation with doses from
0 to 400 eV (energy deposited) on the amount of
DNA damage produced. 

Simulated dose-concordance prediction of increase
in number of DSBs/54 nucleotide pairs as direct
deposition of energy increases in the range 75-400
eV. In the range 100 - 150 eV: 0.38 DSBs/54
nucleotide pairs and at 400 eV: ~0.80 DSBs per 64
nucleotide pairs. 

Sutherland,
2000 

In vitro. Human cells were exposed to 137Cs γ-
rays (0 – 100 Gy, 0.16 – 1.6 Gy/min). The
frequency of DSBs was determined using gel
electrophoresis. 

Using isolated bacteriophage T7 DNA and 0-100 Gy
of γ rays, observed a response of 2.4 DSBs per
megabase pair per Gy. 

Rogakou et
al., 1999 

In vitro. Normal human fibroblasts (IMR90) and
human breast cancer cells (MCF7) were exposed
to 0.6 and 2 Gy 137Cs γ-rays delivered at 15.7
Gy/min. The number of DSBs were determined by
immunoblotting for γ-H2AX. 

 

Radiation doses of 0.6 Gy & 2 Gy to normal human
fibroblasts (IMR90) and MCF7 cells resulted in 10.1 &
12.2 DSBs per nucleus on average (0.6 Gy),
respectively; increasing to 24 & 27.1 DSBs per
nucleus (2 Gy). 
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Kuhne et
al., 2005 

In vitro. Primary human skin fibroblasts (HSF2)
were exposed to 0 – 70 Gy 60Co γ-rays (0.33
Gy/min), X-rays (29 kVp, 1.13 Gy/min), and CK X-
rays (0.14 Gy/min). The number of DSBs were
determined with pulsed-field gel electrophoresis. 

γ-ray and X-ray irradiation of primary human skin
fibroblasts (HSF2) at 0 - 70 Gy. γ-rays: (6.1 ± 0.2) x
10-9 DSBs per base pair per Gy, X-rays: (7.0 ± 0.2) x
10-9 DSBs per base pair per Gy. CK X -rays: (12.1 ±
1.9) x 10-9 DSBs per base pair per Gy. 

Rothkamm,
2003 

In vitro. Primary human fibroblast cell lines MRC-5
(lung), HSF1 and HSF2 (skin), and180BR (deficient
in DNA ligase IV) were exposed to 1 mGy – 100 Gy
X-rays (90 kV). Low doses were delivered at 6 – 60
mGy/min and high doses were delivered at 2
Gy/min. The number of DSBs were determined
with pulsed-field gel electrophoresis. 

X-ray irradiation of primary human fibroblasts (MRC-
5) in the range 1 mGy - 100 Gy, 35 DSBs per cell per
Gy. 

Grudzenski
et al, 2010 

In vitro. Primary human fibroblasts (HSF1) and
C57BL/6NCrl adult mice were exposed to X-rays
(2.5 – 200 mGy, 70 mGy/min), and photons (10
mGy – 1 Gy, 2 Gy/min (100 mGy and 1 Gy), and
0.35 Gy/min (10 mGy)). γ-H2AX
immunofluorescence was observed to determine
DSBs. 

X-rays irradiating primary human fibroblasts (HSF1)
in the range 2.5 - 100 mGy yielded a response of 21
foci per Gy. When irradiating adult C57BL/6NCrl
mice with photons a response of 0.07 foci per cell at
10 mGy was found. At 100 mGy the response was
0.6 foci per cell and finally, at 1 Gy; 8 foci per cell. 

de Lara,
2001 

In vitro. Chinese hamster cells (V79-4) were
exposed to 0 – 20 Gy of 60Co γ-rays (2 Gy/min),
and ultrasoft X-rays (0.7 – 35 Gy/min): carbon-K
shell (0.28 keV), copper L-shell (0.96 keV),
aluminum K-shell (1.49 keV), and titanium K-shell
(4.55 keV). The number of DSBs were determined
with pulsed-field gel electrophoresis. 

V79-4 cells irradiated with γ-rays and ultrasoft X-
rays (carbon K-shell, copper L-shell, aluminium K-
shell and titanium K-shell) in the range 0 - 20 Gy.
Response (DSBs per Gy per cell): γ-rays: 41, carbon
K-shell: 112, copper L-shell: 94, aluminum K-shell:
77, titanium K-shell: 56. 

Rübe et al.,
2008 

In vivo. Brain, lung, heart and small intestine
tissue from adult SCID, A-T, BALB/c and
C57BL/6NCrl mice; Whole blood and isolated
lymphocytes from BALB/c and C57BL/6NCrl mice
were exposed to 0.1 – 2 Gy of photons (whole
body irradiation, 6 MV, 2 Gy/min) and X-rays
(whole body irradiation, 90 kV, 2 Gy/min). γ-H2AX
foci were determined with immunochemistry to
measure DSBs. 

Linear dose-dependent increase in DSBs in the
brain, small intestine, lung and heart of C57BL/6CNrl
mice after whole-body irradiation with 0.1 - 1.0 Gy
of radiation. 0.8 foci per cell (0.1 Gy) and 8 foci per
cell (1 Gy). 

Antonelli et
al., 2015 

In vitro. Primary human foreskin fibroblasts
(AG01522) were exposed to 0 – 1 Gy of 137Cs γ-
rays (1 Gy/min), protons (0.84 MeV, 28.5 keV/µm),
carbon ions (58 MeV/u, 39.4 keV/µm), and alpha
particles (americium-241, 0.75 MeV/u, 0.08
Gy/min, 125.2 keV/µm). γ-H2AX foci were
determined with immunochemistry to measure
DSBs. 

Linear dose-dependent increase in the number of
DSBs from 0 - 1 Gy for γ-rays and alpha particles as
follows: γ-rays: 24.1 foci per Gy per cell nucleus,
alpha particles: 8.8 foci per Gy per cell nucleus. 

Barnard et
al., 2019 

In vivo. 10-week-old female C57BL/6 mice were
whole-body exposed to 0.5, 1, and 2 Gy of 60Co γ-
rays at 0.3, 0.063, and 0.014 Gy/min. p53 binding
protein 1 (53BP1) foci were determined via
immunofluorescence. 

Central LECs showed a linear increase in mean
53BP1 foci/cell with the maximum dose and dose-
rate displaying a 78x increase compared to control.
Peripheral LECs and lower dose rates displayed
similar results, with slightly fewer foci. 

Ahmadi et
al., 2021 

In vitro. Human LEC cells were exposed to 137Cs
γ-rays at doses of 0, 0.1, 0.25, and 0.5 Gy and
dose rates of 0.065 and 0.3 Gy/min. DNA strand
breaks were measured using the comet assay. 

Human LECs showed a gradual increase in the tail
from the comet assay with the maximum dose and
dose-rate displaying a 3.7x increase compared to
control. Lower dose-rates followed a similar pattern
with a lower amount of strand breaks. 

Hamada et
al., 2006 

In vitro. Primary normal human diploid fibroblast
(HE49) cells were exposed to 0.1, 0.5, and 4 Gy X-
rays at 240 kV with a dose rate of 0.5 Gy/min. The
number of γ- H2AX foci/cell, which represented
DNA strand breaks, was determined 6 – 7 min
after irradiation through fluorescence
microscopy. 

Cells displayed a linear increase in the number of γ-
H2AX foci/cell, with the maximum dose displaying a
125x increase compared to control (32 foci/Gy). 

 

Schmal et
al., 2019 

In vivo. Juvenile and adult C57BL/6 mice were
exposed to whole body 6-MV photons at 2 Gy/min.
Irradiations were done in 5x, 10x, 15x and 20x
fractions of 0.1 Gy. Double staining for NeuN and
53BP1 was used to quantify DNA damage foci and
the possible accumulation in the hippocampal
dentate gyrus.  

Only low 53BP1-foci levels (∼0.03 foci/cell) were
observed in non-irradiated controls. However, 0.1 h
post-irradiation, directly after single dose exposure
to 0.1 Gy, Approx 1 focus/cell was induced.
Following fractioned low dose ionizing radiation,
(20 × 0.1 Gy, 72 h post-IR) the number of persisting
foci was higher in hippocampal neurons compared to
non-irradiated wild-type (WT) mice. 
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Barazzuol
et al., 2017 

 

In vivo. C57BL/6 mice were exposed to 0.1 or 2 Gy
of X-rays (250 kV) at a dose rate of 0.5 Gy/min.
53BP1 foci were quantified with
immunofluorescence in neural stem cells and
neuron progenitors in the lateral ventricle.  

Both 0.1 and 2 Gy resulted in increased 53BP1 foci
with a 10-fold increase at 0.1 Gy and an 80-fold
increase at 2 Gy. 

Sabirzhanov
et al., 2020 

In vitro. Rat cortical neurons were exposed to 2, 8
or 32 Gy of X rays (320 kV) at a dose rate of 1.25
Gy/min. Western blot was used to measure γ-
H2AX, p-ataxia telangiectasia mutated (ATM) and
p- ATM/RAD3-related (ATR) levels. 

In rat cortical neurons, p-ATM increased at 2, 8, and
32 Gy, with a 15-fold increase at 8 and 32 Gy. γ-
H2AX levels increased at 8 and 32 Gy. 

Geisel et
al., 2012 

In vivo. Patients with suspected coronary artery
disease receiving X-rays from computed
tomography or conventional coronary angiography
had levels of DSBs assessed in blood lymphocytes
by γ-H2AX fluorescence. 

There was a correlation between effective dose (in
mSv) and DSBs. For both conventional coronary
angiography and computed tomography, a dose of
10 mSv produced about 2-fold more DNA DSBs than
a dose of 5 mSv. 

Ungvari et
al., 2013 

In vitro. Rat cerebromicrovascular endothelial
cells and hippocampal neurons were irradiated
with 2-10 Gy of 137Cs gamma rays. DNA strand
breaks were assessed with the comet assay. 

DNA damage increased at all doses (2-10 Gy). In the
control, less than 5% of DNA damage was in the tail,
while by 6 Gy, 35% of the DNA damage was in the
tail in cerebromicrovascular endothelial cells and
25% was in the tail in neurons. 

Rombouts
et al., 2013 

In vitro. EA.hy926 cells and human umbilical vein
endothelial cells were irradiated with various
doses of X-rays (0.25 Gy/min). γ-H2AX foci were
assessed with immunofluorescence. 

More γ-H2AX foci were observed at higher doses in
both cell types. In human umbilical vein endothelial
cells, few foci/nucleus were observed at 0.05 Gy,
with about 23 at 2 Gy. In EA.hy926 cells, few
foci/nucleus were observed at 0.05 Gy, with about
37 at 2 Gy. 

Baselet et
al., 2017 

In vitro. Human telomerase-immortalized coronary
artery endothelial cells were irradiated with
various doses of X-rays (0.5 Gy/min).
Immunocytochemical staining was performed for
γ-H2AX and 53BP1 foci. 

Doses of 0.05 and 0.1 Gy did not increase the
number of γ-H2AX foci, but 0.5 Gy increased foci
number by 5-fold and 2 Gy by 15-fold. A dose of
0.05 Gy did not increase the number of 53BP1 foci,
but 0.1 Gy, 0.5 Gy and 2 Gy increased levels by 3-
fold, 7-fold and 8-fold, respectively. 

 

Time Concordance 

Reference Experiment Description Result 

Rogakou et
al., 1999 

In vitro. Normal human fibroblasts (IMR90), human breast
cancer cells (MCF7), human astrocytoma cells (SF268),
Indian muntjac Muntiacus muntjak normal skin fibroblasts,
Xenopus laevisA6 normal kidney cells, Drosophila
melanogaster epithelial cells, and Saccharomyces
cerevisiae were exposed to 0.6, 2, 20, 22, 100, and 200 Gy
137Cs γ-rays. Doses below 20 Gy were delivered at 15.7
Gy/min and other doses were delivered in 1 min. DNA
breaks were visualized using immunofluorescence. 

DSBs were present at 3 min and persisted
from 15 - 60 min. 

Hamada,
2017b 

In vitro. human LECs were exposed to 0.025 Gy X-rays at
0.42 – 0.45 Gy/min. 53BP1 foci were measured via indirect
immunofluorescence. 

In cells immediately exposed to 0.025 Gy,
the level of 53BP1 foci/cell increased to
3.3x relative to control 0.5 h post-
irradiation. 

Hamada et
al., 2006 

In vitro. Primary normal human diploid fibroblast (HE49)
cells were exposed to 0.1, 0.5, and 4 Gy (deposition of
energy) at 240 kV with a dose rate of 0.5 Gy/min. The
number of H2AX foci/cell, which represented DNA strand
breaks, was determined through fluorescence microscopy. 

In cells immediately exposed to 0.5 Gy,
11% of cells had 18 foci six min post-
irradiation, compared to 90% of controls
having 0 foci.  

Acharya et
al., 2010 

In vitro. Human neural stem cells were exposed to 1, 2 and
5 Gy of γ-rays at a dose rate of 2.2 Gy/min. The levels of γ-
H2AX phosphorylation post irradiation were assessed by
immunocytochemistry, fluorescence-activated cell sorting
(FACS) analysis and γ-H2AX foci enumeration. 

The number of cells positive for nuclear γ-
H2AX foci peaked at 20 min post-
irradiation. After 1h, this level quickly
declined.  
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Schmal et
al., 2019 

In vivo. Juvenile and adult C57BL/6 mice were exposed to
whole body 6-MV photons at 2 Gy/min. Irradiations were
done in 5x, 10x, 15x and 20x fractions of 0.1 Gy. Double
staining for NeuN and 53BP1 was used to quantify DNA
damage foci and the possible accumulation in the
hippocampal dentate gyrus. 

To assess possible accumulation of
persisting 53BP1-foci during fractionated
radiation, juvenile and adult mice were
examined 72 h after exposure to 5×, 10×,
15×, or 20× fractions of 0.1 Gy, compared
to controls. The number of persisting
53BP1-foci increased significantly in both
juvenile and adult mice during fractionated
irradiation (maximum at 1 min post-IR). 

Dong et al.,
2015 

In vivo. C57BL/6J mice were exposed to 2 Gy of X-rays at 2
Gy/min using a 6 MV source. γ-H2AX foci were assessed
with immunofluorescence in the brain. 

At 0.5 h, about 14 γ-H2AX foci/cell were
present. This decreased linearly to about 2
foci/cell at 24 h, with no foci/cell from 48 h
to 6 weeks. 

Barazzuol
et al., 2017 

In vivo. C57BL/6 mice were exposed to 0.1 or 2 Gy of X-
rays (250 kV) at a rate of 0.5 Gy/min. 53BP1 foci were
quantified with immunofluorescence in neural stem cells
and neuron progenitors in the lateral ventricle.  

At both 0.5 and 6 h post-irradiation,
increased 53BP1 foci were observed, with
the highest level at 0.5 h. 

Sabirzhanov
et al., 2020 

 

In vitro. Rat cortical neurons were exposed to 2, 8 or 32 Gy
of X rays (320 kV) at a dose rate of 1.25 Gy/min. Western
blot was used to measure γ-H2AX, p-ATM and p-ATR
levels.  

In rat cortical neurons, γ-H2AX, p-ATM and
p-ATR all increased at 30 min post-
irradiation, with a sustained increase until 6
h. 

Zhang et
al., 2017 

In vitro. HT22 hippocampal neuronal cells were irradiated
with X-rays (320 kVp) at 8 or 12 Gy at a dose rate of 4
Gy/min. The comet assay was preformed to assess the DNA
double strand breaks in HT22 cells. Western blot was used
to measure γ-H2AX and p-ATM. 

At 8 Gy, the comet assay showed an
increased tail moment at both 30 min and
24 h post-irradiation. At 12 Gy, p-ATM was
increased over 4-fold at both 30 min and 1
h post-irradiation. γ-H2AX was increased
over 3-fold at 30 min post-irradiation and
almost 2-fold at 1 and 24 h. 

Geisel et
al., 2012 

In vivo. Patients with suspected coronary artery disease
receiving X-rays from computed tomography or
conventional coronary angiography had levels of DSBs
assessed in blood lymphocytes by γ-H2AX fluorescence. 

DSBs were increased at 1 h post-irradiation
and returned to pre-irradiation levels by 24
h. 

Park et al.,
2022 

In vitro. Human aortic endothelial cells were irradiated with
137Cs gamma rays at 4 Gy (3.5 Gy/min). γ-H2AX was
measured with western blot. p-ATM and 53BP1 were
determined with immunofluorescence. 

γ-H2AX, p-ATM, and 53BP1 increased at 1 h
post-irradiation and slightly decreased for
the rest of the 6 h but remained elevated
above the control. 

Kim et al.,
2014 

In vitro. Human umbilical vein endothelial cells were
irradiated with 4 Gy of 137Cs gamma rays. γ-H2AX levels
were determined with immunofluorescence. 

γ-H2AX foci greatly increased at 1 and 6 h
post-irradiation, with the greatest increase
at 1 h. 

Dong et al.,
2014 

In vitro. Human umbilical vein endothelial cells were
irradiated with 2 Gy of 137Cs gamma rays. γ-H2AX levels
were determined with immunofluorescence. 

γ-H2AX foci increased 8-fold at 3 h, 7-fold
at 6 h, and 2-fold at 12 and 24 h post-
irradiation. 

Rombouts
et al., 2013 

In vitro. EA.hy926 cells and human umbilical vein
endothelial cells were irradiated with X-rays (0.25 Gy/min).
γ-H2AX foci were assessed with immunofluorescence. 

The greatest increase in γ-H2AX foci was
observed 30 min post-irradiation, while
levels were still slightly elevated at 24 h. 

Nübel et al.,
2006 

In vitro. Human umbilical vein endothelial cells were
irradiated with gamma rays at 20 Gy. DNA strand breaks
were assessed with the comet assay and western blot for γ-
H2AX. 

The olive tail moment increased 5-fold
immediately after irradiation and returned
to control levels by 4 h. A large increase in
γ-H2AX was observed at 0.5 h post-
irradiation, with lower levels at 4 h but still
above the control. 

Baselet et
al., 2017 

In vitro. Human telomerase-immortalized coronary artery
endothelial cells were irradiated with various doses of X-
rays (0.5 Gy/min). Immunocytochemical staining was
performed for γ-H2AX and 53BP1 foci. 

Increased γ-H2AX and 53BP1 foci were
observed at 0.5 h post-irradiation,
remaining elevated at 4 h but returning to
control levels at 24 h. 

Gionchiglia
et al., 2021 

In vivo. Male CD1 and B6/129 mice were irradiated with X-
rays at 10 Gy. Brain sections were single or double-stained
with antibodies against γ-H2AX and p53BP1.  

