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Significant portions of the AOP networks described in these AOP Report submissions were already peer reviewed as part of previous submissions by these authors. See:
Draskau MK, Rosenmai AK, Bouftas N, Johansson HKL, Panagiotou EM, Holmer ML, Elmelund E, Zilliacus J, Beronius A, Damdimopoulou P, van Duursen M, Svingen T. AOP Report: An Upstream Network for Reduced Androgen Signaling Leading to Altered Gene Expression of Androgen Receptor-Responsive Genes in Target Tissues. Environ Toxicol Chem. 2024 Nov;43(11):2329-2337. doi: 10.1002/etc.5972. Epub 2024 Aug 29. PMID: 39206816.
Svingen T, Elmelund E, Holmer ML, Bindel AO, Holbech H, Draskau MK. AOP report: adverse outcome pathway network for developmental androgen signaling inhibition leading to short anogenital distance in male offspring. Environ Toxicol Chem. 2025 Dec 1;44(12):3431-3441. doi: 10.1093/etojnl/vgaf221. PMID: 40888748.
The current review involved examination of two AOP Report manuscripts, six novel AOP pages, one novel Event Page, and six novel relationship pages in the AOP-Wiki. Due to the strong overlap in the upstream network of key events and key event relationships for a single review panel evaluated the AOP reports and all associated AOP pages, with a particular emphasis on the novel pages associated with these submissions.  These included: 

Elmelund et al. submission
https://aopwiki.org/aops/477
https://aopwiki.org/aops/570
https://aopwiki.org/aops/571
https://aopwiki.org/events/2082
https://aopwiki.org/relationships/2828
https://aopwiki.org/relationships/3350
https://aopwiki.org/relationships/3488

Holmer et al. submission
https://aopwiki.org/aops/344
https://aopwiki.org/aops/575
https://aopwiki.org/aops/576
https://aopwiki.org/events/1786
https://aopwiki.org/relationships/3348
https://aopwiki.org/relationships/3486
https://aopwiki.org/relationships/3487

General comments on the AOP Reports in aggregate:
The AOP reports by Elmelund et al. and Holmer et al. effectively integrate well-established evidence on anti-androgenic mechanisms of action leading to hypospadias and nipple retention respectively. Both manuscripts are well and clearly written, present high-quality work, and the authors’ expertise in the field is acknowledged. The scientific literature and evidence presented are generally appropriate and the scientific content supports biological plausibility. Although some KERs are supported by limited empirical evidence, this appears to reflect challenges in experimental design and constraints in the available data (e.g. difficulties associated with foetal measurements). Overall, both AOP networks are considered highly plausible based on extensive knowledge of the molecular mechanisms of androgen action. As some aspects may benefit from further substantiation, the following comments and suggestions are provided for consideration by the authors.
Hypospadias and nipple retention as adverse outcomes
Hypospadias is a well-accepted AO that is identified as a genital abnormality in relevant OECD reproductive and developmental toxicity studies. It is often evaluated along with nipple retention and altered anogenital distance, as all three findings constitute evidence of an endocrine-mediated pattern of adversity and are therefore highly relevant for regulatory assessments. Although some practical challenges in assessment have been identified, permanent nipples in male offspring are considered a developmental malformation and nipple counting on PND 12/13 is required in OECD TGs 421, 422 and 443. In line with the EFSA/ECHA Guidance (2018) on endocrine disruptors, experimental testing for hypospadias, nipple retention and altered anogenital distance is essential for considering whether a substance is sufficiently investigated for the assessment of EAS-mediated adversity or additional data are required to reach a conclusion on whether it is an endocrine disruptor or not. All endpoints can be used as basis for the setting of reference points (e.g. NOAEL/LOAEL values) and may inform the establishment of health-based guidance values. The work presented is therefore considered to be of particular regulatory relevance. Within a whole AOP network context, hypospadias accompanied by nipple retention and reduced anogenital distance indicate adversity and anti-androgenic activity through coherence analysis, further supporting high biological plausibility and regulatory application.


The AOP Report manuscript in ET&C [Elmelund]
The AOP report, “Adverse Outcome Pathway Network for Developmental Androgen Signalling-Inhibition Leading to Hypospadias,” is well written and accurately reflects the information available in the AOP-Wiki as well as summarizing the current state of knowledge on 5α-reductase inhibition and its association with hypospadias. The events and the pathway described are well characterized and representative of the canonical and empirical data. The reviewers find this work to be a valuable contribution to the AOP community and one that will benefit the broader scientific audience.
The manuscript presents an Adverse Outcome Pathway Network (AOPN) linking three upstream anti-androgenic mechanisms—AR antagonism (AOP‑477), 5α-reductase inhibition (AOP‑571), and decreased testicular/steroidogenic testosterone (AOP‑570)—to the adverse outcome hypospadias (AO‑2082) in male mammals. The network is anchored by the nodal KE‑1614 “Decrease, AR activation” and the downstream KE‑286 “Altered, transcription of genes by AR”, with several non‑adjacent KERs added (KER‑2828, KER‑3350, KER‑3488). 
Although some KERs are supported by limited empirical evidence, this appears to reflect challenges in experimental design and constraints in the available data (e.g. difficulties associated with fetal measurements).
The manuscript is clear, well‑organized, and provides useful regulatory context (OECD TG 414/416/421/422/443) and SciRAP-based reliability assessments. It contributes meaningfully to AOP-Wiki and offers a foundation for future quantitative modelling and test method development.
All relevant suggestions for the AOP content listed below are not repeated here; however, the authors should ensure these improvements are also reflected in the manuscript text. This applies vice versa as well.