In the forebrain, cerebral cortex,
hippocampus and subventricular zone
(SVZ)/ rostral migratory stream (RMS)/
olfactory bulb (OB), γH2AX and p53BP1
positive cells increased at both 15 and 30
mins post-irradiation, with the greatest
increase at 30 min. 
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Response-response relationship

There is evidence of a response-response relationship between the deposition of energy and the frequency of DSBs. In
studies encompassing a variety of biological models, radiation types and radiation doses, a positive, linear
relationship was found between the radiation dose and the number of DSBs (Aufderheide et al., 1987; Sidjanin, 1993;
Frankenberg et al., 1999; Sutherland et al., 2000; de Lara et al., 2001; Baumstark-Khan et al., 2003; Rothkamm & Lo,
2003; Kuhne et al., 2005; Rube et al., 2008; Grudzenski et al., 2010; Bannik et al., 2013; Shelke & Das, 2015;
Antonelli et al., 2015; Hamada, 2017b; Dalke, 2018; Barazzuol et al., 2017; Geisel et al., 2012; Ungvari et al., 2013;
Rombouts et al., 2013; Baselet et al., 2017). There were, however, at least four exceptions reported. When human
blood lymphocytes were irradiated with X-rays in vitro, a linear relationship was only found for doses ranging from 6 -
500 mGy; at low doses from 0 - 6 mGy, there was a quadratic relationship reported (Beels et al., 2009). Secondly,
simulation studies predicted that there would be a non-linear increase in DSBs as energy deposition increased, with a
saturation point at higher LETs (Charlton et al., 1989). Furthermore, primary normal human fibroblasts exposed to 1.2
– 5 mGy X-rays at 5.67 mGy/min showed a supralinear relationship, indicating at low doses, the DSBs are mostly due
to radiation-induced bystander effects. Doses above 10 mGy showed a positive linear relationship (Ojima et al., 2008).
Finally, in the human lens epithelial cell line SRA01/04, DNA strand breaks appeared immediately after exposure to
UVB (0.14 J/cm2) and were repaired after 30 minutes. They then reappeared after 60 and 90 minutes. Both were once
again repaired within 30 minutes. However, the two subsequent stages of DNA strand breaks did not occur when
exposed to a lower dose of UVB (0.014 J/cm2) (Cencer et al., 2018). 

Time-scale

Data from temporal response studies suggests that DSBs likely occur within seconds to minutes of energy deposition
by ionizing radiation. In a variety of biological models, the presence of DSBs has been well documented within 10 - 30
minutes of radiation exposure (Rogakou et al., 1999; Rube et al., 2008; Beels et al., 2009; Kuefner et al., 2009;
Grudzenski et al., 2010; Antonelli et al., 2015; Acharya et al., 2010; Dong et al., 2015; Barazzuol et al., 2017;
Sabirzhanov et al., 2020; Rombouts et al., 2013; Nübel et al., 2006; Baselet et al., 2017; Zhang et al., 2017;
Gionchiglia et al., 2021); there is also evidence that DSBs may actually be present within 3 - 5 minutes of irradiation
(Kleiman, 1990; Rogakou et al., 1999; Rothkamm & Lo, 2003; Rube et al., 2008; Grudzenski et al., 2010; Cencer et
al., 2018). Interestingly, one study that focussed on monitoring the cells before, during and after irradiation by taking
photos every 5, 10 or 15 seconds found that foci indicative of DSBs were present 25 and 40 seconds after collision of
the alpha particles and protons with the cell, respectively. The number of foci were found to increase over time until
plateauing at approximately 200 seconds after alpha particle exposure and 800 seconds after proton exposure
(Mosconi et al., 2011). 

 

After the 30 minute mark, DSBs have been shown to rapidly decline in number. By 24 hours post-irradiation, DSB
numbers had declined substantially in systems exposed to radiation doses between 40 mGy and 80 Gy (Aufderheide
et al., 1987; Baumstark-Khan et al., 2003; Rothkamm & Lo, 2003; Rube et al., 2008; Grudzenski et al., 2010; Bannik
et al., 2013; Markiewicz et al., 2015; Russo et al., 2015; Antonelli et al., 2015; Dalke, 2018; Bains, 2019; Barnard,
2019; Ahmadi et al., 2021; Dong et al., 2015; Dong et al., 2014; Sabirzhanov et al., 2020; Rombouts et al., 2013;
Baselet et al., 2017; Gionchiglia et al., 2021), with the sharpest decrease documented within the first 5 h (Kleiman,
1990; Sidjanin, 1993; Rogakou et al., 1999; Rube et al., 2008; Kuefner et al., 2009; Grudzenski et al., 2010; Bannik,
2013; Markiewicz et al., 2015; Shelke & Das, 2015; Cencer et al., 2018; Acharya et al., 2010; Park et al., 2022; Kim et
al., 2014; Nübel et al., 2006). Interestingly, DSBs were found to be more persistent when they were induced by higher
LET radiation (Aufderheide et al., 1987, Baumstark-Khan et al., 2003; Antonelli et al., 2015). 

Known modulating factors
Modulating
Factor Details  Effects on the KER  References  

Nitroxides Increased
concentration 

Decreased DNA strand
breaks. 

DeGraff et al., 1992; Citrin & Mitchel,
2014 

5-fluorouracil Increased
concentration 

Increased DNA strand
breaks. 

De Angelis et al., 2006; Citrin & Mitchel,
2014 

Thiols Increased
concentration 

Decreased DNA strand
breaks. 

Milligan et al., 1995; Citrin & Mitchel,
2014 

Cisplatin Increased
concentration 

Decreased DNA break
repair. Sears & Turchi; Citrin & Mitchel, 2014 

Known Feedforward/Feedback loops influencing this KER

Not Identified. 
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Relationship: 3315: Increase, DNA strand breaks leads to Altered Stress Response Signaling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of energy leads to abnormal vascular
remodeling adjacent High Moderate

Deposition of Energy Leading to Learning and Memory
Impairment adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Juvenile Low
Adult Moderate

Sex Applicability
Sex Evidence

Male Moderate
Female Low
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Evidence for this relationship is predominantly from studies using rat- and mouse-derived cells, with some in vivo
evidence in mice and rats. There is in vivo evidence in male animals, but no in vivo studies specify the use of female
animals. In vivo evidence is from adult models. 

Key Event Relationship Description

DNA strand breaks can lead to altered signaling of various pathways through the DNA damage response. DNA strand
breaks, which are a form of DNA damage, can induce ataxia telangiectasia mutated (ATM) and ATM/RAD3-related
(ATR), two phosphoinositide 3-kinase (PI3K)-related serine/threonine kinases (PIKKs) (Abner and McKinnon, 2004; Lee
and McKinnon, 2007; Nagane et al., 2021; Sylvester et al., 2018; Thadathil et al., 2019; Wang et al., 2020; Wang et
al., 2017). Following DNA strand breaks, cellular DNA damage response signaling can phosphorylate downstream
proteins and activate several transcription factors and pathways (Wang et al., 2017). Spontaneous DNA strand breaks
from endogenous sources will induce signaling as a normal response to facilitate DNA repair. However, excessive DNA
damage induced by a stressor will result in increased activation of these pathways and subsequent harmful
downstream effects. Stress response signaling pathways induced by DNA strand breaks include p53/p21 (Abner and
McKinnon, 2004; Baselet et al., 2018; Lee and McKinnon, 2007; Nagane et al., 2021; Sylvester et al., 2018; Thadathil
et al., 2019; Wang et al., 2020; Wang et al., 2017), caspase (Abner and McKinnon, 2004; Baselet et al., 2019; Wang
et al., 2020; Wang et al., 2016) and mitogen-activated protein kinase (MAPK) family pathways (Ghahremani et al.,
2002; Nagane et al., 2021). 

Evidence Supporting this KER

Overall weight of evidence: Moderate

Biological Plausibility

There is strong evidence supporting the link between DNA strand breaks leading to altered stress response signaling.
Single strand breaks (SSBs) or double strand breaks (DSBs) in DNA from both endogenous and exogenous sources can
induce the DNA damage response, which can result in the induction of various signaling pathways (Baselet et al.,
2019). DNA strand breaks are well known to lead to the activation of ATM and ATR as part of the normal DNA damage
response (Abner and McKinnon, 2004; Baselet et al., 2019; Lee and McKinnon, 2007; Nagane et al., 2021; Sylvester et
al., 2018; Thadathil et al., 2019; Wang et al., 2020; Wang et al., 2017; Wang et al., 2016). While ATM tends to be
recruited to DSBs, ATR is recruited by many types of DNA damage including both DSBs and SSBs (Maréchal and Zou,
2013; Wang et al., 2017). Following a DNA DSB, the Mre11-Rad50-Nbs1 (MRN) complex senses and directly binds to
the DNA ends at the site of the break, which subsequently activates ATM (Lee and McKinnon, 2007; Maréchal and
Zou, 2013). Following a DNA SSB, resection of the damaged strand by apurinic/apyrimidinic endonuclease
(APE)1/APE2 is followed by coating the single-stranded DNA with replication protein A (RPA), where the recruitment of
the ATR- ATR interacting protein (ATRIP) complex and the activation of ATR occurs (Caldecott, 2022; Maréchal and
Zou, 2013). 

ATM and ATR can phosphorylate over 700 proteins (Nagane et al., 2021), and phosphorylation of key signaling
proteins by ATM/ATR will alter signaling in their respective pathways. High levels of DNA strand breaks induced by
exogenous stressors will enhance ATM/ATR activation and subsequently further activate downstream signaling,
leading to downstream consequences. The extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK)
and p38 MAPK subfamily pathways can be phosphorylated and activated by ATM/ATR (Ghahremani et al., 2002;
Nagane et al., 2021). Additionally, ATM/ATR can phosphorylate p53 on serine 15 to enhance the stability of p53,
leading to activation of the p53 pathway and changes in the transcriptional activity of p53 (Abner and McKinnon,
2004; Baselet et al., 2019; Lee and McKinnon, 2007; Nagane et al., 2021; Sylvester et al., 2018; Thadathil et al.,
2019; Wang et al., 2020; Wang et al., 2017; Wang et al., 2016). The apoptosis pathway downstream of p53 can also
be activated by DNA strand breaks (Abner and McKinnon, 2004; Baselet et al., 2019; Lee and McKinnon, 2007;
Thadathil et al., 2019; Wang et al., 2020). 

Empirical Evidence

Evidence for this relationship was collected from studies using in vivo models of mice and rats as well as in vitro
models of cells derived from human, mice or rats. The stressors used to support this relationship include 137Cs
gamma rays and X rays. Markers of DNA strand breaks in this KER include p53 binding protein 1 (53BP1),
phosphorylation of H2AX (γ-H2AX), phosphorylation of ATR (p-ATR) and phosphorylation of ATM (p-ATM). Altered
signaling was measured mostly by the protein expression of the p53/p21 and apoptosis pathways. 

 

 

Dose Concordance 

A few studies have indicated a dose concordance between the increase in DNA strand breaks and altered stress
response signaling. X-ray irradiation of rat cortical neurons showed increased DNA damage markers, γ-H2AX, p-ATM
and p-ATR and increased levels of signaling proteins, including p21, p-p53 and cleaved caspase 3 at both doses of 8
and 32 Gy (Sabirzhanov et al., 2020). 137Cs gamma irradiated cerebromicrovascular endothelial cells (CMVECs) and
rat hippocampal neurons showed increased DNA strand breaks, measured by comet assay, at 2-10 Gy, and increased
caspase 3/7 activity at 2, 4 and 6 Gy (Ungvari et al., 2013). 
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Time Concordance 

Many studies demonstrate that DNA strand breaks occur before altered signaling in a time course. Although both KEs
can occur quickly, Gionchiglia et al. (2021) showed in mice that γ-H2AX and p53BP1 foci were increased as early as
15 minutes after 10 Gy of X-ray irradiation while cleaved caspase 3 did not increase until 30 minutes after irradiation.
In HT22 hippocampal neurons irradiated with 12 Gy of X-rays, γ-H2AX and p-ATM were increased at 30 minutes post-
irradiation while p53 was increased after 1 h and caspase 3 was increased after 48 h (Zhang et al., 2017). Similarly,
rat cortical neurons irradiated with 8 Gy of X-rays showed increased p-ATM, γ-H2AX and p-ATR after 30 minutes, while
p-p53, p21 and cleaved caspase 3 did not increase until 3 or 6 h post-irradiation (Sabirzhanov et al., 2020). Multiple
studies using human- and rat-derived endothelial cells irradiated with 4 Gy of 137Cs gamma rays show increased DNA
strand breaks at 1 h post-irradiation, with altered signaling to p53 and p21 at 6 h and to caspase 3/7 at 18 h post-
irradiation (Kim et al., 2014; Park et al., 2022; Ungvari et al., 2013). In a longer-term study irradiating human lung
microvascular endothelial cells (HMVEC-L) with 15 Gy of X-rays, increased DNA strand breaks were observed at 14
days post-irradiation, while altered signaling in the p53 pathway was observed at 21 days post-irradiation (Lafargue
et al., 2017). 

Incidence concordance

A few studies have demonstrated an incidence concordance between DNA strand breaks and altered signaling at
equivalent doses. Following X-ray irradiation of mice, DNA damage markers, γ-H2AX and p53BP1, increased by 10, 15
and 5-fold in different region of the brain, while cleaved caspase 3 signaling molecule increased by 1.4 and 2.6-fold
(Gionchiglia et al., 2021). Gamma ray irradiation of Wistar rats showed a 6-fold increase in DNA damage marker
compared to a 0.2-fold decrease in (B-cell lymphoma 2) Bcl-2 and a 2- to 4-fold increase in signaling proteins p53, Bcl-
2-associated protein X (Bax) and caspase 3/8/9 (El-Missiry et al., 2018). 

Essentiality 

Some studies show that preventing an increase in DNA strand breaks will restore signaling. Treatment with
mesenchymal stem cell- conditioned medium (MSC-CM) reduced γ-H2AX, decreased the levels of p53, Bax, cleaved
caspase 3 and increased the levels of Bcl-2 in HT22 cells irradiated with 10 Gy of X-rays (Huang et al., 2021). The
inhibition of microRNA (miR)-711 decreased levels of DNA damage markers, p-ATM, p-ATR and γ-H2AX, and
decreased signaling molecules including p-p53, p21 and cleaved caspase 3 (Sabirzhanov et al., 2020). 

Uncertainties and Inconsistencies

None identified 

Quantitative Understanding of the Linkage

The tables below provide some representative examples of quantitative linkages between the two key events. All data
that is represented is statistically significant unless otherwise indicated. 

Dose Concordance 

Reference Experiment Description Result 

Sabirzhanov
et al., 2020 

In vitro. Rat cortical neurons were exposed to 2, 8
and 32 Gy X-rays. DNA damage was determined
by γ-H2AX staining and western blot analysis of p-
ATM and p-ATR. Altered signaling was determined
by levels of p-p53, p21, cleaved caspase 3,
measured by Western blot. 

Irradiated primary cortical neurons showed
increased γ-H2AX by 30-fold at both 8 and 32 Gy
but not at 2 Gy. p-ATM was increased at all doses,
increasing about 15-fold at 8 and 32 Gy. Signaling
molecules including p-p53, p21, and cleaved
caspase 3 were increased at all doses. 

Ungvari et
al., 2013 

In vitro. CMVECs and rat hippocampal neurons
were irradiated with 137Cs gamma rays. DNA
strand breaks were assessed with the comet
assay. Caspase 3/7 activity was determined by an
assay kit. 

DNA damage increased at all doses (2-10 Gy). In the
control, less than 5% of DNA content was in the tail
while by 6 Gy 35% of the DNA content was in the
tail in CMVECs and 25% was in the tail in neurons. In
CMVECs, 2, 4, and 6 Gy increased caspase 3/7
activity 5- to 6-fold. 

 

Time Concordance 

Reference Experiment Description Result 

Zhang et
al., 2017 

In vitro. HT22 cells were irradiated with 12 Gy of X-
rays (1.16 Gy/min). p-ATM, γ-H2AX, cleaved caspase 3
and p53 were measured with Western blot. 

p-ATM and γ-H2AX were increased 4.4-fold and
3.2- fold, respectively, 30 min after 12 Gy. p53
was increased 4.6-fold at 1 h post-irradiation. A
9-fold increase in cleaved caspase 3 was
observed 48 h post-irradiation. 
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Gionchiglia
et al., 2021 

In vivo. CD1 and B6/129 mice were irradiated with 10
Gy of X-rays. γ-H2AX and 53BP1 foci were quantified
with immunofluorescence in neurons. Cleaved caspase
3 positive neurons were measured with
immunofluorescence. 

At both 15 and 30 min post-irradiation, γ-H2AX
and p53BP1 foci increased. However, cleaved
caspase 3 increased at 30 min but not at 15
min. 

Sabirzhanov
et al., 2020 

In vitro. Rat cortical neurons were exposed to 2, 8 and
32 Gy X-rays. DNA damage was determined by γ-
H2AX staining and western blot analysis of p-ATM and
p-ATR. Altered signaling was determined by levels of
p-p53, p21, cleaved caspase 3, measured by Western
blot. 

DNA damage occurred as early as 30 min post 8
Gy irradiation, indicated by increased p-ATM, γ-
H2AX and p-ATR. Signaling molecules p-p53,
p21 and cleaved caspase 3 increased at 3 or 6h
post-irradiation. 

Park et al.,
2022 

In vitro. Human aortic endothelial cells (HAECs) were
irradiated with 4 Gy of 137Cs gamma rays (3.5
Gy/min). γ-H2AX was measured with western blot. p-
ATM and 53BP1 were determined with
immunofluorescence. p-p53 and p21 were measured
with Western blot. 

γ-H2AX, p-ATM, and 53BP1 increased at 1 h
post-irradiation, while p-p53 and p21 were
increased at 6 h post-irradiation. 

Kim et al.,
2014 

In vitro. Human umbilical vein endothelial cells
(HUVECs) were irradiated with 4 Gy 137Cs gamma
rays. DNA damage was determined by γ-H2AX. p21
and p53 were measured by Western blot. 

γ-H2AX foci greatly increased at 1 and 6 h post-
irradiation, while p-p53 and p21 were increased
at 6 h post-irradiation. 

Ungvari et
al., 2013 

In vitro. CMVECs and rat hippocampal neurons were
irradiated with 2-6 Gy of 137Cs gamma rays. DNA
strand breaks were assessed with the comment assay.
Caspase 3/7 activity was determined by an assay kit. 

DNA damage in neurons and CMVECs increased
at 1 h post-irradiation, while caspase 3/7
activity increased the greatest at 18 h post-
irradiation in CMVECs. 

Lafargue et
al., 2017 

In vitro. HMVEC-L were irradiated with 15 Gy of X-rays.
γ-H2AX foci were assessed with immunofluorescence.
p-ATM and ATM were assessed with Western blot.
Signaling proteins including p53, p21 and p16 were
assessed with western blot. 