We thank the reviewers for their positive assessment of our manuscript and AOP network. Below, we provide detailed responses to all comments and inputs. 
Regarding the upstream KEs and KERs which were previously developed and published in Draskau et al. 2024 and Svingen et al. 2025, these are currently in process of OECD endorsement. We therefore prefer not to make unnecessary and substantial changes to these AOP-Wiki pages; we have thus refrained from doing so unless we find the reviewers’ suggestions to add significant improvements.

Specific Comments AOP Report Manuscript [Elmelund]
1. KE‑1614 (“Decrease, AR activation”)—Measurement Constraints 
This nodal KE cannot currently be measured directly in vivo, limiting confidence in adjacent KERs and complicating WoE. Please add a short paragraph outlining feasible in vivo/ex vivo AR activity surrogates or potential assay concepts. 
A: We do not know of any surrogate assays or research-grade approaches that currently can be used to measure this KE. As also explained in the wiki text, KE-1614 specifically focuses on decreased AR activation in vivo, with no current methods able to measure this. Some methods may capture parts of KE-1614. For example, the Hershberger assay and the RADAR assay indirectly measure AR-antagonism, but they do not capture disruption of steroidogenesis since they use organisms without endogenous steroid hormone production. Such assays are therefore not appropriate to use as measures for the full KE. If used as such, they may lead to false negative results for substances decreasing AR activation through steroidogenesis disruption. Instead, measurement of upstream events may provide indirect information about the KE. Methods applicable to this are described in upstream MIE/KEs (see for example MIE/KE-26 for AR antagonism, KE-1690 for decreased T levels and KE-1613 for decreased dihydrotestosterone levels). 
We have sought to clarify in box 2 of the manuscript, which now reads:

“This KE specifically focuses on decreased in vivo AR activation. No methods currently exist to directly measure this; however, measurement of upstream events may provide indirect information about this KE, see e.g. KE-1690, MIE-26, and KE-1613”

2. Feedforward/Feedback Loops
The text states “no known feedforward/feedback loops across the entire AOPs,” yet HPG axis feedback (↓androgens → ↑GnRH/LH) and intracrine modulation (5α‑reductase/AR co‑regulators) are biologically relevant modulating dynamics. Recommendation:
[bookmark: _Hlk217053382]Revise to clarify that systemic feedback during fetal life is limited by timing and tissue capacity, but local intracrine adjustments and maternal/placental factors may influence magnitude/duration.
Cross-reference these dynamics in the Modulating Factors section.
A: In an AOP context, the feedback systems suggested by the reviewers would, to our knowledge, be considered modulating factors rather than feedforward/feedback loops, which concerns loops within the AOP. Also, per the AOP-wiki Developer’s Handbook, only modulating factors with strong evidence should be included: “Note: this section should focus on those modulating factors for which solid evidence supported by relevant data and literature are available. It should NOT list all possible/plausible modulating factors.”

We prefer not to add any specific factors to our network, but have added this sentence to the manuscript section on modulating factors (lines 294-296):

“The existence of other factors influencing the AOPs, such as maternal or placental factors or local intracrine adjustments cannot be excluded but have not been included here due to limited evidence.”

3. Editorial and Consistency Issues
Correct typographical errors (e.g., “AOP‑570 and AOP‑570” → “AOP‑570 and AOP‑571” in Table 2 caption).
Ensure consistent capitalization, spacing, and figure/table references.
A: We have gone through the manuscript and edited typographical errors. We have corrected the mistake in labels and references for Tables 3 and 4.

4. The AOP conducts a literature review and cites publications relevant to the outcomes.  The search syntax is appropriate, and the outline of their study quality review is reasonable although some minor clarifications might be helpful.  
· SciRAP Q11 – could the authors clarify whether they considered exposures that didn’t span the entire MPW.  If so, and exposure occurred during only a part (not the whole) of the MPW, was Q11 considered partially fulfilled? 
A: We assume that this question refers to the SciRAP criteria for KER-2828, which has slightly differently worded criteria than KER-3350 and KER-3488, for which this criteria is clarified. In the criteria for KER-2828, we did consider exposure not spanning the entire MPW, and such exposure was considered partially fulfilled. We have specified this in Appendix 1 for KER-2828:

“Partially fulfilled: 
Exposure during some of the male programming window.”

· SciRAP Q12 - could the authors provide any clarification on how fulfilled and partially / not fulfilled were assigned for Q12?  Were there studies where the frequency of administration was ‘one or a few’?
A: We again assume that this question refers to the SciRAP criteria for KER-2828, which has slightly differently worded criteria than KER-3350 and KER-3488, for which this criteria is clarified. In the criteria for KER-2828, studies were fulfilled if exposure was once or twice daily, but other frequencies of exposure were considered partially fulfilled. There were no studies in which administration was “one or a few” and only one study was considered partially fulfilled for this criteria, whereas the rest were considered fulfilled. We have clarified this in the Appendix 1 for KER-2828:

“Fulfilled: Exposure once or twice daily in the exposure period 
Partially fulfilled: Other frequencies of exposure”

· Could the authors comment on whether maternal or fetal overt toxicity were considered as part of the SciRAP evaluation?  For example, if the effects were related to high dose toxicity, were they still considered to be relevant to AOP development?  Please include this clarification in the SciRAP criteria description.
A: We did not consider maternal or fetal toxicity in the SciRAP evaluation, as we do not think they would influence development of hypospadias. To our knowledge, there is no good evidence that “general maternal or fetal toxicity” by itself causes hypospadias, either in rodents or humans. Should the reviewer be aware of any such studies, we would of course consider including it.  

· Could the authors comment on their rationale for not assessing the quality of the epidemiological studies.  If these are being used in support of the described events, possibly a fit-for-purpose evaluation of the potential sources of bias would be appropriate e.g., population size, use of appropriate statistical analysis.
A: For all KERs, human studies were included as supporting evidence rather than main empirical evidence (animal toxicity studies), for which study quality was assessed systematically. 
Most human studies represent patient case studies of hypospadias, where statistical analyses or similar were not relevant. Instead, we included studies where there was no doubt from the case description and analyses that the patient had hypospadias caused by a mutation or disorder, which reduced AR signalling. For the few epidemiologic and case-control studies included, we opted to include all studies without any major errors in study design or interpretation identified during the data extraction process.  We have clarified this in the methodology for KERs 3350, 2828, and 3488. 
“Studies in humans were regarded as supporting evidence, and study quality was not systematically evaluated. All studies were assessed for any major errors in study design or interpretation.”


· Appendix 1: Study quality assessment and data extraction for in vivo studies The methodology for study quality assessment is adequately presented and is overall agreed. Please replace AGD with hypospadias in “Comment on evaluation and handling in addition to online SciRAP guidance” for criterion 1 and criterion 8. 
A: We have corrected the errors.

Selection of “key criteria” is considered appropriate. Some additional considerations are provided:
· Criterion 16 (a sufficient number of animals per dose group were subjected to separate tests/data collection/measurements to generate reliable and valid results) The number of foetuses/pups that were used in the assessment of hypospadias should be also considered.
A: We prefer not to add this to our criteria. In our criteria selection and description, we opted to be fair (unbiased) but at the same time pragmatic, as to not exclude too many developmental biology studies where the hypospadias phenotype was strongly supported, but the statistical analyses not to the same standards as classical toxicity studies. Hypospadias is very rarely (if at all) observed in control animals, and we therefore consider even a low number of observations is sufficient to signify an adverse effect. Also supporting a less stringent approach is the relatively unspecified description of how hypospadias or genital malformations should be evaluated in OECD test guidelines. 

·  Key criteria 14 (reliable and sensitive test methods were used for investigating the selected endpoints) and 15 (measurements were collected at suitable time points) It is not clear why criteria 14 and 15 were applied only for hypospadias evaluation and not for the methods used for Testosterone measurements.
A: Regarding criterion 14: The reason we decided not to evaluate the testosterone measurements was due to limited information regarding these methods in most papers. For example, considerations such as bound versus free testosterone were rarely reported. We therefore opted to include all types of measurements but disclose the method in the Appendix.

Regarding criterion 15: Per our literature search strategy inclusion criteria, we only included studies in which testosterone levels were measured in fetal life. Thus, this criterion was embedded in the design of our study.

5. While overall the AOP captures the current scientific knowledge, perhaps in the manuscript some discussion or mention of work describing androgen-regulated genes that have been associated with hypospadias would be appropriate. For example, FGF10/FGFR2 (https://doi.org/10.1038/sj.ejhg.5201777 or https://pmc.ncbi.nlm.nih.gov/articles/PMC44
83768/).  
A: We have added a sentence about this at the end of the first paragraph of Introduction and Background (lines 51-57):
“The specific molecular pathways downstream of AR are not fully mapped but are assumed to involve multiple signaling pathways and mechanisms, as explored by both targeted and non-targeted gene expression analyses of rodents exposed to anti-androgens, identifying for example Wingless-type (Wnt) signaling, fibroblast growth factor (Fgf) signaling, and extracellular matrix genes as potential contributors in androgen-driven penis differentiation (Amato et al. 2022, Beleza-Meireles et al 2007, Hasegawa et al. 2025, and Zheng et al., 2015).”  

6. Box 2: The examples of assays provided are comprehensive; however, the reviewers wonder whether it would also be appropriate to include the in vitro H295R steroidogenesis assay as a measure of testosterone levels, particularly as it has an OECD test guideline (456).
A: We appreciate this comment; however, we have not included the H295R assay here. Instead, we would rather place ‘decreased testosterone production in the H295R assay to disrupted steroidogenesis’ upstream of (and potentially leading to) decreased intratesticular testosterone (KE-2298) (see Bouftas et al. 2025: 10.1016/j.reprotox.2025.109105). Further, KE-1690 (decrease, circulating T levels) and KE-2298 (decrease, intratesticular T levels) are in vivo events whereas the H295R assay is an in vitro measurement. The direct extrapolation between these is challenged by the lack of ADME considerations in the H295R assay and that the cells used in the H295R assay origins from a human adrenal tumor cell line with a different profile of steroidogenic enzymes than found in the (fetal rodent) testes.

7. Line 204: please clarify whether the overall AOPN is applicable to male mammals during their entire fetal life or just during the MPW.
A: In AOP-wiki we can only select “foetal” in the drop-down menu for life stage applicability, not specify the time windows of development. Moreover, we do not wish to exclude the possibility of effects of exposure outside of the MPW, even though this is the most sensitive window of development.
We have in the manuscript (lines 224-227), as well as in the respective AOP assessment pages, added a sentence clarifying that it mainly pertains to the MPW, but we cannot exclude effects outside of the MPW. 
“Specifically, the MPW (~gestational days (GD) 16-20 in rat, presumably gestational weeks (GW) 8-14 in humans) is the primary fetal window of applicability, but effects outside of this window in fetal life, after androgen production has started, cannot be excluded.”

8. Paragraph starting on line 298: In the response-response relationship, a predictive model is referenced that was developed for phthalates.  Perhaps the authors could comment on the accuracy of this model?  If it was low, consider whether it's appropriate to include a model that may not provide usable information even for phthalates. 

A: In both KER 3488 and the manuscript we state the low predictivity with a conclusion that the model is neither accurate nor chemically agnostic. However, we prefer to keep it in until a better model is developed – which we are currently working on. We have added a sentence in KER-3448 stating that:

“Thus, this model should be improved and extended to include other substances.”

9. Paragraph starting on line 305: The authors state decreased AR activation can happen within minutes or a few hours. Please clarify that these timeframes are based on observations in cultured cells, as  it is not clear whether they can be directly extrapolated to in vivo animal models.
A: We have clarified in the beginning of the sentence in line 317 that this is in vitro.