Without irradiation, most cells had 0 or 1 γ-
H2AX foci, while 14 days after 15 Gy, most cells
had 2-6 γ-H2AX foci. The ratio of p-ATM/ATM
was also increased 14 days after 15 Gy. p53,
p21, and p16 were all increased at 21 days
after 15 Gy. 

 

Incidence Concordance 

Reference Experiment Description Result 

El-Missiry et
al., 2018 

In vivo. Wistar rats were irradiated with
4 Gy of 137Cs gamma rays (0.695
cGy/s). DNA damage was assessed with
a comet assay. Multiple signaling
proteins were assessed with assay kits. 

The tail moment increased 6-fold while signaling proteins
including p53, Bax, and caspases 3/8/9 increased 2- to 4-fold,
and Bcl-2 decreased 0.2-fold. 

Gionchiglia
et al., 2021 

In vivo. CD1 and B6/129 mice were
irradiated with 10 Gy of X-rays. γ-H2AX
and 53BP1 foci were quantified with
immunofluorescence. Cleaved caspase
3 positive cells were measured with
immunofluorescence. 

γ-H2AX and p53BP1 foci increased about 10-fold in the
forebrain and cerebral cortex, about 15-fold in the
hippocampus and about 5-fold in the subventricular zone (SVZ)/
rostral migratory stream (RMS)/ olfactory bulb (OB). Cleaved
caspase 3 increased 1.4-fold in the cerebral cortex and
hippocampus and 2.6-fold in the SVZ/RMS/OB. 

 

Known Modulating Factors 

Modulating
Factor Details Effects on the KER References 

Nitroxides Increased
concentration 

Decreased DNA strand
breaks. 

DeGraff et al., 1992; Citrin & Mitchel,
2014 

5-fluorouracil Increased
concentration 

Increased DNA strand
breaks. 

De Angelis et al., 2006; Citrin & Mitchel,
2014 

Thiols Increased
concentration 

Decreased DNA strand
breaks. 

Milligan et al., 1995; Citrin & Mitchel,
2014 

Cisplatin Increased
concentration 

Decreased DNA break
repair. Sears & Turchi; Citrin & Mitchel, 2014 

Known modulating factors
Modulating
Factor Details Effects on the KER References 
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Nitroxides Increased
concentration 

Decreased DNA strand
breaks. 

DeGraff et al., 1992; Citrin & Mitchel,
2014 

5-fluorouracil Increased
concentration 

Increased DNA strand
breaks. 

De Angelis et al., 2006; Citrin & Mitchel,
2014 

Thiols Increased
concentration 

Decreased DNA strand
breaks. 

Milligan et al., 1995; Citrin & Mitchel,
2014 

Cisplatin Increased
concentration 

Decreased DNA break
repair. Sears & Turchi; Citrin & Mitchel, 2014 

Known Feedforward/Feedback loops influencing this KER

Not identified 
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List of Non Adjacent Key Event Relationships

Relationship: 2837: Energy Deposition leads to Abnormal Neural Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment

non-
adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

mouse Mus musculus High NCBI
rat Rattus norvegicus Low NCBI

dog Canis lupus
familiaris Low NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate
Not Otherwise
Specified Low

Juvenile Low
Sex Applicability

Sex Evidence

Male High
Female Low
Unspecific Low

Most evidence is derived from in vivo studies, predominately using rodent models, whereas evidence from dog models
is low. The relationship is applicable in both sexes; however, adult males are used more often in animal studies.
Limited studies demonstrate the relationship in preadolescent animals.

Key Event Relationship Description

Energy deposition through ionizing radiation can lead to chemical changes including bond breakages and the
generation of by-products, such as free radicals from water hydrolysis, which can change cellular homeostasis (Einor
et al., 2016; Martinez-López & Hande, 2020; Reisz et al., 2014). This energy can come in many forms (i.e., gamma
rays, X-rays, alpha particles, heavy ions, protons), to produce a range in complexity of damage (Drobny, 2013). When
deposited onto neurons, oxidative stress can affect neuronal signaling through the induction of alterations to the
neuronal architecture and synaptic activity. The energy can further cause necrosis and demyelination and decrease
neurogenesis and synaptic complexity; these together are important to maintain the integrity of the neurons
(Cekanaviciute et al., 2018; J. R. Fike et al., 1984; Hladik & Tapio, 2016). Furthermore, there can also be disruptions in
neuronal signaling, as well as changes to drebrin cluster and postsynaptic density proteins (PSD), which are known to
regulate dendritic spine morphogenesis. Together these can lead to abnormal neural remodeling (Takahashi et al.,
2003). 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate
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Biological Plausibility

Multiple reviews provide support of biological plausibility between deposition of energy and neuron remodeling.
Numerous studies examine the effects of multiple radiation sources including gamma rays, X-rays, protons, heavy
ions, alpha particles, and neutrons, on both in vivo and in vitro model systems. The collected data demonstrate
changes in the physical and electrophysiological properties of neurons in response to ionizing radiation exposure
(Cekanaviciute et al., 2018; Hladik & Tapio, 2016). Irradiation of the brain induces oxidative stress and inflammation,
which is linked to the occurrence of neuronal alterations within the hippocampus, an important structure in the
process of learning and memory (Jarrard, 1993; Monje et al., 2003; Rola et al., 2007: Lalkovičová et al., 2022). There
is no clear understanding on how deposited energy directly affects neuron integrity; however, immature neurons are
found to be more radiosensitive and exhibit significant changes in spine density, dendritic spine length, protein
clustering, and decreased cell proliferation, leading to reduced dendritic complexity (Manda et al., 2008a ; Mizumatsu
et al., 2003; Okamoto et al., 2009; Rola et al., 2005; Shirai et al., 2013). Many neurodegenerative conditions are
related to changes in synaptic plasticity, including changes in neuronal connectivity, action potential, and synaptic
protein levels (Vipan Kumar Parihar & Limoli, 2013). These alterations occur primarily within the hippocampus and
dentate gyrus, two regions of the mammalian brain where adult neurogenesis can occur (Ming & Song, 2011)
following ionizing radiation exposure. 

Empirical Evidence

The empirical evidence collected for this KER stems from research using both in vitro and in vivo models. Abnormal
neural remodeling encompasses changes to the physical and/or electrophysiological properties of neurons (Acharya
et al., 2019; Klein et al., 2021). Most of the evidence examines the effects of moderate (0.1-0.5 Gy) or high (>2 Gy)
dose irradiation on both in vivo and in vitro rodent models. Studies using X-ray and/or heavy ion irradiation ranging
from 0.05 – 30 Gy identify similar alterations in dendritic spine structure, neurogenesis, and apoptosis (Allen et al.,
2015; Cekanaviciute et al., 2018; J. R. Fike et al., 1984; Hladik & Tapio, 2016; Kiffer et al., 2020; Manda et al., 2008a;
Mizumatsu et al., 2003; Okamoto et al., 2009; Vipan K. Parihar et al., 2016; Vipan K. Parihar; Rola et al., 2005; Tiller-
Borcich et al., 1987; Panagiotakos et al., 2007). The low dose evidence (<0.1 Gy) stems from studies from heavy ion
or alpha particle irradiation of hippocampal mouse tissue (Krukowski et al., 2018b; Vipan K. Parihar et al., 2016; Vipan
K. Parihar, Allen, et al., 2015). High dose studies (2 Gy up to 90 Gy) show more extreme changes in neuron integrity
through decreased CNPase levels, increased necrosis and reduced cytoskeleton proteins (Chiang et al., 1993; Jiang et
al., 2014; Shirai et al., 2013). 

Dose Concordance 

Several studies support a dose-concordant relationship between energy deposition and abnormal neural remodeling.
Dose-dependent increases in neuronal apoptosis/necrosis and decreases in F-actin, drebrin and synapsin I protein
clusters are observed in a range of doses from 0.5 Gy to 10 Gy (Mizumatsu et al., 2003; Okamoto et al., 2009).
Studies that examine changes in dendritic spines exhibit dose-dependent decreases in filopodia spines at 0.1 Gy to 10
Gy (Vipan K. Parihar, Pasha, et al., 2015; Vipan Kumar Parihar & Limoli, 2013). High-dose irradiation resulted in more
severe damage in the white matter, including edema, demyelination, and necrosis at 15 Gy (Tiller-Borcich et al.,
1987), as well as significant decreases in protein clusters at doses greater than 30 Gy (Shirai et al., 2013). 

Across different types of radiation stressors, the data exhibits consistent dose-dependent changes to neuron integrity
but of different magnitudes. A study examining the effects of 56Fe and 12C ions observed dose-dependent decreases
in neurogenesis within each age group and type of irradiation. Overall, 56Fe irradiation of 9-month-old mice revealed
a greater decrease in proliferating cells and immature neurons compared to 12C ions, except at 3 Gy, where there
was a slightly greater number of proliferating cells (Rola et al., 2005). Similarly, compared to 16O particles, Parihar et
al. found greater decreases in the numbers of dendritic branches and branch points when exposed to 48Ti particles;
however, 16O particles led to a greater decrease in spine density (Parihar et al., 2015). 

Time Concordance 

Multiple studies support time concordance between deposition of energy and abnormal neural remodeling. Most of
these studies identify persistent, time-dependent deterioration of the neuronal structure up to 4 months post-
irradiation at doses ranging from 0.05 – 30 Gy and using radiation types of gamma rays, protons, X-rays, and heavy
ions (Chakraborti et al., 2012; Vipan K. Parihar et al., 2016; Vipan K. Parihar, Allen, et al., 2015; Vipan K. Parihar,
Pasha, et al., 2015; Vipan Kumar Parihar & Limoli, 2013). At 9 months post-irradiation (0.5 Gy of protons), Bellone et
al. (2015) observed enhanced synaptic excitability, indicative of increases in synaptic density, and Rola et al., (2005)
found that the number of proliferating neural precursor cells was lower than that at 3 months (1 and 3 Gy of 56Fe
ions). At 24 h to 15 months post-irradiation (25 Gy of X-rays), Panagiotakos et al. (2007) showed unrepairable damage
to both the subventricular zone and neural stem cell compartment in the female rat model. A study at 30 months (15
Gy of X-rays) revealed a reduction in computed tomography (CT) density, indicative of edema, demyelination, axonal
swelling, and/or necrosis (J. R. Fike et al., 1984). In examining different radiation types, the time-response relationship
could not be clearly identified due to differences in experimental design across studies. However, two studies
analyzing PSD-95 expression, a protein involved in regulating synaptic plasticity, at 10- and 30-days post-irradiation
found that 1 Gy of gamma ray irradiation led to similar time- dependent increases in PSD-95 compared to 1 Gy of
proton irradiation (Vipan K. Parihar, Pasha, et al., 2015; Vipan Kumar Parihar & Limoli, 2013). 

Incidence Concordance 

No available data. 

Essentiality 
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As deposition of energy is a physical stressor, it cannot be blocked by chemicals, however, it can be shielded (Al
Zaman & Nizam, 2022). Further research is required to determine the effects of shielding radiation on abnormal
neural remodeling. Since deposited energy initiates events immediately, the removal of deposited energy, a physical
stressor, also supports the essentiality of the key event. Studies that do not deposit energy are observed to have no
downstream effects. 

Uncertainties and Inconsistencies

One study shows that at a high dose of 90 Gy (X-rays), hippocampal dendritic spine length is increased
compared to the control (Shirai et al., 2013). Kiffer et al. found a decrease in spine length in the CA1 subregion
of the hippocampus; however, there was an increase in spine length and dendritic complexity in the dorsal
dentate gyrus after exposure to 0.5 Gy 1H and 0.1 Gy 16O (Kiffer et al., 2020). Further research involving
different regions of the brain is required to identify the effects of deposition of energy on the dentate gyrus. 

The study by Krukowski et al. (2018a), as highlighted in a review by Cekanaviciute et al. (2018), found a lack of
cellular changes in hippocampal synapse loss and microgliosis in females subjected to low dose ionizing
radiation. Another study highlighted in this review showed greater reduction in new neuronal survival in male
than female mice in response to 28Si irradiation (Whoolery et al., 2017). Additional data is required to determine
if these differences are sex-related or due to other factors. There is a lack of studies performed on female
subjects to identify specific sex-related effects of deposited energy on neuron integrity. 

Previous studies have found transient changes in neurogenesis after exposure to 56Fe ions at varying doses
ranging from 10 cGy to 1 Gy (DeCarolis et al., 2014; Miry et al., 2021). These studies found early decreases in
neurogenesis, although DeCarolis et al. reported that this reduction returned to normal as early as 7 days post-
irradiation. In a separate study, Miry et al. (2021) found that at 12 months post-exposure, neurogenesis levels
significantly exceeded controls. Other inconsistent studies include Acharya et al. (2019) and Bellone et al.
(2015); the former reported decreases in CA1 pyramidal neuron excitability after exposure to 18 cGy of neutron
radiation, whereas the latter study reported increases in post-synaptic excitability within CA1 neurons after 0.5
Gy of proton irradiation. 

Chien et al. (2015) found no changes to survival or number of synapses in hippocampal neurons five days after
0.2 Gy of electron radiation.

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance 

Reference Experimental Description Results 

Acharya et
al., 2019 

In vivo. Male mice were irradiated with
252Cf neutrons  at a dose rate of 1 mGy
per day for 180 days. The mice were then
sacrificed, and brains were removed to
conduct whole-cell electrophysiology on
the pyramidal neurons in the dorsal
hippocampus.  

18 cGy of neutron radiation caused pyramidal neurons to be
more hyperpolarized with a mean difference score (Mdiff) of -
2.56 mV. CA1 pyramidal neurons exhibited a decrease in
excitability (Mdiff = 30.8 pA) at 18 cGy. 

 Parihar &
Limoli,
2013 

In vivo. Male transgenic mice were
exposed to cranial gamma irradiation at a
dose of 1 or 10 Gy. This was done using a
137Cs irradiator at a dose rate of 2.07
Gy/min. After tissue harvesting,
fluorescent imaging was performed on
hippocampal neurons expressing the
enhanced green fluorescent protein
(EGFP) transgene to analyze changes in
dendritic tree. 

Dose-dependent reductions in the number of dendritic
branch points, length, and area at both 10 and 30 days after
gamma irradiation. Significant increase in PSD-95
(postsynaptic scaffolding protein) expression of 2.7-fold at
10 Gy at both time-points, and 1.7- and 2.2-fold increases for
1 Gy at 10 and 30 days, respectively. 1.8- and 3.7-fold
decrease in filopodia at 1 and 10 Gy. 

Parihar,
Pasha et
al., 2015 

In vivo. Male transgenic mice were
exposed to whole body proton irradiation
at a dose of 0.1 or 1 Gy. This was done
using 250 MeV plateau phase protons at a
dose rate of 0.25 Gy/min. Mice were
sacrificed 10 or 30 days post-irradiation,
then fluorescent imaging was performed
on hippocampal neurons expressing the
EGFP transgene to analyze changes in
dendritic tree. Immunohistochemistry was
also performed to measure synaptic
proteins.  

Dose-dependent increases in postsynaptic density protein 95
(PSD-95) expression of 1.8- (0.1 Gy) and 2.1-fold (1 Gy) at 30
days in the dentate gyrus after proton irradiation. Dose-
dependent reduction in synaptophysin expression of 1.3- (0.1
Gy) and 1.9-fold (1 Gy) in the dentate hilus. Dose-dependent
and time-dependent decreases in number of filopodia spines
(2.9- and 3.7-fold decreases at 10 and 30 days at 1 Gy).  
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Mizumatsu
et al., 2003 

In vivo. Male mice were exposed to
cranial X-irradiation at 1, 2, 5 and 10 Gy
(rate of 175 cGy/min). Confocal
microscopy was then used to assess
changes in neurogenesis and neuronal
proliferation.  

Numbers of immature neurons in the subgranular zone
reduced by 36, 51, 56, and 67% at 1, 2, 5, and 10 Gy,
respectively, indicative of decreased neurogenesis. Decrease
in number of neural cells by 41, 53, and 61% at 2, 5, and 10
Gy, indicative of increased apoptosis. 

Rola et al.,
2005 

In vivo. Male mice received whole-body
irradiation with iron or carbon ions at
doses of 1, 2 or 3 Gy. These were
delivered at dose rates of 0.87 ± 0.16
Gy/min and 1.23 ± 0.07 Gy/min for iron
and carbon ions, respectively. Confocal
microscopy and immunohistochemistry
were then performed to analyze
proliferating neurons and neurogenesis.  

56Fe irradiation led to 48% (1 Gy, 3 months old), 76% (3 Gy,
3 months), 81% (1 Gy, 9 months old), and 65% (3 Gy, 9
months) decreases in proliferating (Ki67-positive) cells in the
dentate subgranular zone and 34% (1 Gy, 3 months), 71% (3
Gy, 3 months), 59% (1 Gy, 9 months), and 89% (3 Gy, 9
months) decreases in immature neurons (DCx-positive cells).
12C irradiation led to 25% (1 Gy, 9 months) and 72% (3 Gy,
9 months) decreases in Ki67-positive cells and 20% (1 Gy, 9
months) and 62% (3 Gy, 9 months) decreases in DCx-
positive cells. 

Chiang et
al., 1993 

In vivo. Male mice were exposed to 2, 8,
20, 30, 36 and 45 Gy of X-irradiation at a
dose rate of 238 cGy/min. ELISA was
performed to analyze CNPase levels. 

CNPase (myelin-associated enzyme) levels were decreased
to approximately 85% after 20, 30, and 45 Gy before
increasing to normal values at 15 days. At 60 days, 20 Gy
CNPase levels peaked with an approximate increase to 110%
before decreasing to 84% at 180 days. At 30 Gy, CNPase
levels peaked after 120 days at 86% before decreasing to
64% after 270 days. At 45 Gy, CNPase levels continued to
decrease to 73% 180 days post-irradiation. 

Allen et al.,
2015 

In vivo. Male mice received whole-body
iron irradiation at 0.5 Gy (dose rate was
not indicated). Golgi staining was
performed for spine analysis and Sholl
analysis for dendritic morphology
quantification. 

 Dentate gyrus spine density 34% decreased after 0.5 Gy
56Fe irradiation. Dentate gyrus dendritic length decreased
by 20% at 79.0 and 100.8 μm from soma and 27% at 120.9
and 130.2 μm from soma. CA1 basal spine density decreased
by 32%. A peak decrease of 49% in CA1 dendritic length was
observed at 77 μm from soma. CA3 apical spine density
decreased by 20%. 

Vipan K.
Pariar et
al., 2016 

In vivo. Male transgenic mice and male
rats were exposed to charged particles
(16O and 48Ti at 600 MeV/n) at dose rates
between 0.05 and 0.25 Gy/min. After
tissue harvesting, confocal imaging was
used for EGFP expressing neurons to
assess neuronal morphometry 15 weeks
post exposure.  