10. Table 3: The modulating factors for the AOP are appropriate as stated but could the authors comment on whether any additional factors were considered?  Possible examples: polymorphisms or mutations in 5-reductase and AR or changes in genes involved with steroid hormone production e.g., COUP TFII or StAR.
A: Thanks for this comment, but the short answer is no. We did not consider these factors mainly because we only considered factors where evidence was strong in accordance with the AOP-wiki guidelines for modulating factors, which clearly states: “Note: this section should focus on those modulating factors for which solid evidence supported by relevant data and literature are available. It should NOT list all possible/plausible modulating factors.”
Moreover, we consider loss-of-function mutations in SRD5A2, AR, or steroidogenesis enzymes as supporting evidence for the KERs rather than modulating factors.

11. Lines 96-101: Please correct AOP numbering
A: Thanks for noticing. The numbering has been corrected.

12. Lines 100-101 “There is no MIE for AOP-570…”: Propose to rephrase e.g. No specific MIE is defined for AOP 570....
A: Thanks for the suggestion, we have rephrased the sentence.

13. Line 104 “Mammalian testis testosterone levels are 30- to 100-fold higher than serum testosterone levels”: The authors could also consider the publication by Jarow et al. 2001 (PMID: 11451361) providing data on fertile adult men intratesticular and serum testosterone levels. According to the results, the fold difference of testicular to serum testosterone levels is far greater in human (approximately 150-fold greater than serum levels) than rat. 
A: Thank you for the suggestion. We have changed the sentence to 30- to 150-fold. 

14. Lines 125-133: The lack of AR-responsive genes that are causally involved in hypospadias is acknowledged. However, to enhance the overall utility of the AOPs, AR-related genes that have been associated with hypospadias could be discussed.
A: We have added a sentence about potential genes at the end of the first paragraph of Introduction and Background (lines 51-57):
“The specific molecular pathways downstream of AR are not fully mapped but are assumed to involve multiple signaling pathways and mechanisms, as explored by both targeted and non-targeted gene expression analyses of rodents exposed to anti-androgens, identifying for example Wingless-type (Wnt) signaling, fibroblast growth factor (Fgf) signaling, and extracellular matrix genes as potential contributors in androgen-driven penis differentiation (Amato et al. 2022, Hasegawa et al. 2025, and Zheng et al., 2015).”

15. Page 6. Although the mechanistic link between KE-286 (‘altered, transcription of genes by AR’) and AO2082 (‘hypospadias’) is not currently established it is agreed that the overall confidence in the relevant AOPs should remain as “high”.
A: Thank you for the comment, we agree.

16. Page 15 “Hypospadias or genital abnormalities are included in OECD Test Guidelines 414, 416, 421/422, and 443”: Propose to rephrase as hypospadias is included in OECD test guidelines as a genital abnormality.
A: Thank you for the suggestion. We have implemented the rephrasing in Box 2 on page 12 of the manuscript

17. Line 261 “AOP 570”: AOP 571? 
A: Thanks for noticing, we have corrected the mistake.

18. Line 264 “chemicals with known anti-androgenic modality” Please rephrase.
A: We replaced “modality” with “mechanisms-of-action”

19. Lines 268-271: Dose units reported for diisocytol administered in the study by Saillenfait et al. are not correct. Please check
A: Thank you for noticing this. We have corrected the dose unit to g/kg/day in the manuscript and the relevant Wiki pages KER-3488 and AOP-570. 

20. Lines 273-275 (KER-3350): Please add the relevant references.
A: As this includes approx. 20 references, we have opted to refer to the table in the AOPwiki text (Table 2 in KER-3350).

21. Line 279: Please correct table numbering.
A: Thanks for noticing, we have corrected the table number to 3. We have also corrected for Table 4 (modulating factors), which was wrongly numbered Table 3.
	
The corresponding AOP-Wiki entry (including AOP, Event, and Relationship pages)

1. Overall Assessment and AOP Pages [Elmelund]
1.1. The authors present a streamlined depiction of the upstream network for reduced androgen receptor (AR) signalling, incorporating two Molecular Initiating Events (MIEs)—AR antagonism (AOP 477) and inhibition of 5α-reductase (AOP 571)—together with five downstream Key Events (KEs), including decreased intratesticular testosterone (AOP 570), and their associated Key Event Relationships (KERs), ultimately leading to an increased incidence of hypospadias in male offspring.
1.2. Hypospadias in male rats and mice is routinely assessed in regulatory chemical safety studies, typically under OECD test guidelines (e.g., TG 421 and TG 443), as a biomarker of anti-androgenic exposure. These events are considered canonical and are supported by empirical evidence across mammalian taxa. The proposed network represents a logical extension of the authors’ previous work on androgen signalling inhibition during male reproductive tract development.
1.3. Efforts such as this are critical for advancing the AOP-Wiki. While the submission reflects substantial investment in developing KEs, KERs, and the overall AOP network, several areas could be refined to improve clarity and enhance regulatory applicability.
We thank the reviewers for this positive assessment of our network depiction.

1.4. AOP-571: Please change the statement "DHT levels are reduced and hypospadias are frequently…" to “DHT levels are reduced and hypospadias is frequently…"
A: We have corrected the type error.

1.5. AOP page 570.  Evidence for the essentiality of key events: “Experimental evidence with phthalates lowering intratesticular testosterone supports the essentiality (see KE 3488)”: KER 3488?
A: Yes. We have corrected the type error

1.6. AOP Pages (477, 570, 571).  abstract: Thus, hypospadias is included as an endpoint in OECD test guidelines (TG) for developmental and reproductive toxicity. Propose to rephrase as hypospadias is included in OECD test guidelines as a genital abnormality.
A: We have in all three AOP pages rephrased the sentence to: 
“Thus, hypospadias is included as a genital abnormality in OECD test guidelines (TG) for developmental and reproductive toxicity…” 

1.7. Hypospadias has been observed in many domestic animal and wildlife species, albeit not coupled to reduced testosterone levels. The limited understanding of the etiology of hypospadias observed in other species is acknowledged. However, it could be mentioned that it rather reflects lack of fetal endocrine data than evidence against androgen-dependent causation.
A: We agree and have added this to the end of the sentence in domain of applicability for AOP 570:
“…, though this likely reflects lack of fetal endocrine data from these species”

1.8. AOP Page 570.  Evidence for the essentiality of decrease, circulating testosterone levels Information on the role of circulating testosterone and foetal distribution of testicular testosterone into target tissues could be also added to strengthen biological plausibility.
A: Thank you for the suggestion. We have rephrased the biological plausibility argument for the essentiality of KE-1690 in AOP-570. We do not believe it changes the essentiality of the event:
“Biological plausibility provides strong support for the essentiality of this event. Circulating testosterone is both a direct ligand for the AR in target tissue and serves as the primary substrate for DHT production in peripheral tissues.  Thus, it is one of the primary drivers of penis development”

1.9. AOP Page 570. Essentiality of the Key Events KE-2298 Decrease, intratesticular testosterone levels. The role of placenta in androgen availability introduces some uncertainty for the essentiality of this KE as there are studies indicating a significant association between hypospadias and placental abnormalities in early gestation
A: We have added a sentence about this in uncertainties for KE-2298 in AOP-570, though we do not believe it lowers the overall essentiality call of the KE:
“In humans, studies have indicated a role of placental-derived androgens for androgen availability, as placental abnormalities have been associated with increased hypospadias risk.”

1.10. AOP Page 570.  KER 3350 Decrease, circulating testosterone levels leads to hypospadias Rational “It is well established that testosterone activates the AR” The authors could also point out that local androgen action in the genital tubercle strongly depends on the availability of circulating testosterone. 
A: We have in the manuscript (Table 3) and in AOP-570 rephrased the rationale for KER-3350 to:
”Normal masculinization of the genital tubercle requires sufficient circulating testosterone, which must reach the tissue and be locally converted to DHT in order to activate AR‑dependent developmental pathways.” 

1.11. AOP Page 477.  MIE 26 “AR Antagonism” Uncertainties and inconsistencies. An uncertainty is noted in the ex vivo study design, as androgens were not explicitly added to the baseline culture medium, despite their established role in in vivo penis differentiation. It is noted that the medium was supplemented with 10% normal (non-dextran-coated charcoal treated) fetal calf serum, which contains steroids, including androgens. Although present at low and unquantified levels, these background hormones may have contributed to the experimental system.
A: Thank you for noticing this. We have rephrased the uncertainty for the essentiality of MIE-26 in AOP-477:
“In the ex vivo study, low levels of androgens were present in baseline culture media through 10% fetal calf serum supplement, and it is uncertain whether such levels are sufficient to induce in vivo-like penis differentiation.”
 

2. Key Events (KEs) 
[BOTH] is noted for KEs that apply to both AOP reports (Elmelund et al & Holmer et al.)
MIE-26 “Antagonism, Androgen receptor” [BOTH]
a. Consider mentioning in silico approaches (e.g., the ToxCast/Tox 21 androgen receptor (AR) model, CoMPARA (Collaborative Modeling Project for Androgen Receptor Activity) – more in Najar et al., 2024, https://doi.org/10.1007/s00204-023-03616-y)
A:Thanks for the suggestion. We acknowledge the capability of in silico methods to model in vitro or in vivo outcomes, but we prefer not to include in silico methods here but limit the considered methods to the ones experimentally measurable. 

b. Although the read-out of reporter gene transactivation assays integrates downstream events of AR signaling, these are artificial systems and do not represent AR binding to promoter of target genes and endogenous gene regulation. In this context and as AR antagonism is considered an MIE by definition, it is agreed that these types of assays can be rather associated with KE 26 (AR antagonism). 
A: Thanks, we note that you agree with us.

c. On the other hand, as AR antagonists typically impair one or more steps of the AR molecular signaling cascade, it is not clear if a single method assessing for example AR translocation would necessarily confirm the first measurable molecular change and if there is added value on its allocation to KE26. Although methods assessing events such as dimerization, nuclear translocation or co-regulator recruitment provide indirect information on the in vivo AR activation, this limitation does not preclude their use in assessing Key Event 1614, enhancing WoE evaluation. 
A: We respectfully disagree and do not find it appropriate to include assays assessing events such as dimerization, nuclear translocation or co-regulator recruitment as assays useful for measuring KE-1614. Our argument against is that such assays only measure small parts of the upstream events needed for in vivo AR antagonism to be induced - and therefore they may provide false negative “predictions” of effects if used as stand alone. To prevent such misunderstandings, it is in our view better only to list assays which measure the full KE as such. For KE-1614, we have in box 2 of the manuscript sought to clarify that no such assays are currently available, but that methods used to measure upstream events could be used to provide indirect information about the effect on KE-1614.
“No methods currently exist to directly measure this; however, measurement of upstream events may provide indirect information about this KE, see e.g. KE-1690, MIE-26, and KE-1613.”