Total dendritic length was decreased by 25%, 28%, 33%, and
34%; number of dendritic branch points decreased by 25%,
27%, 25%, and 27% respectively; and number of dendritic
branches by 15%, 83%, 32%, and 28%, for 16O – 5 cGy, 16O
– 30 cGy, 48Ti – 5 cGy, and 48Ti – 30 cGy, respectively. 

Shirai et al.,
2013 

In vitro. Hippocampal cultures were
exposed to 30, 60 and 90 Gy of X-
irradiation at a rate of 86.7 cGy/min.
Green fluorescent protein (GFP)
transfection was used to analyze the
effects of X-ray irradiation on dendritic
spine morphology and density.
Fluorescent immunohistochemistry was
used to evaluate cytoskeletal proteins
within dendritic spines.  

Significant increase in dendritic spine length at 90 Gy by 1.2-
fold. No change in width of dendritic spines. Number of F-
actin clusters decreased by 1.4- (30 Gy), 1.57- (60 Gy), and
1.4-fold (90 Gy). Number of drebrin clusters decreased by
1.3- (30 and 60 Gy) and 1.4-fold (90 Gy). 

Okamoto et
al., 2009 

In vitro. Primary neurons from the
hippocampi of fetal rats were exposed to
0.5, 4 and 10 Gy of X-irradiation.
Immunofluorescence was performed to
analyze synaptic proteins and TUNEL
staining was performed to identify
neuronal apoptosis. 

Significant increase in apoptosis of neurons of 1.3- (0.5 Gy),
1.9- (4 Gy), and 2.5-fold (10 Gy) at 7 days post-irradiation
and 1.4- (0.5 Gy), 2.3- (4 Gy), and 2.6-fold (10 Gy) at 14 days
post-irradiation. Significant decrease in F-actin clusters of
1.4-fold (10 Gy) at 7 days, and 1.4- (4 Gy) and 1.5-fold (10
Gy) at 14 days. Significant decrease in drebrin of 1.8-fold (10
Gy) at 7 days, and 1.7- (4 Gy) and 1.5-fold (10 Gy) at 14
days. Significant decrease in Synapsin-I of 1.1-fold (10 Gy) at
14 days. 

Vipan K.
Parihar,
Allen, et al.,
2015 

In vivo. Male transgenic mice (with EGFP
transgene) were exposed to 5-30 cGy of
charged particles (16O and 48Ti) at dose
rates between 0.5 and 1.0 Gy/min. After
tissue harvesting, confocal microscopy,
imaging and neuronal morphometry were
performed to evaluate dendritic
complexity and spine density 8 weeks
post radiation exposure. 

Significant reductions in number of dendritic branches by
1.5- (16O – 30 cGy), 1.8- (48Ti – 5 cGy), and 1.7-fold (48Ti –
30 cGy), number of branch points by 1.5- (16O – 30 cGy),
1.4- (48Ti – 5 cGy), and 1.8-fold (48Ti – 30 cGy), total
dendritic length by 1.5- (16O – 5 cGy), 1.8- (16O – 30 cGy),
1.5- (48Ti – 5 cGy), and 1.7-fold (48Ti – 30 cGy), number of
spines by 1.5- (16O – 5 cGy), 1.8- (16O – 30 cGy), 1.7- (48Ti –
5 cGy), 1.9-fold (48Ti – 30 cGy), and spine density by 1.7-
(16O – 5 cGy), 1.6- (16O – 30 cGy), 1and 1.5-fold (48Ti – 5
and 30 cGy). Significant increase in PSD-95 puncta by 1.5-
fold (all doses and radiation types) 8 weeks post-irradiation. 
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Kiffer et al.,
2020 

In vivo. Male mice received whole-body
1H and 16O irradiation at 0.5 and 0.1 Gy,
respectively. The dose rates were 18-19
cGy/min (1H irradiation) and 18-33
cGy/min (16O irradiation). Golgi staining
was performed for dendritic morphology
quantification and spine analyses.  

Dentate gyrus dendritic complexity increased by 1.4-fold
after 0.5 Gy (1H) and 0.1 Gy (16O) combined irradiation. 

Klein et al.,
2021 

 

In vivo. Male mice received whole-body
simulated galactic cosmic irradiation (1H,
16O, 4He, 28Si, 56Fe) at 5 and 30 cGy.
The dose rate was 5 cGy/min for the
mixed-ion simulated galactic cosmic
radiation (GCR). Electrophysiological
measurements were then taken to assess
changes in synaptic signaling within the
CA1 region of the hippocampus. 

30 cGy of mixed-ion GCR causes CA1 pyramidal neurons to
have elevated amplitudes in the spontaneous inhibitory
postsynaptic currents (sIPSC) with a mean difference score
(Mdiff) of 5.54 pA. There was also a decrease in the sIPSC
rise times (Mdiff = -0.45 ms). These results show that GCR
leads to enhanced inhibitory synaptic signaling. 

 

Time Concordance 

References Experimental Description Results 

Vipan K.
Parihar,
Pasha, et al.,
2015 

In vivo. Male transgenic mice were exposed to
whole body proton irradiation at a dose of 0.1 or
1 Gy. This was done using 250 MeV plateau
phase protons at a dose rate of 0.25 Gy/min.
Mice were sacrificed at 10 or 30 days post-
irradiation, then fluorescent imaging was
performed on hippocampal neurons expressing
the EGFP transgene to analyze changes in
dendritic tree. Immunohistochemistry was also
performed to measure synaptic proteins.  

Time-dependent increase in PSD-95 of 1.6- (10 days)
and 2.1-fold (30 days). Time-dependent decrease in
synaptophysin of 1.4- (10 days) and 1.9-fold (30
days) in the dentate hilus. 

Bellone et
al., 2015 

In vivo. Male mice received whole-body
irradiation with 0.5 Gy of 150 MeV protons at a
rate of 1.5-2.5 Gy/min. Electrophysiological
experiments were conducted to measure
synaptic response changes. 

After 9 months, exposure to 0.5 Gy of proton
irradiation resulted in an increase in postsynaptic
excitability by 53% at 1.50 mA stimulation. Synaptic
efficacy was increased by 118%. fEPSP (excitatory
postsynaptic potential) slopes increased
approximately 15 – 46% at least 60 min post-
stimulation. There were no changes in presynaptic
ability. 

J. R. Fike et
al., 1984 

In vivo. Male beagle dogs were exposed to 10,
15, 30 Gy of X-irradiation at a rate of 3 Gy/min.
Computed tomography (CT) scan and
histological examination were performed to
identify differences in tissue density within the
cerebrum. 

Animals receiving 10 Gy had no response up to 12
months. Time to maximum computed tomography
(CT) response was 6.3 months for 15 Gy and 5.2
months for 30 Gy. 

Chakraborti
et al., 2012 

In vivo. Male mice were irradiated with a single
dose of 10 Gy from a 137Cs source at a rate of
1.67 Gy/min. After harvesting, neurons
underwent Golgi staining to analyze changes in
spine density and morphology. 

10 Gy of gamma irradiation led to a time-dependent
decrease in spine density in the dentate gyrus by
11.9% (1 week) and 26.9% (1 month), a significant
reduction in proportion of mushroom spines by
24.3% (1 week) and 15.7% (1 month), a significant
decrease in the number of thin spines by 11.49% (1
week) and 13.2% (1 month), and a significant
increase in number of mushroom spines by 12.1% (1
week) and 25.3% (1 month). 

Okamoto et
al., 2009 

In vitro. Primary neurons from the hippocampi of
fetal rats were exposed to 0.5, 4 and 10 Gy of X-
rays. Immunofluorescence was performed to
analyze synaptic proteins and TUNEL staining
was performed to identify neuronal apoptosis. 

Significant increase in apoptosis of neurons of 1.3-
(0.5 Gy), 1.9- (4 Gy), and 2.5-fold (10 Gy) at 7 days
post-irradiation and 1.4- (0.5 Gy), 2.3- (4 Gy), and
2.6-fold (10 Gy) at 14 days post-irradiation.
Significant decrease in F-actin clusters of 1.4-fold (10
Gy) at 7 days, and 1.4- (4 Gy) and 1.5-fold (10 Gy) at
14 days. Significant decrease in drebrin of 1.8-fold
(10 Gy) at 7 days, and 1.7- (4 Gy) and 1.5-fold (10
Gy) at 14 days. Significant decrease in Synapsin-I of
1.1-fold (10 Gy) at 14 days. 
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Panagiotakos
et al., 2007  

In vivo. Female Sprague Dawley rat brains were
irradiated with X-rays at 25 Gy (117.5 cGy/min)
while shielding the olfactory bulb.  
Immunohistochemistry, stereological analysis,
fluorescence intensity quantification, electron
microscopy and magnetic resonance imaging
were preformed to assess long term radiation
damage 24 h to 15 months post irradiation. 

 

The number of BrdU+ cells in the subventricular
zone (SVZ) decreased significantly 15 months post
irradiation (average number of  BrdU+cells was
5,541+/−624 compared to the control group of
34,680+/−9,413). Doublecortin (DCX)-expressing
neuroblasts were lost permanently immediately post
irradiation.  

Known modulating factors
Modulating
Factor Details Effects on the KER References 

 Drug 

SB415286 – a potent and
selective cell-permeable,
ATP-competitive GSK-3β
inhibitor, as GSK-3β
induces apoptosis in
response to various
conditions 

Treatment with SB415286 provided significant neuroprotection
against radiation necrosis within the brain at 45 Gy.  

Jiang et al.,
2014 

Diet 

N1-acetyl-N2-formyl-5-
methoxykynuramine
(AFMK) – a melatonin
metabolite which has
antioxidant properties.   

AMFK treatment ameliorated levels of reactive oxygen species,
and increased number of immature neurons and proliferating
cells post-irradiation in vivo. Without the treatment, exposure
to radiation led to a significant decrease in DCX positive cells
by 81% and Ki-67 positive cells by 86%. (AMFK) treatment
provided protection to immature neurons by 45.38% and
proliferating cells by 52.35%. 

Manda et al.,
2008b 

 Drug 

PLX5622-1200 ppm (PLX)
diet that contains CSF1-R
(colony stimulating factor
1 receptor) inhibitor that
induces depletion of
microglia within 3 days. 

The PLX diet was able to significantly increase the levels of the
presynaptic protein, synapsin 1 after exposure to helium
irradiation.  

Krukowski et
al., 2018b 

Known Feedforward/Feedback loops influencing this KER

NA

References

Acharya, M. M. et al. (2019), "New concerns for neurocognitive function during deep space exposures to chronic, low
dose-rate, neutron radiation", eNeuro, Vol. 6/4, Society for Neuroscience, Washington,
https://doi.org/10.1523/ENEURO.0094-19.2019. 

Allen, A. R. et al. (2015), "56Fe Irradiation Alters Spine Density and Dendritic Complexity in the Mouse Hippocampus",
Radiation Research, Vol. 184/6, BioOne, Washington, https://doi.org/10.1667/RR14103.1. 

Al Zaman, M. A. and Q. M. R. Nizam. (2022), "Study on Shielding Effectiveness of a Combined Radiation Shield for
Manned Long Termed Interplanetary Expeditions", Journal of Space Safety Engineering, Vol. 9/1, Elsevier, Amsterdam,
https://doi.org/10.1016/j.jsse.2021.12.003. 

Bellone, J. A. et al. (2015), "A single low dose of proton radiation induces long-term behavioral and
electrophysiological changes in mice", Radiation Research, Vol. 184/2, BioOne, Washington,
https://doi.org/10.1667/RR13903.1. 

Cekanaviciute, E., S. Rosi and S. V. Costes. (2018), "Central Nervous System Responses to Simulated Galactic Cosmic
Rays", International Journal of Molecular Sciences, Vol. 19/11, Multidisciplinary Digital Publishing Institute (MDPI),
Basel, https://doi.org/10.3390/IJMS19113669. 

Chakraborti, A. et al. (2012), "Cranial Irradiation Alters Dendritic Spine Density and Morphology in the Hippocampus",
PLOS ONE, Vol. 7/7, Public Library of Science, San Francisco, https://doi.org/10.1371/JOURNAL.PONE.0040844. 

Chiang, C. S., W. H. McBride and H. Rodney Withers. (1993), "Myelin-associated changes in mouse brain following
irradiation", Radiotherapy and Oncology, Vol. 27/3, Elsevier, Amsterdam, https://doi.org/10.1016/0167-
8140(93)90079-N. 

DeCarolis, N. A. et al. (2014), "56Fe particle exposure results in a long-lasting increase in a cellular index of genomic
instability and transiently suppresses adult hippocampal neurogenesis in vivo", Life Sciences in Space Research, Vol.
2, https://doi.org/10.1016/j.lssr.2014.06.004. 

Dhikav, V. and K. Anand. (2012), "Hippocampus in health and disease: An overview", Annals of Indian Academy of
Neurology, Vol. 15/4, Wolters Kluwer, Alphen aan den Rijn,  https://doi.org/10.4103/0972-2327.104323. 

AOP483

188/209



Drobny, J. G. (2013), "Introduction", Ionizing Radiation and Polymers (pp. 1–10), Elsevier, Amsterdam,
https://doi.org/10.1016/B978-1-4557-7881-2.00001-8. 

Einor, D. et al. (2016), "Ionizing radiation, antioxidant response and oxidative damage: A meta-analysis", Science of
The Total Environment, Vols. 548–549, Elsevier, Amsterdam, https://doi.org/10.1016/j.scitotenv.2016.01.027. 

Fike, J. R. et al. (1984), "Computed Tomography Analysis of the Canine Brain: Effects of Hemibrain X Irradiation",
Radiation Research, Vol. 99/2, Allen Press, Lawrence, https://doi.org/10.2307/3576373. 

Hainmueller, T. and M. Bartos. (2020), "Dentate gyrus circuits for encoding, retrieval and discrimination of episodic
memories", Nature Reviews Neuroscience, Vol. 21/3, Springer Nature, Berlin, https://doi.org/10.1038/s41583-019-
0260-z. 

Harris, K. M. and J. K. Stevens. (1989), "Dendritic spines of CA 1 pyramidal cells in the rat hippocampus: serial electron
microscopy with reference to their biophysical characteristics", Journal of Neuroscience, Vol. 9/8, Society for
Neuroscience, Washington, https://doi.org/10.1523/JNEUROSCI.09-08-02982.1989. 

Hladik, D. and S. Tapio. (2016), "Effects of ionizing radiation on the mammalian brain", Mutation Research - Reviews
in Mutation Research, Vol. 770, Elsevier B.V., Amsterdam, https://doi.org/10.1016/j.mrrev.2016.08.003. 

HR, C. C. M. W. W. (1993), "Radiation-induced astrocytic and microglial response in mouse brain",
papers3://publication/uuid/729C572E-9A43-4EF4-A184-8A9DAD8CBC38. 

Jarrard, L. E. (1993), "On the role of the hippocampus in learning and memory in the rat", Behavioral and Neural
Biology, Vol. 60/1, Academic Press, Cambridge, https://doi.org/10.1016/0163-1047(93)90664-4. 

Jiang, X. et al. (2014), "A GSK-3β Inhibitor Protects Against Radiation Necrosis in Mouse Brain", International Journal of
Radiation Oncology*Biology*Physics, Vol. 89/4, Elsevier, Amsterdam, https://doi.org/10.1016/J.IJROBP.2014.04.018. 

Kiffer, F. et al. (2020), "Late Effects of 1H + 16O on Short-Term and Object Memory, Hippocampal Dendritic
Morphology and Mutagenesis", Frontiers in Behavioral Neuroscience, Vol. 14, Frontiers Media S.A.,
https://doi.org/10.3389/fnbeh.2020.00096. 

Klein, P. M. et al. (2021), "Detrimental impacts of mixed-ion radiation on nervous system function", Neurobiology of
Disease, Vol. 151, Elsevier, https://doi.org/10.1016/j.nbd.2021.105252. 

Krukowski, K. et al. (2018a), "Female mice are protected from space radiation-induced maladaptive responses", Brain,
Behavior, and Immunity, Vol. 74, Academic Press Inc., https://doi.org/10.1016/j.bbi.2018.08.008. 

Krukowski, K. et al. (2018b), "Temporary microglia-depletion after cosmic radiation modifies phagocytic activity and
prevents cognitive deficits", Scientific Reports 2018 8:1, Vol. 8/1, Nature Publishing Group, Berlin,
https://doi.org/10.1038/s41598-018-26039-7. 

Lalkovičová, M. (2022), "Neuroprotective agents effective against radiation damage of central nervous system",
Neural Regeneration Research, Vol. 17/9, https://doi.org/10.4103/1673-5374.335137. 

Manda, K., M. Ueno and K. Anzai. (2008a), "Memory impairment, oxidative damage and apoptosis induced by space
radiation: Ameliorative potential of α-lipoic acid", Behavioural Brain Research, Vol. 187/2, Elsevier, Amsterdam,
https://doi.org/10.1016/j.bbr.2007.09.033. 

Manda, K., M. Ueno and K. Anzai. (2008b), "Space radiation-induced inhibition of neurogenesis in the hippocampal
dentate gyrus and memory impairment in mice: ameliorative potential of the melatonin metabolite, AFMK", Journal of
Pineal Research, Vol. 45/4, John Wiley & Sons, Inc., Hoboken, https://doi.org/10.1111/j.1600-079X.2008.00611.x. 

Martinez-López, W. and M. P. Hande. (2020), "Health effects of exposure to ionizing radiation", Advanced Security and
Safeguarding in the Nuclear Power Industry (pp. 81–97), Elsevier, Amsterdam, https://doi.org/10.1016/B978-0-12-
818256-7.00004-0. 

Ming, G. and H. Song. (2011), "Adult Neurogenesis in the Mammalian Brain: Significant Answers and Significant
Questions", Neuron, Vol. 70/4, NIH Public Access, https://doi.org/10.1016/J.NEURON.2011.05.001. 

Miry, O. et al. (2021), "Life-long brain compensatory responses to galactic cosmic radiation exposure", Scientific
Reports, Vol. 11/1, https://doi.org/10.1038/s41598-021-83447-y. 

Mizumatsu, S. et al. (2003), "Extreme sensitivity of adult neurogenesis to low doses of X-irradiation", Cancer
Research, Vol. 63/14. 

Monje, M. L., H. Toda and T. D. Palmer. (2003), "Inflammatory Blockade Restores Adult Hippocampal Neurogenesis",
Science, Vol. 302/5651, American Association for the Advancement of Science, Washington,
https://doi.org/10.1126/SCIENCE.1088417. 