Key Event 1614 (Decreased, AR activation) [BOTH]
a. The term decreased “AR activity” is often used in text and tables relevant to the Key Event 1614 “decreased AR activation”. Although there is some overlap, these are not identical terms. It can be considered that AR activation is a multi-step process with well-documented time-concordance (e.g. quick AR phosphorylation, a critical indicator of nuclear receptor activation that can be measured in tissues or cells with a number of methods including ELISA kits using phospho-specific antibodies). In this context, receptor activation does not involve transcriptional regulation and thus, KE286 (Altered transcription of genes by AR) clearly represents a distinct event that would confirm AR reduced signaling. On the other hand, the term “decreased AR activity” could indeed encompass transcriptional changes and its use for the description of Key Event 1614 should be carefully considered.
A: We agree, this is an error in our AOPwiki text. Where relevant, we have replaced “AR activity” with AR activation. 

b. The authors also report that KE 1614 occurrence is assessed indirectly by methods applied in the upstream MIEs/KE. Although it is acknowledged that this KE aims to cover decreased AR activation within complex biological systems, methods assessing phosphorylation, dimerization, nuclear translocation, co-regulator recruitment or DNA binding could all be considered (indirectly) indicative of AR activation and applied to this KE.
A: We respectfully disagree and do not find it appropriate to include assays assessing events such as phosphorylation, dimerization, nuclear translocation, co-regulator recruitment or DNA binding as assays useful for measuring KE-1614. Our argument against is that such assays only measure small parts of the upstream events needed for AR activation to be induced in vivo - and therefore they may provide false negative “predictions” of effects if used as stand alone. To prevent such misunderstandings, it is in our view better only to focus on assays which measure AR activation in vivo as such (as we explain, no such assays are currently available, but may be developed in the future). However, the value of these considerations is fully acknowledged. The methods mentioned would, in our view, be more suitably mapped to relevant upstream events.

KE1614 “Decrease, androgen receptor activation” & KE286 “Altered, Transcription of genes by the androgen receptor” – canonical knowledge [BOTH]
a. MIE-26 and KE1614 are closely connected (antagonism → decreased activation) but differ in measurement context: MIE-26 refers to receptor binding and inhibition of AR transactivation in vitro, encompassing receptor activation, conformational change, nuclear translocation, DNA binding, and transactivation. KE1614 describes decreased androgen receptor (AR) activation within complex biological systems (tissues and organs in vivo), beyond AR transactivation in vitro per se. KE286 is positioned further downstream and captures transcriptional consequences. 
A: Thanks for agreeing with the network structure. 

b. Keeping these events separate is justified because each represents a distinct biological level and supports modularity within AOPs. However, the absence of practical methods to directly measure KE1614 lowers confidence in this KE and its associated KERs. Interpretation is further complicated because evidence for KE1614 and related KERs relies largely on indirect indicators from upstream KEs. This limitation should be clearly acknowledged and reflected in the weight-of-evidence (WoE) evaluation.
A: We acknowledge the limitation stated by the reviewers. We have difficulties in seeing how we can address this directly in the WoE evaluations of our KERs, but we have clarified this limitation in our overall AOP assessment of the empirical evidence in both the manuscript (Table 3) and AOP wiki texts:

“It should be recognized that the upstream KE-1614 cannot currently be measured directly (in vivo). Instead, empirical evidence was therefore collected for substances known to affect upstream events. This limitation is not considered to lower the strength of the evidence in this case.”

Key Event 286 (altered gene transcription by AR) [BOTH]
a. Although AR signaling includes rapid non genomic signaling events (as well as non-genomic to genomic effects through cross-talk with other receptors) these are not sufficient for proper penile development. Additionally, current AOPs focus on canonical AR signaling, and therefore, disruption of AR-dependent transcription is considered necessary to impair differentiation of the genital tubercle. Main actions of AR in external genitalia are mediated through genomic actions and mice with a mutated non-genomic region of AR developed normal penises based on Cunha et al. (https://doi.org/10.1016/j.diff.2021.08.002.) The authors could re-consider the essentiality of KE286. 

A: Thank you for highlighting this, this is an important addition. We have increased the essentiality call for KE-286 to moderate in all three AOP texts and in the manuscript and described the necessity of genomic AR signalling in the essentiality rationale of the AOP texts:
“Genomic AR signaling is necessary and possibly sufficient to drive penis differentiation (Cunha 2021)”


Key Event 1613 (Decreased DHT levels) [BOTH]
a. The essentiality of this KE has been rated as high in (AOP 576 – Holmer et al) and moderate in AOP 571 – Elmelund et al.). This is well substantiated on relevant pages of the AOP 576 and 571 based on the available evidence. However, the indirect evidence presented for AOP 576 also appears to be relevant to AOP 571 and thus, rating of the level of indirect evidence for AOP 571 should be reconsidered. 

A: We thank the reviewer for this suggestion. We have added the extra indirect evidence for effects of low DHT levels on AR activation and increased the rating level for indirect evidence from * to **.
“Indirect evidence of impact of decreased DHT levels (KE-1613) on AR activation in vivo (KE-1614) comes from the fact that androgen deprivation is used as treatment for prostate cancer, including 5α-reductase inhibitors, to reduce DHT levels and cancer growth (Aggarwal et al., 2010).
Moreover, indirect evidence of impact of decreased DHT levels (KE-1613) on AR activation in vitro comes from increasing concentrations of DHT leading to increasing AR activation in vitro in AR reporter gene assays (OECD, 2023; Williams et al., 2017).”