Okamoto, M. et al. (2009), "Effect of radiation on the development of immature hippocampal neurons in vitro",
Radiation Research, Vol. 172/6, BioOne, Washington, https://doi.org/10.1667/RR1741.1. 

Panagiotakos, G. et al. (2007), "Long-Term Impact of Radiation on the Stem Cell and Oligodendrocyte Precursors in
the Brain", PLoS ONE, Vol. 2/7, https://doi.org/10.1371/journal.pone.0000588. 

AOP483

189/209



Parihar, V. K. et al. (2016), "Cosmic radiation exposure and persistent cognitive dysfunction", Scientific Reports, Vol.
6/June, Nature Publishing Group, Berlin, https://doi.org/10.1038/srep34774. 

Parihar, V. K. et al. (2015), "What happens to your brain on the way to Mars", Science Advances, Vol. 1/4, American
Association for the Advancement of Science, Washington, https://doi.org/10.1126/SCIADV.1400256. 

Parihar, V. K. et al. (2014), "Persistent changes in neuronal structure and synaptic plasticity caused by proton
irradiation", Brain Structure and Function 2014 220:2, Vol. 220/2, Springer Nature, Berlin,
https://doi.org/10.1007/S00429-014-0709-9. 

Parihar, V. K. and C. L. Limoli. (2013), "Cranial irradiation compromises neuronal architecture in the hippocampus",
Proceedings of the National Academy of Sciences of the United States of America, Vol. 110/31, National Academy of
Sciences, Washingtonhttps://doi.org/10.1073/pnas.1307301110. 

Reisz, J. A. et al. (2014), "Effects of Ionizing Radiation on Biological Molecules—Mechanisms of Damage and Emerging
Methods of Detection", Antioxidants & Redox Signaling, Vol. 21/2, Mary Ann Liebert, Inc., New Rochelle,
https://doi.org/10.1089/ars.2013.5489. 

Rola, R. et al. (2005), "High-LET radiation induces inflammation and persistent changes in markers of hippocampal
neurogenesis", Radiation Research (Volume 164, pp. 556–560), BioOne, Washington,
https://doi.org/10.1667/RR3412.1. 

Rola, R. et al. (2007), "Lack of extracellular superoxide dismutase (EC-SOD) in the microenvironment impacts
radiation-induced changes in neurogenesis", Free Radical Biology and Medicine, Vol. 42/8, Pergamon, Bergama,
https://doi.org/10.1016/J.FREERADBIOMED.2007.01.020. 

Shirai, K. et al. (2006), "Differential effects of x-irradiation on immature and mature hippocampal neurons in vitro",
Neuroscience Letters, Vol. 399/1–2, Elsevier, Amsterdam, https://doi.org/10.1016/j.neulet.2006.01.048. 

Shirai, K. et al. (2013), "X Irradiation Changes Dendritic Spine Morphology and Density through Reduction of
Cytoskeletal Proteins in Mature Neurons", Radiation Research, Vol. 179/6, Allen Press, Lawrence,
https://doi.org/10.1667/RR3098.1. 

Takahashi, H. et al. (2003), "Drebrin-Dependent Actin Clustering in Dendritic Filopodia Governs Synaptic Targeting of
Postsynaptic Density-95 and Dendritic Spine Morphogenesis", The Journal of Neuroscience, Vol. 23/16, Society for
Neuroscience, Washington, https://doi.org/10.1523/JNEUROSCI.23-16-06586.2003. 

Tiller-Borcich, J. K. et al. (1987), "Pathology of Delayed Radiation Brain Damage: An Experimental Canine Model",
Radiation Research, Vol. 110/2, Allen Press, Lawrence, https://doi.org/10.2307/3576896. 

Whoolery, C. W. et al. (2017), "Whole-body exposure to 28Si-radiation dose-dependently disrupts dentate gyrus
neurogenesis and proliferation in the short term and new neuron survival and contextual fear conditioning in the long
term", Radiation Research, Vol. 188/5, Radiation Research Society, https://doi.org/10.1667/RR14797.1. 

 

Relationship: 2838: Energy Deposition leads to Impairment, Learning and memory

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment

non-
adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links
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Juvenile Low
Life Stage Evidence

Sex Applicability
Sex Evidence

Male High
Female Low

Evidence for this relationship comes from human, rat, and mouse models, with a large amount of evidence in mice
and rats. There is in vivo evidence in both male and female animals, with a lot of evidence in males. This relationship
has been shown in adult animals in many studies. 

Key Event Relationship Description

Deposition of energy from ionizing radiation (IR) can induce biological changes within living systems (UNSCEAR,
1982). The amount of IR absorbed and consequently the amount of damage ensued is quantified by the linear energy
transfer (LET) of the radiation. Low-LET radiation consists of electromagnetic ionizing radiation such as X- and gamma
rays, as well as protons that deposit smaller amounts of energy, whereas high-LET radiation deposits large amounts
of energy and includes heavy ions, alpha particles and high-energy and neutrons. Therefore, high-LET radiation
produces dense ionization while low-LET radiation induces sparse ionization events where energy is exponentially
absorbed by tissues. 

Deposition of energy can lead to reduced cognitive function related to learning and memory. Impaired learning can
be seen as diminished ability to create new associative or non-associative relationships, whereas impaired memory
consists of reduced ability to establish sensory, short-term or long-term memories (Desai et al., 2022; Kiffer et al.,
2019b). Multiple brain areas are involved in learning and memory processes, with the most well-known occurring in
the hippocampal region, as well as the amygdala, the prefrontal cortex, the basal ganglia, and other areas of the
neocortex. These regions of the brain have been shown to be affected by deposition of energy (Cucinotta et al., 2014;
Desai et al., 2022; NCRP Commentary, 2016).  

Following deposition of energy, the process begins at the macromolecular level from direct damage to neurons and
glial cells and via the generation of oxidative stress and promotion of neuroinflammatory environments in the central
nervous system (CNS) (Mhatre et al., 2022; Lalkovičová et al., 2022). The altered cellular environment caused by a
deposition of energy can impact the functions of both neurons and glial cells, which can promote a persistent pro-
inflammatory response, reduced neurogenesis, reduced dendritic spine lengths and density, and the inhibition of
neuronal connectivity and synaptic activity (Hladik & Tapio, 2016; Cekanaviciute et al., 2018). In vivo studies link
structural and functional changes in neurons and glial cells to a decreased ability to complete cognitive assessments
that test various domains of learning and memory.   

Evidence Supporting this KER

Overall Weight of Evidence: Moderate 

Biological Plausibility

The biological rationale linking deposition of energy to impaired learning and memory is strongly supported in the
literature, as reported by several review articles published on the subject (Desai et al., 2022; Kiffer et al., 2019b;
Pasqual et al., 2021; NCRP, 2016; Collett et al., 2020; Cucinotta et al., 2014; Hladik & Tapio, 2016; Cekanaviciute et
al., 2018; Mhatre et al., 2022; Lalkovičová et al., 2022; Greene-Schloesser et al., 2012; Turnquist et al., 2020; Katsura
et al., 2021). It is well established that radiation exposure leads to both acute and chronic elevation in reactive
oxygen species (ROS), and this subsequently mediates cell signaling within mature neurons, neural stem cells and
glial cells (NCRP, 2016; Mhatre et al., 2022). ROS acts as a second messenger to activate microglia and astrocytes via
redox-responsive transcription factor-mediated molecular signaling pathways, and once these glial cells are activated,
they can adopt a pro-inflammatory morphology and thus release pro-inflammatory mediators (Hladik & Tapio, 2016;
Cucinotta et al., 2014; Collett et al., 2020). Pro-inflammatory mediators such as cytokines mediate the immune
response through ligand binding to cell surface receptors that can activate signaling cascades such as JAK-STAT or
MAPK pathways to produce or recruit more cytokines (Mousa & Bakhiet, 2013; Prieto & Cotman, 2018). 

Once these inflammatory reactions are initiated, the radiation-activated microglia can alter the functions of neurons.
Structurally, the neuron is comprised of the cell body, dendrites, axon, and axon terminals (Lodish et al., 2000).
Neurons communicate by electrical and chemical signaling via synapses, where axons from the presynaptic neuron
interface with the dendritic arms of the postsynaptic neuron. Deposition of energy inhibits neuronal connectivity and
synaptic activity through the loss of dendritic spines as well as dendrite length and branching (Cekanaviciute et al.,
2018; Jandial et al., 2018). Overexpression of pro-inflammatory mediators disrupts the integrity of neurons through
increased necrosis and demyelination, decreased neurogenesis, decreased neural stem cell proliferation and
decreased synaptic complexity (Hladik & Tapio, 2016; Cekanaviciute et al., 2018; Lalkovičová et al., 2022). Together,
these radiation-induced neuronal damage and persistent neuroinflammation alter learning and memory capabilities
as evidenced by behavioral changes from in vivo studies.  

Empirical Evidence
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There is strong evidence supporting the connection between the deposition of energy leading to impaired learning
and memory. The evidence was gathered from studies using in vivo rodent models and human studies. The applied
stressors ranged from 0.5 cGy to 40 Gy and included heavy ions (e.g.,28Si, 16O, 56Fe, 48Ti), X-rays, gamma rays,
protons, and alpha particles. Impaired learning and memory in rodents were measured through various behavioral
tests that assessed several cognitive aspects such as short-term memory, long-term memory, recognition memory,
spatial memory, working memory, declarative memory, associative learning, discrimination, and reversal learning
(Britten et al., 2018; Rabin et al., 2014; Lonart et al., 2012; Britten et al., 2012; Bellone et al., 2015; Parihar et al.,
2016; Rabin et al., 2012; Krukowski et al., 2018a; Forbes et al., 2014; Gan et al., 2019; Manda et al., 2007a; Acharya
et al., 2016; Impey et al., 2016; Parihar et al., 2018; Belarbi et al., 2013; Krukowski et al., 2018b; Jewell et al., 2018;
Rabin et al., 2015; Parihar et al., 2015; Kiffer et al., 2019a ; Hodges et al., 1998). Additionally in humans, cognitive
test scores from the Swedish military enlistment exam of 18-year-old men, which evaluates general instruction,
concept discrimination, technical comprehension, and spatial recognition, were used to evaluate the potential impact
of beta ray, gamma ray, or X-ray exposures from radiotherapy treatment for cutaneous haemangioma when they
were infants (18 months old or earlier) (Hall et al., 2004).

Dose Concordance  

Many studies demonstrate dose concordance relating to deposition of emerging and impaired learning and memory.
NOR is a behavioral assay that is used to evaluate recognition memory by measuring the time spent with a novel
object instead of a familiar one after habituation and training with the familiar object (Cekanaviciute et al., 2018Mice
irradiated with 9 Gy X-rays showed a DI (discrimination index; tendency to explore novel instead of familiar
objects/locations) of -13 compared to the control of 23, demonstrating impaired memory after irradiation (Acharya et
al., 2016). Another study in rats reported a reduction in the discrimination ratio (DR) from 0.5 to 0.2 after 40 Gy X-
rays, also suggesting reduced learning and memory after radiation exposure (Forbes et al., 2014). However, this was
only observed in 3-month-old rats. Mice irradiated with 0.05 or 0.3 Gy of either 16O and 48Ti particles showed a dose-
and particle size-dependent decrease in the DI for NOR (Parihar et al., 2015; Parihar et al., 2016). Another study with
heavy ions also reported impairments in novel object recognition after 0.1 Gy and 0.4 Gy of 56Fe ion irradiation, but
not after 0.2 Gy of 56Fe ion irradiation (Impey et al., 2016). Memory was also inhibited in mice after 4He particle
irradiation at 0.5 Gy, but not after 4He particle irradiation at 0.15 Gy or 1 Gy after being tested using NOR (Krukowski
et al., 2018b). In a mixed ion beam study using the galactic cosmic ray (GCR) simulator, NOR was impaired after 0.15
Gy and 0.5 Gy of irradiation in males only, with no reduction in performance reported in female mice (Krukowski et
al., 2018a). In contrast, results from a separate study suggest that there is an impact on female mice, as female mice
irradiated with 16O particles showed dose-dependent decreases in the DR from 22 (control) to -2 (0.1 Gy) and -5 (0.25
Gy) for NOR (Kiffer et al., 2019a). Memory assessed with NOR was also impaired in rats exposed to various particles
(protons, carbon, oxygen, silicon, titanium and iron ions) with doses from 0.1 to 2 Gy (Rabin et al., 2014). Rats
irradiated with 0.25 Gy 56Fe or 0.05 Gy 16O particles showed attenuated memory, but not learning, measured with
NOR (Rabin et al., 2015). 

Object in Place (OiP), a similar test to NOR where the same objects are used but the locations of one or more of the
objects is changed, is also used to assess memory (Cekanaviciute et al., 2018). Mice irradiated with 9 Gy X-rays
showed a DI of -3 compared to the control of 38 suggesting impaired memory (Acharya et al., 2016). Mice irradiated
with 16O particles showed a dose-dependent decrease in the DI for NOR at 0.05 or 0.3 Gy, while 48Ti irradiation also
resulted in significantly decreased DI at both 0.05 and 0.3 Gy (Parihar et al., 2015; Parihar et al., 2016). After 0.05
and 0.3 Gy 4He irradiation, mice also showed reduced performance in the OiP test suggesting impaired memory
(Parihar et al., 2018). 

A few studies used the multistage attentional set shifting (ATSET) test, which measures the ability to relearn cues
over various schedules of reinforcement (Heisler et al., 2015). During ATSET, simple discrimination (SD) was inhibited
by 0.05, 0.15 and 0.2 Gy of 28Si particles in rats, shown by increased latency to complete the task and a 20 to 30
percentage point decrease in completion of various stages (Britten et al., 2018). Of rats irradiated with 0.2 Gy 56Fe
particles, 2 of 11 completed all stages, while 8 of 11 control rats completed all stages (Lonart et al., 2012). In
addition, the same study (Lonart et al., (2012) demonstrated that irradiated rats required significantly more attempts
to complete the SD stage. The number of attempts for compound discrimination (CD) was increased about 2-fold from
0.01 to 0.15 Gy in rats irradiated with 56Fe particles (Jewell et al., 2018). There was also a dose-dependent decrease
in the percent of rats that failed at least 1 stage. Similarly, rats took more trial (2X) to complete the CD stage after 5
cGy of 48Ti (Parihar et al., 2016). 

Fear conditioning (FC) and fear extinction (FE) are used to assess learning and memory. FC measures the learned fear
response to an adverse event, while FE measures the dissociation of this response to the adverse event (Parihar et al.,
2016). Mice tested with fear conditioning after 9 Gy X-rays spent 19% of the time frozen, while control mice spent
43% of the time frozen during the context test (Acharya et al., 2016). Mice irradiated with 0.3 Gy 48Ti showed similar
levels of FC to controls, but FE was inhibited in irradiated mice as they were unable to abolish fear memory (Parihar et
al., 2016). This also occurred for 0.05 Gy 4He particles (Parihar et al., 2018). 

Various maze tests were performed to assess learning and memory. During an MWM test, control mice took 246 cm to
reach the hidden platform, while 10 Gy-irradiated mice took 392 cm (Belarbi et al., 2013). A water maze did not show
initial differences in learning and memory after 0.5 Gy protons, but reversal learning, where mice had to forget what
they had previously learned, showed 1.6-fold increased swim distance to the hidden platform in irradiated mice
(Bellone et al., 2015). Rats irradiated with X-rays (13 Gy) and 56Fe particles (0.2, 0.4 and 0.6 Gy) showed increased
escape latency compared to controls (Britten et al., 2012). A Hebb-Williams maze after rats were irradiated with 6 Gy
gamma rays showed significant decreases in learning and memory as well (Manda et al., 2007a). After irradiation,
rats exposed to 25 Gy had significant impairments in both the T-maze, a measure of spatial working memory, and
water maze tests, while rats exposed to lower dose of 20 Gy, had significant impairment of working memory in the T-
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maze (Hodges et al., 1998). 

A Swedish cohort study by Hall et al. (2004) showed that exposure to β-rays, gamma rays and X-ray doses of 1 to 250
mGy for treatment of cutaneous hemangioma during infancy was related to reduced test scores approximately 18
years later, including tests of concept discrimination (P=0.03), general instruction (P=0.03) and technical
comprehension (P=0.003). In mice, reduced performance on temporal order (TO) tasks, where short-term memory is
assessed through the animals’ preference to two sets of objects, was reported after 0.05 and 0.3 Gy of 16O, 48Ti and
4He particle irradiation (Parihar et al., 2016; Parihar et al., 2018). A three-chamber social approach task, which
assesses social memory, was impaired in male mice after 0.5 Gy of exposure to the GCR simulator compared with
animals exposed to 0.15 Gy of GCR simulator. However, there were no significant differences in TO in the exposed
animals compared to unexposed controls (Krukowski et al., 2018a). Performance on operant responding, which
reflects the cortex’ ability to organize processes was assessed in rats. Performance on this test  was reduced after
0.25, 0.5, 1 and 2 Gy 56Fe ion exposure, suggesting alterations in learning and memory (Rabin et al., 2012).
However, there was no consistent trend across doses (Rabin et al., 2012). 

Furthermore, a meta-analysis identified several studies that showed a risk of developing central nervous diseases
such as Alzheimer’s and dementia after exposure to low-to-moderate doses of ionizing radiation in adulthood. The
various studies investigated CNS diseases in relation to occupational exposure, environmental exposure, those
exposed for medical purposes, Chernobyl cleanup workers and Japanese Atomic Bomb Survivors with dose ranges <1
Gy. Results from the meta-analysis suggest that there is no increase in standardized mortality ratio (SMR) from
diseases of the nervous system when comparing the radiation exposed cohorts to the general population. However,
there was a positive and significant excess relative risk from ionizing radiation for Parkinson’s disease (Azizova et al.,
2020; Lopes et al., 2022). 

 

Time Concordance 

Novel object recognition (NOR) was used in multiple studies to assess recognition memory at varying time points
following energy deposition. In many cases, the deposition of energy by radiation led to impaired recognition memory
in the animal models studied. A decrease in DI indicates a reduction in recognition memory. At 5 to 6 weeks after 9 Gy
irradiation, mice had decreased DI for NOR (Acharya et al., 2016). Similarly, at 6 weeks after 48Ti (0.05 and 0.30 Gy)
and 16O (0.30 Gy) irradiation, the DI for NOR decreased significantly in male mice (Parihar et al., 2015). After
exposure to 5 and 30 cGy of 48Ti, cognitive impairment was greater after 24 weeks than 12 weeks as evidenced by
reduced NOR DI for both doses of 48Ti (Parihar et al., 2016). Mice at 90 days post helium exposure or 45 days post
GCR simulator radiation (0.15 or 0.50 Gy) both demonstrated memory impairments as mice were unable to
distinguish novel and familiar objects (Krukowski et al., 2018a; Krukowski et al., 2018b). After 2 weeks of exploring,
mice previously irradiated with 0.1 or 0.4 Gy showed impaired object recognition; however, at the 20-week time-
point, no impairment was indicated following 0.1, 0.2 or 0.4 Gy of 56Fe (Impey et al., 2016). NOR performance was
impaired in mice at 2- and 4-months post 16O irradiation, 11 months post 12C irradiation, at 3- and 12-months post
56Fe exposure and at 7- and 17-months post 48Ti irradiation. As well, NOR was impaired 4, 5, 9, 10 and 13 months
after 28Si exposure, with the lowest performance occurring at 9 months (Rabin et al., 2014).   Mice demonstrated
impaired memory 270 days after 16O radiation at 0.01 Gy or 0.25 Gy (Kiffer et al., 2019a).  Four and 13 months after
proton exposure, NOR was impaired in rats (Rabin et al., 2014). Also in rats, memory ability decreased 18 h after
56Fe and 16O exposure but no significant changes in learning ability by NOR were found after 48 h (Rabin et al.,
2015). Months after 40 Gy X-ray irradiation, rats showed differences in NOR results by age. Rats that were 3 months
old at the time of irradiation, showed a decrease in NOR 3 months post irradiation, while no changes were observed in
older ages and later timepoints (Forbes et al., 2014). No changes in novel object location (NOL) were observed for
rats between 6 and 15 months of age (Forbes et al., 2014). 

To study spatial learning and memory, mice and rat models were subjected to various maze tests. Proton-irradiated
mice tested with Barnes maze and water maze did not show impairment 3 months after irradiation (Bellone et al.,
2015). However, 3 months after exposure to 13 Gy of X-rays, rats became less capable of escaping the Barnes maze
and demonstrated increased escape latency (Britten et al., 2012). After 6 months, mice reached the platform with a
longer distance during the reversal learning test (Bellone et al., 2015). Rats exposed to 0, 8 and 10 Gy of X-rays
experienced no impairments in spatial memory, while those exposed to 0.2, 0.4 and 0.6 Gy 56Fe demonstrated
increased relative escape latency over the 3-day testing periods (Britten et al., 2012). Cognitive changes in spatial
learning or memory were observed in the water maze after 2 weeks, but not at 20 weeks (Impey et al., 2016). Mice
studied in a water maze 1 year following 4He irradiation (0.05 and 0.30 Gy) showed impaired cognitive flexibility and
memory retrieval (Parihar et al., 2018). Mice previously irradiated with 6 Gy gamma rays needed a 1.7-fold increase
in time to reach the goal of the Hebb-William maze by day 30 post-irradiation, while in the control, the time required
decreased 0.2-fold by day 30 (Manda et al., 2007a). Irradiated mice 9 months after 16O irradiation at 0.1 and 0.25 Gy
had no difference in positive discrimination ratio during a Y-maze test, a measure spatial working memory, compared
with control mice, indicating that radiation had no effect on memory 9 months post-irradiation (Kiffer et al., 2019a).
Rats irradiated at 20 Gy and 25 Gy experienced deficits in T-maze testing 35 weeks post irradiation and at 44 weeks,
rats exposed to 25 Gy reflected working memory deficits assessed by the water maze test (Hodges et al., 1998).  

 

OiP used in multiple studies showed impairment in discrimination of objects after irradiation. Mice 5 to 6 weeks after 9
Gy irradiation showed decreased OiP DI (Acharya et al., 2016). Similarly, 6 weeks after charged particle exposure, the
DI for OiP in male mice decreased to a greater extent following 48Ti irradiation compared to 16O irradiation (Parihar
et al., 2015). As well, a greater change was observed after 0.30 Gy of 16O irradiation compared with 0.05 Gy of 16O
irradiation after 6 weeks, indicating higher impairment at the higher dose (Parihar et al., 2015). In a similar
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experiment to Parihar et al. (2015), the OiP DI decreased after 0.30 Gy of 48Ti irradiation at week 12, in addition to DI
decrease at 24 weeks after 0.30 Gy of 16O irradiation and 0.05 Gy of 48Ti irradiation. Hence, cognitive impairment
was greater after 24 weeks than 12 weeks (Parihar et al., 2016). 4He particle irradiation of mice led to long-term
recognition memory impairments at 6, 15 and 52 weeks post-radiation (Parihar et al., 2018). 

Fear conditioning and fear extinction of previously irradiated mice were studied at different timepoints after
irradiation. Mice irradiated with 0.3 Gy and 0.05 Gy spent more time freezing their motion than the control mice at 24
weeks and 1 year, respectively, following irradiation (Parihar et al., 2016; Parihar et al., 2018). Mice irradiated with 9
Gy X-rays spent less time frozen during FC, measured after 5-6 weeks (Acharya et al., 2016). FE was attenuated in
mice after 0.3 Gy of 48Ti irradiation after 24 weeks post-irradiation (Parihar et al., 2016). The same was found after
0.05 Gy of 4He exposure 1-year post-irradiation (Parihar et al., 2018).  

ATSET was used to assess simple and compound discrimination, reversal learning and set shifting, among others.
Only 2 out of 11 of the irradiated rats (0.20 Gy of 56Fe) completed all the paradigms 90 days after radiation
compared to 8 out 11 unirradiated rats that completed all paradigms (Lonart et al., 2012). At 90-days post-irradiation,
irradiated rats required more trial attempts to complete the simple discrimination stage compared to the control rats
(Lonart et al., 2012). Rats took 2-fold more tries to complete the CD stage 12 weeks after radiation (Parihar et al.,
2016). 

In irradiated mice, temporal order DI decreased at 12 and 24 weeks for all tested doses (0.05 or 0.30 Gy of 16O or
48Ti), demonstrating cognitive impairment (Parihar et al., 2016). Meanwhile, Parihar et al. (2018) found impaired TO
memory for 6-, 15- and 52-weeks post 4He particle irradiation (Parihar et al., 2018). Male mice had significantly
impaired social memory in the three-chamber social approach task at day 45 following exposure to 0.50 Gy of the
GCR simulator (Krukowski et al., 2018a). Operant responding as a cognitive function test was used on 56Fe irradiated
rats who showed decreased cognitive function at 2, 4-8, 10-, and 15-months post-irradiation (Rabin et al., 2012).
Swedish men who were irradiated under 18 months of age were found to have cognitive impairments following
reduced test scores for technical comprehension, concept discrimination and general instruction at 18 and 19 years
old (Hall et al., 2004).  

Incidence Concordance 

No available data.  

Essentiality 

As deposition of energy is a physical stressor, it cannot be blocked by chemicals although it can be shielded. Further
research is required to determine the effect of shielding radiation on learning and memory. Since deposited energy
initiates events immediately, the removal of deposited energy also supports the  essentiality of the key event. Studies
that do not deposit energy are observed to have no downstream effects. However, impaired learning and memory can
occur in response to ionizing radiation, although in the absence of this energy deposition, compromised cognitive
abilities would occur with aging, or if predisposed to neurodegenerative diseases such as Alzheimer’s (Lindsay et al.,
2002).    

Uncertainties and Inconsistencies

Most of the evidence for this KER is supported using in vivo rodent models; therefore, there is still a knowledge
gap on how radiation exposure realistically alters the brains of other species, such as humans, to lead to
impaired learning and memory (Desai et al., 2022). Additionally, further research is needed to gain a better
understanding on the sex differences in behavioral effects after radiation exposure (Kiffer et al., 2019b). 

Belarbi et al. (2013) did not find any changes in NOR performance after 10 Gy gamma rays. 

Forbes et al. (2014) showed impaired ability during NOR tests, but not during NOL tests after 40 Gy X-rays. 

Kiffer et al. (2019a) showed impaired ability during NOR tests, but not during Y-maze tests after 0.1 and 0.25 Gy
16O particles. 

Miry et al. (2021) showed impaired hippocampal-dependent learning and memory 2 months after 10, 50 and 100
cGy 56Fe exposure, but by 6 months post-exposure, deficits in spatial learning were no longer observed in
irradiated mice. Instead, enhanced spatial learning was observed at 12- and 20-months post-exposure. 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance  

Reference Experiment Description Result 

AOP483

194/209



Hodges et
al., 1998 

 

 

In vivo. Male Sprague-Dawley Rats were
irradiated with X-rays at 0, 20 Gy or 25
Gy at 1.4 Gy/min. Rats were tested from
26 weeks to 44 weeks after irradiation
using the T maze and water maze to
assess working memory and brain
damage induced by radiation. 

 Rats irradiated with 25 Gy, showed impairments in all tests
and rats irradiated with 20 Gy were not as impaired in the
water maze learning and had no impairment in water maze
working memory. Rats irradiated with 20 Gy had significant
impairment of working memory in the T-maze. 

Hall et al.,
2004 

In vivo. A Swedish cohort study that
analyzed military tests of learning
ability, logical reasoning and spatial
recognition of 2211 men 17-18 years
after β-ray, 26Ra gamma ray or X-ray
radiation for cutaneous hemangioma
before the age of 18 months from 1930-
1959. 

Test scores for concept discrimination and general instruction
as well as technical comprehension decreased in a dose-
dependent manner from 0 to 250 mGy. Spatial recognition did
not significantly change. 

Acharya et
al., 2016 

In vivo. C57Bl/6J mice were irradiated
with 9 Gy X-rays and novel object
recognition (NOR), OiP and FC were
measured. The DI was calculated from
exploration times in familiar and novel
locations. Percent of time spent freezing
was used to determine FC. 

The DI for NOR was 23 without irradiation and -13 with 9 Gy.
The DI for OiP was 38 without irradiation and -3 with 9 Gy.
Mice without irradiation spent 43% of the time frozen and
mice with 9 Gy spent 19% of the time frozen during the
context test. 

Belarbi et
al., 2013 

In vivo. C57Bl/6J mice were irradiated
with 10 Gy 137Cs gamma rays. NOR and
MWM were used to determine learning
and memory impairment. 

NOR did not show any significant differences between control
and 10 Gy irradiated groups. In MWM, control mice traveled
246 cm to the hidden platform, while 10 Gy irradiated mice
traveled 392 cm to the hidden platform. 

Bellone et
al., 2015 

In vivo. Male B6C3F1/J mice were
irradiated with 150 MeV protons at 0.5
Gy (1.5-2.5 Gy/min). A water maze was
used to assess learning and memory. 

No changes were found initially during the water maze test,
but irradiated mice took a 1.6-fold longer swim distance to
reach the platform during the reversal learning phase. 

Britten et
al., 2012 

In vivo. Wistar rats were irradiated with
125 kVp X-rays or 1 GeV/u 56Fe ions to
study the effect of low dose exposure in
the spatial learning ability of rats. Rats
were tested 3 months after irradiation
using the Barnes maze. 

13 Gy X-ray irradiated rats and rats exposed to all doses of
56Fe ions studied (0.2, 0.4 and 0.6 Gy)  demonstrated a
higher relative escape latency of 1.8-fold and ~2.5-fold,
respectively, compared to the control group. 

Britten et
al., 2018 

In vivo. Wistar rats were exposed to
heavy ions, 600 MeV/n 28Si. Attentional
set shifting (ATSET) was used to assess
various cognitive processes. 

28Si irradiation of rats significantly reduced their ability to
complete simple discrimination. Rats exposed to 0.05 Gy,
0.15 Gy and 0.20 Gy had a lower percentage stage
completion of simple discrimination compared to 0 Gy rats
(60-70% completion compared to 90%). 0.15 Gy irradiated
rats also had a lower completion rate of compound
discrimination compared to 0 Gy rats. 

Lonart et
al., 2012 

In vivo. Male Wistar rats were irradiated
with 56Fe ions. ATSET test was used to
assess simple and compound
discrimination, reversal learning and set-
shifting, among others. 

8 of 11 unirradiated rats completed all the paradigms, while
only 2 of 11 irradiated rats (0.20 Gy) completed all the
paradigms. Irradiated rats required more trial attempts to
complete the simple discrimination stage compared to
unirradiated rats. 

Forbes et
al., 2014 

In vivo. Male FxBN rats were irradiated
with X-rays at 40 Gy from 2 fractions of
5 Gy per week over 4 weeks (each
fraction at 1.25 Gy/min). Learning and
memory were assessed using NOR and
NOL. 

40 Gy significantly reduced the DR of 3-month-old rats during
NOR from 0.5 to 0.2. No changes in NOL were observed, and
no changes at other ages were observed. 

Parihar et
al., 2015 

In vivo. Male Thy1-EGFP transgenic mice
were irradiated with charged particles
(16O and 48Ti) at 600 MeV/amu (0.5 to
1.0 Gy/min). NOR and OiP tests were
done to assess learning and memory. 

NOR: 

The control group DI was 39. The DI was 25 after 5 cGy 16O,
10 after 30 cGy 16O, 2 after 5 cGy 48Ti and -4 after 30 cGy
48Ti. 

OiP: 

The control group DI was 32. The DI was 29 after 5 cGy 16O, -
4 after 30 cGy 16O, -8 after 5 cGy 48Ti and -3 after 30 cGy
48Ti. 
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Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice
were irradiated with charged particles
(16O and 48Ti) at 600 MeV/amu (0.05 to
0.25 Gy/min). NOR, OiP, TO and FE tests
were done to assess learning and
memory. Wistar rats were used in the
ATSET test. 

Impairment in cognitive ability was observed at both 5 and 30
cGy. The impairment was typically greater in 48Ti than 16O.
The DI was between 20 and 40 for all controls and was
reduced to less than 0 after many of the different radiation
treatments. 

Parihar et
al., 2018 

In vivo. Male C57BL/6J mice were
irradiated with 4He particles (400 MeV/n)
at 5 cGy/min. Learning and memory
were assessed using OiP, TO and FE. 

Cognitive tests showed impaired learning and memory at both
5 and 30 cGy (except FE which was only tested at 5 cGy). For
example, control mice spent 2-fold more time exploring novel
objects than familiar objects, while irradiated rats did not
spend significantly different time exploring novel objects.
Impairment at 30 cGy was not significantly different than at 5
cGy. 

Impey et
al., 2016 

In vivo. Male C57BL/6J mice were
irradiated with 600 MeV 56Fe ions at
0.1, 0.2 or 0.4 Gy and various dose rates
from 0.25 to 0.36 Gy/min. NOR and a
water maze were used to determine
learning and memory ability. 

Transiently, mice with 0.1 and 0.4 Gy spent more time
exploring the familiar object and less exploring the novel
object. No differences were observed in the water maze test. 

Jewell et
al., 2018 

In vivo. Male Wistar rats were irradiated
with 56Fe particles (600 MeV/n) at 1 and
3 cGy (2 cGy/min), or 5, 10 and 15 cGy
(5 cGy/min). ATSET was performed to
assess various cognitive processes. 

At every dose, the number of attempts for CD was
significantly increased, with a maximum of 2-fold. Various
doses were also able to significantly increase the number of
attempts for SD, CD reversal  and intra-dimensional shifting
(IDS). Significant increases in time to complete the test were
sparse. However, doses of 3 cGy and above showed
nonsignificant increases in latency in almost all tests. 

Krukowski
et al.,
2018b 

In vivo. C57BL/6J wild type mice were
exposed to alpha particles at 0, 15, 50 or
100 cGy (16.37 cGy/min). NOR was used
as an assay for behavioral analysis at 90
days post-irradiation. 

After 50 cGy exposure, animals spent  similar time exploring
the familiar and novel object, indicating memory impairment. 

Krukowski
et al.,
2018a 

In vivo. Male and female C57BL/6J wild
type mice were exposed to 0, 15 or 50
cGy of GCR simulator (2.54 cGy/min).
NOR assay was used to study recognition
memory. A three-chamber social
approach task determined social
behavior and social memory. 

NOR: 

Male mice demonstrated memory impairment when exposed
to 15 or 50 cGy. 

Three-chamber social approach task: 

Male mice exposed to 50 cGy showed impairments in social
memory compared to the 15 cGy group.  

Kiffer et al.,
2019a 

In vivo. Female C57BL/6 mice were
irradiated with 16O particles (600
MeV/n) at 0.1 or 0.25 Gy (18 to 33
cGy/min). A Y-maze was performed to
measure spatial memory and NOR was
performed to measure non-spatial
declarative memory. 

Y-maze: 

No changes were observed in irradiated mice. 

NOR: 

The DR was 22 for the control, -2 for 0.1 Gy and -5 for 0.25
Gy. Both changes were significant. 

Manda et
al., 2007a 

In vivo. Male Swiss albino mice were
irradiated with 6 Gy 60Co gamma rays.
Hebb-Williams maze was used to
measure learning ability and spatial
working memory continuously for 30
days after radiation exposure. 

Irradiated mice took approximately 8 times longer to reach
their goals and their learning ability declined after radiation
exposure compared to controls and mice pre-treated with
melatonin. 

Rabin et al.,
2012 

In vivo. Male Fischer 344 rats were
irradiated with various doses (50 to 100
cGy/min) of 56Fe particles (1000 MeV/n).
Operant responding was used to test
cognitive function. Rats were trained to
press a lever to receive food at various
reinforcement schedules. 

Doses of 25, 50, 150 and 200 cGy influenced cognitive
function. However, there was no significant trend related to
dose. 
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Rabin et al.,
2014 

In vivo. Male Sprague-Dawley rats were
irradiated with various types of ionizing
radiation (5 to 100 cGy/min so the time
did not exceed 3 to 4 min). LET ranged
from 0.22 (protons) to 181 (56Fe)
keV/µM. The dose ranged from 0.1 to
200 cGy. The radiation types used were
16O (600 and 1000 MeV/n), 12C (290
MeV/n), 28Si (380, 600 and 1000
MeV/n), 48Ti (1100 MeV/n), 56Fe (600
MeV/n) and protons (1000 MeV/n). NOR
was performed to assess learning and
memory. 

In most particles studied, a lower or equal dose to that of
younger rats was needed to disrupt NOR and cognitive
performance in older rat subjects. Recognition memory
performance was disrupted by a dose 10% - 50% less in older
rats than younger rats. Older rats irradiated with 380 MeV/n
28Si particles showed a recognition memory disruption at a
lower dose (0.005 Gy in older rats compared to 0.1 Gy in
younger rats). Whereas higher dose was necessary to disrupt
recognition memory in older rats exposed to 1000 MeV/n 28Si
particles compared to the younger rats (0.5 Gy in older rats
compared to 0.25 Gy in younger rats). Following 28Si
radiation, memory was impaired at every dose from 0.1 to 2
Gy. 

Rabin et al.,
2015 

In vivo. Male Sprague-Dawley rats were
irradiated with 56Fe particles (600
MeV/n, 12 keV/µm) at 25 cGy (25
cGy/min) or 16O particles (600 MeV/n,
189 keV/µm) at 5 cGy (5 cGy/min). NOR
was performed to determine recognition
learning and memory. 