Key Event 2082 “Hypospadias, increased” [Elmelund]
a. The statement “The incidence of hypospadias varies greatly between countries, from 1:100 to 1:500 of newborn boys (Skakkebaek et al., 2016), and the global prevalence seems to be increasing (Paulozzi, 1999; Springer et al., 2016; Yu et al., 2019)” appears to mix the terms incidence and prevalence. Most epidemiological studies report birth prevalence (cases per live male births), not incidence over time. The cited range (1:100 to 1:500) corresponds to prevalence estimates (0.2–1%), which vary by region and surveillance method. Please revise the wording to reflect this distinction and clarify that trends in prevalence are region-specific and not universally increasing.
A:  This is a mistake as we indeed state prevalence rates and not incidence. We agree that prevalence trends are not universal and have rephrased this sentence to clarify.
“The prevalence of hypospadias varies greatly between countries, from 1:100 to 1:500 of newborn boys (Skakkebaek et al., 2016). Several studies report increases in hypospadias prevalence, though these trends are country- and region-specific with high variability between studies.”

b. (Domain of Applicability). Please provide citation(s) to support the statement "Numerous studies have shown an association in humans between in utero exposure to endocrine disrupting chemicals and hypospadias." 
A: We have provided references to this statement. In hindsight we also admit the use of the word “numerous” may be an exaggeration, and we have thus changed this to “several”. 

c. The following statement is made in the event description: "The incidence of hypospadias varies greatly between countries, from 1:100 to 1:500 of newborn boys (Skakkebaek et al., 2016), and the global prevalence seems to be increasing (Paulozzi, 1999; Springer et al., 2016; Yu et al., 2019)."  On the AOP571 page, the prevalence of hypospadias in boys is given as ~1/125.  Could the authors please provide some context for whether the 1/125 figure is from a specific country or a worldwide average?
A: This is a good observation. As also noted by a reviewer in comment a. for this KE, hypospadias trends and prevalences are not generally universal, as there is high inter-country variability. The 1/125 figure is often used as an estimate for the highest prevalence reports from some Western world countries such as Denmark (Leunbach et al., 2025). This is also why we in the AOP-571 page have stated it as a prevalence “up to 1/125 newborn boys”.  To make this clearer, we have added “, though with high inter-country variability” to the end of the sentence in the AOP-571 page. We have also added this to the AOP pages for 477 and 570.

[bookmark: _Hlk218063846]KE2298 “Decrease, intratesticular testosterone levels” [BOTH] 
a. Note that advanced in vitro 3D testicular models can measure this KE; include in AOP-Wiki entry and in the manuscript.
A: We have added some text to clarify this point in box 2 of the manuscript and in the KE-2298 AOP wiki text.

3. Key Event Relationships (KERs)
[BOTH] is noted for KEs that apply to both AOP reports (Elmelund et al & Holmer et al.)

[bookmark: _Hlk218064084]KER2130 (adjacent) – “Antagonism, Androgen receptor leads to Decrease, AR activation” [BOTH]
a. This represents a canonical and well-established pathway with strong biological plausibility and extensive in vitro support. However, most cited studies for relevant stressors appear to be in vitro. Are there notable in vivo studies demonstrating that AR antagonists reduce AR activation, even indirectly? Including such evidence would strengthen both biological plausibility and regulatory relevance. For example, studies such as Gray et al., 2020, ToxSci (https://doi.org/10.1093/toxsci/kfaa067) and Jones et al., 2009 (https://www.pnas.org/doi/pdf/10.1073/pnas.0807282106) could be useful references.
A: We respectfully disagree to include this here. We do not believe the Hershberger assay and similar model systems represent decreased AR activation as argued for KE-1614. The effects observed in these assays are in our view rather downstream consequences of decreased AR activation, similar to nipple retention and hypospadias. Instead of incorporating the evidence as suggested by the reviewers here, it could rather be explored to develop separate events and relationships to incorporate the endpoints measured in such assays in the AOP network.

b. Regarding uncertainties, the authors cite Yeh et al. (1997), which reported that hydroxyflutamide can act as an agonist under certain conditions involving AR mutation. However, this mutation alone had only limited ability to support partial agonist activity, as indicated by weak induction of PSA expression in DU145 cells. Importantly, cofactors such as ARA70 significantly enhanced agonistic activity—even without AR mutation. Subsequent studies (e.g., Miyamoto et al., 1998; Yeh et al., 1999; Culig et al., 1999) confirm that coactivators or long-term androgen deprivation can convert antiandrogens like hydroxyflutamide and bicalutamide into partial agonists. This phenomenon should be addressed in AOP development to clarify when MIE-26 (AR antagonism) may not result in downstream suppression of AR activity. We recommend rewriting this paragraph in a more general way, emphasizing cofactor and context effects rather than starting with AR mutation.
A: In hindsight, we do not think that chemical specific uncertainties are relevant here. We have therefore deleted the first sentence in this paragraph. Thanks for the input.

KER2131 (adjacent) – “Decrease, circulating testosterone levels leads to Decrease, AR activation” [BOTH]
a. In the section on uncertainties or modulating factors, include a brief discussion about free vs total testosterone. Circulating total testosterone may not reflect bioavailable androgen due to SHBG/albumin variation.
A: We have added a sentence about this general uncertainty in the AOP wiki text:
“It should be noted that measurements of circulating total testosterone may not reflect available testosterone due to some testosterone being bound to serum proteins, which may vary. “

[bookmark: _Hlk218064150]KER2124 (adjacent) – “Decrease, AR activation leads to Altered, Transcription of genes by the AR” [BOTH]
a. [bookmark: _Hlk218064126]This is a canonical pathway with strong biological plausibility and extensive support. However, uncertainties and inconsistencies should be addressed. Certain antiandrogens (e.g., hydroxyflutamide, bicalutamide) can exhibit agonistic effects under specific conditions, leading to increased transcription of AR-responsive genes rather than suppression (e.g., Miyamoto et al., 1998, Yeh et al., 1997). At low antagonist concentrations, transcriptional changes may be minimal or paradoxical due to receptor dynamics and cofactor recruitment. Furthermore, transcriptional effects can change over time because of receptor adaptation and androgen feedback. For instance, advanced prostate cancer models (e.g., LNCaP-abl) switch bicalutamide from antagonist to agonist after prolonged androgen deprivation (Culig et al., 1999). In these models, bicalutamide even stimulated tumor growth in androgen-deprived LNCaP xenografts in mice after extended exposure, indicating time-dependent transcriptional reactivation despite initial receptor blockade. The authors should include a dedicated paragraph summarizing these context-dependent uncertainties (cofactor presence, receptor mutations, dose-response variability, temporal adaptation) to improve transparency and regulatory interpretation.