56Fe and 16O both resulted in an equal time spent with the
novel object during the memory NOR test. The NOR test did
not show significant changes in learning ability. 

 

Time Concordance 

Reference Experiment Description Result 

Hall et al.,
2004 

In vivo. A Swedish cohort study that analyzed
military tests of learning ability, logical reasoning
and spatial recognition of 2211 men 17- 18 years
after β-ray, 6Ra gamma ray or X-ray radiation for
cutaneous hemangioma before the age of 18
months from 1930-1959. 

Irradiation at 18 months old or less resulted in
significantly reduced concept discrimination and
general instruction as well as technical
comprehension test scores at 18 and 19 years of
age. 

Hodges et
al., 1998 

 

In vivo. Male Sprague-Dawley Rats were irradiated
with X-rays at 0, 20 Gy or 25 Gy at 1.4 Gy/min. Rats
were tested from 26 weeks to 44 weeks after
irradiation using the T maze and water maze to
assess working memory and brain damage induced
by radiation. 

 

At 29 weeks post irradiation, no learning
impairments were observed in the irradiated
groups during the T-maze forced alteration task.
At 35 weeks post irradiation, the mean percentage
of correct responses changed from 80% to 65% in
both groups during the T-maze testing. At 44
weeks after irradiation, rats exposed to 25 Gy
showed working memory deficits assessed by the
water maze test.  

Bellone et
al., 2015 

In vivo. Male B6C3F1/J mice were irradiated with 150
MeV protons at 0.5 Gy (1.5-2.5 Gy/min). A water
maze was used to assess learning and memory 3
and 6 months post-irradiation. 

No changes were observed in either test after 3
months. After 6 months, mice took a 1.6-fold
longer distance to reach the platform. 

Britten et
al., 2012 

In vivo. Wistar rats were irradiated with 125 kVp X-
rays or 1 GeV/u 56Fe ions to study the effect of low
dose exposure in the spatial learning ability of rats.
Rats were tested for 3 days 3 months after
irradiation using the Barnes maze. 

3 months after exposure to 13 Gy of X-rays, rats
demonstrated increased escape latency. Rats
exposed to 8 and 10 Gy of X-rays experienced
similar escape latency as the 0 Gy group over 3
days. 

Rats exposed to 56Fe ion irradiation demonstrated
increased relative escape latency throughout the
3-day testing periods at all doses (0.2, 0.4 and 0.6
Gy). 

Acharya et
al., 2016 

In vivo. C57Bl/6J mice were irradiated with 9 Gy of X-
rays and NOR, OiP and FC were measured 5 and 6
weeks post-irradiation. The discrimination index (DI)
was calculated from exploration times in familiar
and novel locations. Percent of time spent freezing
was used to determine FC. 

5 to 6 weeks after irradiation, the DI for NOR and
OiP were significantly reduced, and mice spent
significantly less time frozen. 

Forbes et
al., 2014 

In vivo. Male FxBN rats were irradiated with X-rays
at 40 Gy from 2 fractions of 5 Gy per week over 4
weeks (each fraction at 1.25 Gy/min). Learning and
memory were assessed using NOR and NOL at 3 and
18 months post-irradiation. 

Irradiation significantly reduced the DR of 3-
month-old rats during NOR, from 0.5 to 0.2, 3
months after irradiation. No changes in NOL were
observed, and no changes at other ages and
timepoints were observed. 
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Parihar et
al., 2015 

In vivo. Male Thy1-EGFP transgenic mice were
irradiated with charged particles (16O and 48Ti) at
600 MeV/amu (0.5 to 1.0 Gy/min). NOR and OiP
tests were done to assess learning and memory 6
weeks after irradiation. 

After 6 weeks, impairment in cognitive ability was
observed. The impairment was greater in 48Ti
than 16O and greater in 30 cGy than 5 cGy. 

Parihar et
al., 2016 

In vivo. Male Thy1-EGFP transgenic mice were
irradiated with charged particles (16O and 48Ti) at
600 MeV/amu (0.05 to 0.25 Gy/min). NOR, OiP, TO
and FE tests were done to assess learning and
memory after 12 and 24 weeks. Wistar rats were
used in the ATSET test. 

Cognitive ability was lower after 24 weeks than 12
weeks in mice, but radiation was able to reduce
the DI in tests at both time points. 

Parihar et
al., 2018 

In vivo. Male C57BL/6 J mice were irradiated with
4He particles (400 MeV/n) at 5 cGy/min. Learning
and memory were assessed using OiP and TO 6, 15
and 52 weeks after irradiation. FE was assessed 1
year after irradiation. Water maze was performed 1
year following radiation. 

Learning and memory were significantly
attenuated at all time points tested using all
tests. 

Impey et
al., 2016 

In vivo. Male C57BL/6J mice were irradiated with 600
MeV 56Fe at 0.1, 0.2 and 0.4 Gy and various dose
rates from 0.25 to 0.36 Gy/min. NOR and a water
maze were used to determine learning and memory
ability 2 and 20 weeks post-irradiation. 

Some mice at 2 weeks spent more time exploring
the familiar object and less exploring the novel
object. No differences were observed after 20
weeks in NOR or in the water maze test after
either time point. 

Krukowski
et al.,
2018b 

In vivo. C57BL/6J wild type mice were exposed to
alpha particles at 0, 15, 50 or 100 cGy (16.37
cGy/min). NOR was used as an assay for behavioral
analysis at 90 days post-irradiation. 

At late time points (90 + days post alpha
exposure) mice exposed to either 15 or 50 cGy of
alpha particles exhibited deficits in recognition
memory as they were unable to distinguish the
novel and familiar objects. 

Krukowski
et al.,
2018a 

In vivo. Male and female C57BL/6J wild type mice
were exposed to 0, 15 or 50 cGy of GCR simulator
(2.54 cGy/min). NOR assay was used to study
recognition memory. A three-chamber social
approach task determined social behavior and social
memory. 

 

At 45 days post-exposure, male mice exposed to
50 cGy of GCR showed significant impairments in
social memory in the three-chamber social
approach task compared to the 15 cGy group. NOR
test revealed that radiation-induced recognition
memory impairments in male cohorts only at 15
and 50 cGy. 

Kiffer et al.,
2019a 

In vivo. Female C57BL/6 mice were irradiated with
16O particles (600 MeV/n) at 0.1 or 0.25 Gy (18 to
33 cGy/min). A Y-maze was performed to measure
spatial memory and NOR was performed to measure
non-spatial declarative memory. 

After 270 days, NOR showed impaired memory. 

Irradiated mice at 0.1 and 0.25 Gy spent
significantly more time exploring the novel object
in the Y-maze, indicating no radiation-induced
memory impairment. 

Lonart et
al., 2012 

In vivo. Male Wistar rats were irradiated with 56Fe
particles. ATSET test was used to assess simple and
compound discrimination, reversal learning and set-
shifting among others. 

8 of 11 unirradiated rats completed all the
paradigms, while only 2 of 11 irradiated rats (0.2
Gy) completed all the paradigms 90 days post-
irradiation. Irradiated rats required more trial
attempts to complete the simple discrimination
stage compared to unirradiated rats 90 days post-
irradiation. 

Manda et
al., 2007a 

In vivo. Male Swiss albino mice were irradiated with
6 Gy 60Co gamma rays. Hebb-Williams maze was
used to measure learning ability and spatial working
memory continuously for 30 days after radiation
exposure. 

Time needed to reach the goal increased by 1.7-
fold by day 30 after radiation, while in sham-
irradiated control mice it decreased 0.2-fold in this
time. 

Rabin et al.,
2012 

In vivo. Male Fischer 344 rats were irradiated with
various doses (50 to 100 cGy/min) of 56Fe particles
(1000 MeV/n). Operant responding was used to test
cognitive function. Rats were trained to press a lever
to receive food at various reinforcement schedules. 

Tests done 2, 4, 5, 6, 7, 8, 10 and 15 months after
irradiation showed decreased cognitive function
compared to controls. However, no consistent
changes across time points were shown.  

Rabin et al.,
2014 

In vivo. Male Sprague-Dawley rats were irradiated
with various types of ionizing radiation (5 to 100
cGy/min so the time did not exceed 3 to 4 min). LET
ranged from 0.22 (protons) to 181 (56Fe) keV/µM.
The dose ranged from 0.1 to 200 cGy. The radiation
types used were 16O (600 and 1000 MeV/n), 12C
(290 MeV/n), 28Si (380, 600 and 1000 MeV/n), 48Ti
(1100 MeV/n), 56Fe (600 MeV/n) and protons (1000
MeV/n). NOR was performed to assess learning and
memory at various times. 

16O impaired NOR performance after 2 and 4
months, but not after 10 and 12 months. 12C
showed impaired NOR performance after 11
months but not 1 month. 28Si radiation showed
significantly impaired NOR performance at a few
doses after 4, 5, 9, 10 and 13 months, with the
lowest performance occurring at 9 months. 48Ti
showed impairment at 7 and 17 months. 56Fe
showed impairment at 3 and 12 months. Protons
showed impairment at 4 and 13 months. 
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Rabin et al.,
2015 

In vivo. Male Sprague-Dawley rats were irradiated
with 56Fe particles (600 MeV/n, 12 keV/µm) at 25
cGy (25 cGy/min) or 16O particles (600 MeV/n, 189
keV/µm) at 5 cGy (5 cGy/min). NOR was performed
within 48 h to determine recognition learning and
memory. 

56Fe and 16O both resulted in a 0.8-fold decrease
in memory ability about 18 h after radiation. The
NOR test did not show significant changes in
learning ability measured about 48 h after
radiation. 

 

 

 Known modulating factors
Modulating
Factor Details Effects on the KER References 

 Drug 

PLX5622-1200ppm (PLX) diet
that contains a CSF1-R (colony
stimulating factor 1 receptor)
inhibitor that induces depletion
of microglia within 3 days. 

The PLX diet was able to rescue the short and long-term
memory impairments due to radiation exposure. 

Krukowski et
al., 2018b;
Acharya et
al., 2016 

Drug 
Fluoxetine treatment – an
antidepressant that belongs to
the selective serotonin reuptake
inhibitor (SSRI) class. 

Fluoxetine was able to attenuate the learning and
memory defects in mice that were subjected to
radiation. 

Gan et al.,
2019 

Genotype 

CCR2 (chemokine C-C motif
receptor 2) knockout. CCR2 is
involved in peripheral
macrophage infiltration at the
sites of injury in the CNS. 

CCR2 deficiency was able to prevent the cognitive
impairments induced by cranial radiation as shown by
improvements in the MWM test. 

Belarbi et
al., 2013 

Drug Treatment with α-lipoic acid (LA)
as it has antioxidant properties. 

LA-treated mice did not show any significant decline in
spatial memory post-irradiation.  

Manda et al.,
2007b 

Sex 

Male and female mice
responded differently to NOR,
three chamber social approach
and open field task following
irradiation. 

Male animals generally demonstrated memory
impairment after irradiation. 

Krukowski et
al., 2018a 

Drug 
Treatment with melatonin as it
is involved in many
physiological processes and has
antioxidant properties.  

Pre-treatment with melatonin showed significant
protection against impairment in learning ability.
Melatonin was found to reduce the time taken to reach
the goal in a Hebb-Williams maze compared to
irradiation. 

Manda et al.,
2007a 

Various
modulating
factors  

Commonly applied
countermeasures include: 

Those targeting the
reduction of oxidative
stress (ie. Pharmaceutical
antioxidants, nutritional
antioxidants) 

Decreasing DNA damage
(ie. Overexpression of BMI1
gene to accelerate DNA
repair) 

Enhancing cell survival (ie.
Inhibition of p53-induced
apoptosis) 

Reducing inflammation (ie.
Pharmaceutically blocking
pro-inflammatory
cytokine/chemokine
signaling) 

Limiting tissue damage and
increasing repair (ie. Cell
transplants) 

Various approaches to CNS radioprotection have been
utilized as either primarily protective (administered
prior to irradiation) or mitigative (administered after
irradiation). These countermeasures have been found to
limit the harmful effects of radiation exposure. 

Pariset et al.,
2021 

Stress Psychological Stress
Psychological stress related to perceived risk of
radiation exposure can also impact learning and
memory.

Collett et al.,
2020
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Known Feedforward/Feedback loops influencing this KER

TNF is a key cytokine that can initiate and promote inflammation through the activation of the NFκB pathway in glia
cells. In uncontrolled conditions, TNF can lead to the development of neurodegenerative diseases as it can increase
the production of pro-inflammatory cytokines and can also lead to elevated levels of iNOS, COX-2, and NOX subunits.
These can then activate NADPH oxidases to produce ROS, which can activate the NFκB pathway to amplify the overall
TNF/ROS/NFκB responses to promote neuroinflammation. This process ultimately results in a feed-forward loop of
chronic neurodegeneration and consequently, impaired learning and memory (Fischer and Maier, 2015).  
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Relationship: 2839: Increase, Pro-Inflammatory Mediators leads to Impairment, Learning
and memory

AOPs Referencing Relationship

AOP Name Adjacency Weight of
Evidence

Quantitative
Understanding

Deposition of Energy Leading to Learning and Memory
Impairment

non-
adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Low NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Moderate

Evidence for this relationship comes from human, rat, and mouse models, with most of the evidence in mice. The
relationship is not sex or life stage specific. 

Key Event Relationship Description

Inflammatory mediators such as IL-1β, TNF-α, and IL-6, can influence the normal behavior of neuronal cells and their
functional connection. Overexpression of pro-inflammatory mediators disrupts the integrity and function of the
neuronal network through decreased neurogenesis, synaptic complexity and increased necrosis and demyelination,
ultimately impairing learning and memory (Cekanaviciute, Rosi, & Costes, 2018; Fan & Pang, 2017). Impaired short-
term and long-term memory, as well as associative learning are consequences of the dysregulated expression of pro-
inflammatory cytokines as reported in behavioral paradigms (Donzis & Tronson, 2014). 

Under physiological conditions, cytokine levels are low but greatly increased in response to various insults. Cytokines
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mediate immune response through ligand binding to cell surface receptors, which activate signaling cascades such as
the JAK-STAT or MAPK pathways to produce or recruit more cytokines. Once organs initiate inflammatory reactions,
the cytokines can modulate different metabolic and molecular pathways that have direct effects on neurons or
indirect effects mediated by microglia, astrocytes or vascular endothelial cells (Mousa & Bakhiet, 2013; Prieto &
Cotman, 2018). Modulation of these pathways ultimately affects crucial neuronal networks such as that within the
hippocampus, which is one of the main brain regions responsible for learning and memory (Barrientos et al., 2015;
Bourgognon & Cavanagh, 2020). 

Evidence Supporting this KER

Overall Weight of Evidence: Moderate 

Biological Plausibility

Several reviews provide support of biological plausibility between increase in pro-inflammatory mediators and
impaired learning and memory. In the central nervous system, cytokines and their receptors are constitutively
expressed and affect brain plasticity, which is the ability to modify its activity and connections in response to intrinsic
or extrinsic stimuli. In a pathological state, pro-inflammatory, or Th-1 type cytokines become particularly relevant in
the brain and these cytokines bind to their receptors to induce a conformational change and activate intracellular
signaling pathways (Mousa & Bakhiet, 2013). The main cytokines presenting detrimental effects are IL-1β, TNF-α and
IL-6, as these are the most studied.  

The mechanism by which these cytokines modify learning and memory processes are not clearly understood due to
the complexity of inflammatory signaling, although it involves alterations in the neural circuits that regulate these
processes (Bourgognon & Cavanagh, 2020; Pugh et al., 2001). Multiple studies have demonstrated that IL-1β presents
a critical role in the formation of hippocampal dependent memory, as IL-1β and its receptor are highly expressed in
the hippocampus. Experimentally elevated levels of IL-1β in the hippocampus lead to impaired performance in
behavioral paradigms such as spatial memory, contextual learning, and passive avoidance tasks (Donzis & Tronson,
2014; Pugh et al. 2001; Yirmiya & Goshen, 2011).  

There are several possible mechanisms for this detrimental effect. One proposed mechanism is through reduced N-
methyl-d-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor functions,
both of which are involved in long-term potentiation, a process that strengthens synaptic connections between
neurons. Other potential mechanisms for the effects of IL-1β on brain plasticity and memory can involve the
activation of several pathways such as p38 mitogen-activated protein kinase (MAPK), c-jun NH2-terminal kinase (JNK),
caspase 1, nuclear factor kappa B (NF-kB), and brain-derived neurotrophic factor (BDNF). These complex pathways
have roles in neuronal health, long-term potentiation, brain plasticity and ultimately learning and memory (Patterson,
2015). The mechanisms of IL-6 and TNF-α in terms of impaired cognition also remain unclear, although the pathways
that these cytokines activate are similar to those of IL-1β due to the network of cytokine interactions (Donzis &
Tronson, 2014). 

Empirical Evidence

The empirical evidence collected for this KER comes from in-vivo studies and various methods used to assess the
impairment in learning and memory. The behavioral paradigms test associative learning, as well as long and short-
term memory (Bourgognon & Cavanagh, 2020).   

Various studies also examined  the presence of pro-inflammatory mediators induced by lipopolysaccharide (LPS)
injections (Sparkman et al., 2006), Escherichia coli (E. coli) injections (Barrientos et al., 2009), direct cytokine
injections (Gonzalez et al., 2009; Goshen et al., 2007; Taepavarapruk & Song, 2010), ionizing radiation (Bhat et al.,
2020; Jenrow et al., 2013), surgical procedures (Tan et al., 2014) and transgenic models with overexpressed pro-
inflammatory cytokines (Hein et al., 2010; Heyser et al., 1997; Moore et al., 2009). 

Dose Concordance 

Dose concordance relating an increase in pro-inflammatory mediators leading to an impaired learning and memory
was demonstrated using various stressors, including ionizing radiation, LPS, IL-1β, and E. coli injections. 

A 10 Gy X-ray irradiation in mice led to an increase in IL-6 secretion compared to dimethyl sulfoxide (DMSO) control.
Impaired learning and memory were assessed by a decrease in freezing time in fear conditioning tests and a decrease
in novel object recognition and object in place discrimination index (DI) (Bhat et al., 2020). A 10 Gy gamma
irradiation of rats’ brains similarly indicated impaired cognitive function and an increase in OX-6+ cell density,
indicative of inflammation (Jenrow et al., 2013). 

Rats injected with 2.5x109 CFU of E. coli showed a significant increase in IL-1β in multiple regions of the brain, spleen
and serum, along with impaired memory and learning as indicated by fear conditioning (Barrientos et al., 2009). Mice
injected with 100 µg of LPS demonstrated an increase in IL-1β, TNF-α, IL-6 and IL-10 levels, while the performance in a
Morris water maze was impaired, indicating impairments in spatial memory (Sparkman et al., 2006).​​​

Time Concordance 

Various studies show that an increase in pro-inflammatory mediators is observed before or at the same time as
impaired learning and memory. Some studies observe each event at the same time at specific timepoints. In mice
injected with LPS, an increase in IL-1β, TNF-α, IL-6 and IL-10 was observed after 4 hours, while impaired learning and
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memory were also consistently observed 4 h after LPS injection (Sparkman et al., 2006). Both key events were also
found in rats from 4 h to 8 days after E. coli injection (Barrientos et al., 2009). Cohort studies using age as a stressor
in humans found increased pro-inflammatory mediators and decreased cognitive function over 6 months (Holmes et
al., 2009) and 7 years (Alley et al., 2008). Many studies observe increased pro-inflammatory mediators occurring
before impaired learning and memory. Rats with hippocampal injections of IL-1β showed impaired memory 24 h and 7
days later (Gonzalez et al., 2009). Rats showed increased hippocampal IL-1β and IL-6 levels 6 h after surgery to
expose the right carotid artery, while learning and memory was impaired 2 weeks later (Tan et al., 2014). When mice
were irradiated with X-rays, IL-6 was found to increase 24 h later, while learning and memory was impaired 5 weeks
later (Bhat et al., 2020). Rats irradiated with gamma rays showed increased inflammation after 2 months, while
memory was impaired after 6 months (Jenrow et al., 2013). 

Incidence Concordance 

Some evidence also shows that pro-inflammatory mediators increase equal to or greater than the amount that
impairs learning and memory at the same stressor severity. Many of these studies were done with transgenic mice
expressing IL-1β or IL6 as a stressor and showed increased levels of various pro-inflammatory mediators including
ICAM-1, CCL2, IL-1α, COX-1 and MCP-1 from 2- to 147-fold, while learning and memory were decreased a maximum of
0.6-fold (Hein et al., 2010; Heyser et al., 1997; Moore et al., 2009).  

Other Evidence 

Multiple longitudinal cohort studies followed hundreds to thousands of older adults over the course of several years
ranging from four to sixteen years and examined the relationship between pro-inflammatory marker levels and the
rate of cognitive change over time. These studies reported linear negative correlations between IL-6 and TNF-α levels
and learning and memory ability as the populations aged (Alley et al., 2010; Holmes et al., 2009; Schram et al.,
2007). 

Essentiality 

Studies show that overexpression of pro-inflammatory cytokines affect learning and memory, and several treatments
that alter the effects/function of pro-inflammatory mediators preserve cognitive function. The treatments included
MW-151, a selective inhibitor of pro-inflammatory cytokine production, lidocaine, an anesthetic with anti-inflammatory
properties, ethyl-eicosapentaenoate (E-EPA) and 1-[(4-nitrophenyl)sulfonyl]-4-phenylpiperazine (NSPP), both of which
are anti-inflammatory drugs and α-melanocyte stimulating hormone (α-MSH), which antagonizes the effects of pro-
inflammatory cytokines through G protein coupled receptors (Bhat et al., 2020; Gonzalez et al., 2009; Jenrow et al.,
2013; Taepavarapruk and Song, 2010; Tan et al., 2014). More details are provided in the Modulating Factors section
below. 

Uncertainties and Inconsistencies

Due to the indirect linkage between the two key events, there is no clear understanding of how increases in pro-
inflammatory mediators cause impaired learning and memory. (Donzis & Tronson, 2014). 

A previous prospective population-based cohort study found an association between antihistamine use and
increased risk of dementia, which is the loss of cognitive functioning. Therefore, anti-inflammatory medications
such as antihistamines could modulate the progression to impaired learning and memory (Gray et al., 2015). 

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was
difficult to identify a general trend across all the studies due to differences in experimental design and reporting of
the data. All data is statistically significant unless otherwise stated. 

Dose Concordance  

Reference Experiment Description Result 

Sparkman et
al., 2006 

In-vivo. Three-month-old male C57BL/6 mice
were injected with 100 µg of LPS. Pro-
inflammatory mediator levels were determined
with immunohistochemical staining. Spatial
working memory was evaluated through a
Morris water maze.  

IL-1β increased from 15 pg/mL (control) to 400
pg/mL. TNF-α increased from <5 pg/mL (control) to
360 pg/mL. IL-6 increased from undetectable levels
(control) to 300 pg/mL. IL-10 increased from
undetectable levels (control) to 260 pg/mL.
Performance in the water maze was impaired in
distance swam, latency and swim speed after LPS
injection, with a maximum 2-fold increased swim
distance. 

Taepavarapruk
& Song, 2010 

In-vivo. Male Long-Evans rats were
administered 15 ng/µL/day of IL-1β for either 1
or 7 days. IL-1 expression was determined, and
memory was assessed with an eight-arm radial
maze. 

IL-1β administration of 105 ng/µL resulted in a 2.5-
fold increase in IL-1 expression and a 1.5-fold
increase in number of entries, indicating memory
impairment. 
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Goshen et al.,
2007 

In-vivo. 2–4-month-old male mice were injected
with IL-1β and IL-1ra (IL-1 receptor antagonist)
at 1 or 10 ng (injected in 10 µL) doses. IL-1β
was assessed by quantitative real time RT-PCR,
and hippocampal IL-1ra was determined by
ELISA. Contextual fear conditioning was used
to assess associative learning and memory.
Evaluations were taken after 3 weeks of
recovery. Water maze was used for spatial
memory testing. 

Mice that were injected with a high dose of IL-1β (10
ng) had shorter freezing times, indicating impaired
contextual fear conditioning, whereas mice injected
with a low dose of IL-1β (1 ng) showed longer
freezing times, indicating improved contextual fear
conditioning. Spatial memory was impaired in IL-
1raTG rats (astrocyte-directed overexpression of IL-
1ra) as latency and path length was increased (non-
significantly) in the majority of the trials compared to
wild type rats. 

Gonzalez et
al., 2009 

In-vivo. Adult male Wistar rats had
hippocampal injections of 5 ng/0.25 µL of IL-1β
post-conditioning and memory was assessed
through freezing behavior. 

Rats injected with 5 ng/0.25 µL IL-1β displayed
impaired contextual fear memory, where injected
rats spent 0.6-fold less time freezing. 

Bhat et al.,
2020 

In-vivo. Female mice were exposed to X-ray
irradiation at 0, 2, 4 and 10 Gy (5.519 Gy/min).
Novel object recognition, object in place and
fear conditioning evaluated memory. IL-6
levels were measured by ELISA. 

 

There was a significant 2.97-fold increase in the
secretion of IL-6 in cells irradiated with 10 Gy
compared to DMSO control. DMSO was used as a
control as treatment mice were also treated with
NSPP solubilized in DMSO. 

Irradiated mice demonstrated a significant decrease
in DI for novel object recognition and object in place.
Irradiated mice also spent significantly less time
freezing in context fear, context gen and pre-tone
assessments of fear conditioning. 

Jenrow et al.,
2013 

In-vivo. Adult male Fischer 344 rats’ brains
were irradiated with 10 Gy gamma rays. OX-6
levels (indicative of inflammation levels) were
determined, and novel object recognition was
performed to assess memory. 

10 Gy increased OX-6+ cell density from 1493±270
to 1966±218 cells/mm3. Also, after 10 Gy, the
discrimination ratio for novel object recognition
decreased from 68.76±11.30% to 21.71±10.86%. 

Barrientos et
al., 2009 

In-vivo. Male F344xBN F1 rats, either old (24
months) or young (3 months), received an
injection of 2.5x109 CFU of E. coli. IL-1β levels
were determined using ELISA and fear
conditioning was performed to assess learning
and memory. 

Significant increases in IL-1β were observed in the
hippocampus, hypothalamus, parietal cortex, serum
and spleen after injection, with a maximum 4-fold
increase. Injected mice also spent 0.6-fold less time
freezing. 

 

Time Concordance 

Reference Experiment Description Result 

Sparkman
et al., 2006 

In-vivo. Three-month-old male C57BL/6 mice were
injected with 100 µg of LPS. Pro-inflammatory mediator
levels were determined with immunohistochemical
staining and measured 4 h after LPS injection. Spatial
working memory was evaluated 4 h after LPS injection
through a Morris water maze.  

IL-1β increased from 15 pg/mL (control) to 400
pg/mL. TNF-α increased from <5 pg/mL
(control) to 360 pg/mL. IL-6 increased from
undetectable levels (control) to 300 pg/mL. IL-
10 increased from undetectable levels
(control) to 260 pg/mL. Performance in the
water maze was found impaired in distance
swam, latency and swim speed 4 h after LPS
injection, with a maximum 2-fold increased
swim distance. 

Gonzalez et
al., 2009 

In-vivo. Adult male Wistar rats had hippocampal
injections of 5 ng/0.25 µL of IL-1β post-conditioning and
memory was assessed through freezing behavior. 

Rats spent 0.6- to 0.7-fold less time freezing
24 h after injection with IL-1β. Rats also
showed impaired long-term memory 7 days
after injection when they spent 0.7-fold less
time frozen. 

Bhat et al.,
2020 

In-vivo. Female mice were exposed to X-ray irradiation
at 0, 2, 4 and 10 Gy (5.519 Gy/min). Novel object
recognition, object in place and fear conditioning
evaluated memory. IL-6 levels were measured by
ELISA. 

24 hours after exposure to 10 Gy irradiation,
mice showed a significant 2.97-fold increase in
the secretion of IL-6 compared to DMSO
control (DMSO was used as a control as mice
were also treated with NSPP solubilized in
DMSO). 

At week 5, irradiated mice demonstrated a
significant decrease in DI for novel object
recognition and object in place, and spent less
time freezing in context fear, context gen and
pre-tone assessments of fear conditioning. 

AOP483

205/209



Jenrow et
al., 2013 

Adult male Fischer 344 rats’ brains were irradiated with
10 Gy 137Cs gamma rays. OX-6 levels (indicative of
inflammation levels) were determined, and novel object
recognition was performed to assess memory. 

After 2 months, OX-6+ cell density increased
from 1493±270) to 1966±218 cells/mm3. A
similar but smaller increase was found after 9
months. Only measured after 6 months, the
discrimination ratio for novel object
recognition decreased from 68.76±11.30% to
21.71±10.86%. 

Tan et al.,
2014 

In-vivo. Four-month-old male Fischer 344 rats had 1 cm
of right carotid artery dissected free from surrounding
tissue in a 15-min surgery. IL-6 and IL-1β levels were
determined by western blot and a Barnes maze was
used to test spatial learning and memory. 

Surgery increased IL-1β and IL-6 in the
hippocampus by 2- to 3-fold compared to
controls 6 h after surgery. Additionally, rats in
the surgery group took 2- to 3-fold more time
to identify the target in the Barnes maze task
2 weeks after surgery. 

Barrientos
et al., 2009 

In-vivo. Male F344xBN F1 rats, either old (24 months) or
young (3 months), received an injection of 2.5x109 CFU
of E. coli. IL-1β levels were determined using ELISA and
fear conditioning was performed to assess hippocampal-
dependent learning and memory. 

Significant increases in IL-1β were observed in
the hippocampus, hypothalamus, parietal
cortex, serum and spleen most frequently 4 h
after injection, with a maximum 4-fold
increase. IL-1β in the hypothalamus was also
increased in old mice up to 8 days after
injection. Old mice spent less time freezing 4
days after injection, while old injected mice
also spent 0.6-fold less time freezing 8 days
after injection. 

Alley et al.,
2008 

 

In-vivo. A cohort study of older adults aged 70-79 years
that were tested in 1988, 1991 and 1995 to determine
changes in cognitive functioning and IL-6 levels. ELISA
was used to measure IL-6 levels. Cognitive function was
determined by various tests, including spatial
recognition, spatial ability, verbal recall, language and
abstraction. Short Portable Mental Status Questionnaire
(SPMSQ) was used as a measure of cognitive
performance.  Participants were re-interviewed at 2.5
and 7 years.   

 

As IL-6 levels increased, mean cognitive
scores decreased compared to baseline
cognitive scores. A linear inverse association
was found between inflammation and general
cognitive scores, both measured at the end of
the 7-year study.  

 

Holmes et
al., 2009 

 

In-vivo. A cohort study of subjects with mild to severe
Alzheimer’s disease who were cognitively assessed and
tested for inflammatory markers. Cognitive assessments
were performed using the Alzheimer's Disease
Assessment Scale (ADAS-COG) test. The sandwich
immunoassay multiplex cytokine assay measured TNF-α
at 2, 4 and 6 months 

Subjects with high TNF-α levels (3.2 [standard
error (SE) 0.6]) at baseline observed greater
changes in ADAS-COG over 6-months
compared to subjects with low TNF-α (0.8 [SE
0.8]). The mean change in ADAS-COG score
was 2.6 (±7.0) points over the 6 months. 

 

 

Incidence Concordance 

Reference Experiment Description Result 

Moore et
al., 2009 

In-vivo. Transgenic mice overexpressing IL-1β
(activated by microinjection of FIV-Cre) for 2
weeks underwent spatial and non-spatial
behavioral tasks using a Morris water maze. IL-1β,
IL-1α and MCP-1 were measured by RT-PCR. 

Measurement of IL-1β in hippocampal tissue
revealed mRNA levels increased 22.9-fold. The pro-
inflammatory mediators IL-1α and MCP-1 mRNA
levels were also increased 3.1- and 147-fold,
respectively. Overexpression of IL-1β in the
hippocampus hindered acquisition and long-term
memory retention on the spatial task but did not
impact non-spatial learning.  

Hein et al.,
2010 

In-vivo. Male and female IL-1βXAT mice on a
C57BL/6 background (containing a dormant human
IL-1β gene activated by a virus expressing Cre)
were injected with 1.5x104 viral particles of the
feline immunodeficiency virus (expresses Cre) in
the hippocampus. Fear conditioning and a Morris
water maze were performed to assess learning
and memory. 

IL-1β was increased 15-fold in the hippocampus,
and the expression of other pro-inflammatory
mediators CCL2, IL-1α and COX-1 were similarly
increased. Mice spent 0.6-fold less time freezing
and 0.8-fold less time in the target quadrant,
indicating impaired learning and memory. No
differences between males and females were
observed. 
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Heyser et
al., 1997 

In-vivo. C57BL/6 x SJL hybrid mice with a GFAP-IL6
fusion gene were tested for avoidance learning
and expression of ICAM-1. 

Compared to non-transgenic (+/+) mice, ICAM-1
was increased 2-fold at 3 months old and 4-fold at
12 months old in both heterozygous (+/tg) and
homozygous (tg/tg) transgenic mice. Also compared
to +/+ mice, +/tg mice showed impaired avoidance
response at 12 months old, where tg/tg mice
showed impaired avoidance at 3, 6 and 12 months
old. 

 

Other Evidence 

Reference Experiment Description Result 

Alley et al.,
2008 

 

In-vivo. A cohort study of older adults aged 70 to 79 years that
were tested in 1988, 1991 and 1995 to determine changes in
cognitive functioning and IL-6 levels. ELISA was used to
measure IL-6 levels. Cognitive function was determined by
various tests, including spatial recognition, spatial ability,
verbal recall, language and abstraction. Short Portable Mental
Status Questionnaire (SPMSQ) was used as a measure of
cognitive performance.  Participants were re-interviewed at 2.5
and 7 years.   

 

As IL-6 levels increased, mean cognitive
scores decreased compared to baseline
cognitive scores. A linear inverse
association was found between
inflammation and general cognitive
scores, both measured over the course
of 7 years. 

 

Participants in the top IL-6 tertile (IL-6 >
3.8 pg/mL) had 62% increased odds of
declines in global cognitive function
(Odds Ratio (OR) = 1.62, 95%
Confidence Interval (CI), 1.07–2.45).
They also had 88% increased odds of
cognitive impairment, (OR = 1.88, 95%
CI, 1.20–2.94), relative to those with
lower levels of IL-6. 

 

 

Holmes et
al., 2009 

 

In-vivo. A cohort study of subjects with mild to severe
Alzheimer’s disease were cognitively assessed and tested for
inflammatory markers. Cognitive assessments were performed
using the Alzheimer's Disease Assessment Scale (ADAS-COG)
test. The sandwich immunoassay multiplex cytokine assay
measured TNF-α at 2, 4 and 6 months 

Subjects with high TNF-α levels (3.2 [SE
0.6]) at baseline observed greater
changes in ADAS-COG over 6-months
compared to subjects with low TNF-α
(0.8 [SE 0.8]). The mean change in
ADAS-COG score was 2.6 (SD 7.0)
points over the 6 months. 

 

Schram et
al., 2007 

In-vivo. The Leiden 85-plus Study, performed with participants
aged 85 to 90 years (n= 705), assessed memory function and
its association with inflammatory markers. IL-6 plasma levels
were measured by ELISA. C-reactive protein (CRP) pro-
inflammatory mediator was measured by Rate Near Infrared
Particle Immunoassay. The 12-Picture Learning Test was used
to evaluate memory function. 

When levels of pro-inflammatory
mediators were higher than baseline,
delayed recall memory point estimate
was negative, indicating impaired
memory. 

Known modulating factors
Modulating
factor  Details  Effects on the KER  References  

Drug 

NSPP (anti-
inflammatory
drug) 

 

There was a 0.35-fold decrease in IL-6 levels compared to controls
when 10 Gy irradiated mice were treated with NSPP. Mice that were
exposed to whole brain irradiation (10 Gy) and treated with NSPP (5
mg/kg) exhibited significantly improved performance in novel object
recognition and object in place. 

Bhat et al.,
2020 

Drug 

α-MSH
(modulator of
action of pro-
inflammatory
cytokines) 

α-MSH injected into the hippocampus prevented the IL-1β-induced
decrease in contextual fear memory. 

Gonzalez et
al., 2009 
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Drug 

MW-151 (inhibitor
of pro-
inflammatory
microglial
cytokine
production) 

Treatment decreased the OX-6+ cell density and restored memory. Jenrow et al.,
2013 

Drug 
Lidocaine (an
anti-inflammatory
local anesthetic) 

Lidocaine treatment restored IL-6 levels and improved memory. Tan et al.,
2014 

Age Young age 

Rats aged 3 months showed increased IL-1β levels in the
hippocampus for less time than in mice aged 24 months.
Hippocampal-dependent memory was impaired in the old mice. The
inflammatory response is shorter and less severe in young
individuals, leading to reduced cognitive impairment. 

Barrientos et
al., 2009;
Barrientos et
al., 2012 

Drug 

E-EPA (known to
improve
cognitive function
through reducing
inflammation) 

E-EPA reduced the increase in IL-6 expression and improved memory
to control levels. 

Taepavarapruk
& Song, 2010 

Known Feedforward/Feedback loops influencing this KER

Not identified.  
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