A: Thanks for the comment. We added a short text to the section addressing this:
“It should be noted that the AR‑mediated transcription operates within a broader developmental context, where timing, temporal adaptation, tissue specificity, and local signaling environments, such as cofactor presence and receptor mutations, jointly determine transcriptional outcomes. While such contextual influences are acknowledged, the KER remains focused on effects of decreased AR activation on AR-mediated gene expression.”

KER2828 (non-adjacent) – “Decrease, AR activation leads to Hypospadias” [Elmelund]
a. Empirical evidence for AR antagonism primarily comes from studies on chemicals that reduce AR activation through various mechanisms, demonstrated in in vitro transactivation assays and/or steroidogenesis assays. These data are more closely associated with upstream KEs (e.g., KE2298 or MIE‑26) and their subsequent in vivo confirmation via increased hypospadias. While this approach is understandable, it should be explicitly reflected in the Weight of Evidence (WoE) assessment.
A: As replied to the previous comment about this, we have clarified this limitation in our overall AOP assessment of the empirical evidence in both the manuscript (Table 3) and AOP assessment wiki texts:
“It should be recognized that the upstream KE-1614 cannot currently be measured directly (in vivo). Instead, empirical evidence was therefore collected for substances known to affect upstream events. This limitation is not considered to lower the strength of the evidence in this case.”


b. Your statement that no feedforward/feedback loops are known for this KER appears reasonable, as current evidence does not indicate compensatory mechanisms influencing hypospadias risk once AR activation is impaired during development. However, you might briefly clarify that while systemic endocrine feedback exists (e.g., HPG axis), it does not mitigate the local developmental disruption leading to hypospadias. This will help readers understand why such loops are considered irrelevant here.
A: In an AOP context, we would consider systemic endocrine feedback loops part of upstream KERs rather than relevant for this KER, which should describe feedback mechanisms between hypospadias and reduced AR activation. We do agree that there are no other feedback loops influencing the KER. In the feedforward/feedback loops section, we have clarified that the local disruption to AR activation is an irreversible effect:
“Local disruption of AR activation in the genital tubercle irreversibly disrupts development, so there are no known feedforward/feedback loops.”

c. (Incidence Concordance section).  The statement "When separating hypospadias males from exposed males without hypospadias, plasma testosterone levels were decreased in both groups, indicating that DBP reduced testosterone levels at higher incidence than hypospadias (Jiang et al., 2007)."  This statement is correct, but could the authors consider revising for clarity to explicitly link the proportion of affected animals to incidence concordance. 
A: In connection to comment d. below we have decided to delete this section. 

d. (Incidence Concordance section).  Could the authors please clarify whether the observed decrease in testosterone was measured prenatally or postnatally? This distinction is important because testosterone is produced by different cell populations in fetuses (fetal Leydig cells) versus neonates (adult Leydig cells), and it is essential to establish that the change in testosterone precedes the development of hypospadias.
A: This is a good point. We agree that this information may not be of significant relevance for this KER and have deleted the section on incidence concordance, only stating that information is not available. We have also decided to delete information on dose and temporal concordance which rely on postnatal testosterone measurements. We do not believe these changes affect the overall strength of the evidence.

e. Includes reference the MPW in rats as GD16-20.  In the reviewers experience it is more common to see the rat MPW stated as GD 15.5 - 18.5.  Please could the reviewers confirm their dates are accurate and reflect the most commonly cited values as a difference of ½ day is critical in the development timeline.

A: We are aware that there are different reports for the MPW in rat – this may be due to different investigated tissues, and definition of gestational day versus embryonic day. We have stated the MPW as GD16-20 based on the MPW landmark paper by Welsh et al. (2008) (DOI: 10.1172/JCI34241). In this study, exposure to flutamide from E15.5-17.5 (GD16-18) or from E17.5-19.5 (GD18-20) produced similar frequencies of hypospadias in male offspring. The study also demonstrated that the MPW might differ slightly between tissues, and full consensus may never be reached – just as we cannot be certain on the MPW in humans. 


f. Clarification needed:  "As part of the masculinization process orchestrated by androgens, the genital tubercle differentiates to a penis, which at this point expresses AR in both humans and rodents (Amato & Yao, 2021; Baskin et al., 2020)". Is it the genital tubercle or penis or both that expresses AR?

A: Both, but here we refer mainly to the genital tubercle. We have rephrased the sentence:

“As part of the masculinization process orchestrated by androgens, the genital tubercle, which at this point expresses AR in both humans and rodents, differentiates to a penis (Amato & Yao, 2021; Baskin et al., 2020).”


[bookmark: _Hlk218064782]KER3448 (adjacent) – “Decrease, intratesticular testosterone leads to Decrease, circulating testosterone levels” [BOTH]
a. In the section on feedback/feedforward loops, adrenal androgen compensation should be mentioned. Across species, adrenal glands can supply bioactive androgens or potent precursors that help maintain circulating androgen tone when testicular testosterone is reduced, but the magnitude and mechanisms are highly species dependent.
A: We are unsure if this is strictly correct for fetal life stages. It is well established for postnatal life, but less so for adrenal compensation for loss of testis-derived testosterone by adrenals. But we agree that there are important species differences. We prefer to be cautious in our statement on this issue, but have added as a relevant modulating factor in KER 3448, AOP 570 and AOP 575, and in the manuscript (Table 4) with the following text:
“Adrenal glands can supply weak androgen precursors, contributing to circulating androgen levels, although not substituting for testicular testosterone in masculinization processes. The magnitude and mechanism of adrenal androgen synthesis is also species dependent. (Olson & Ristau, 2025; Pihlajoki et al., 2015)”

KER3488 (non-adjacent) – “Decrease, intratesticular testosterone leads to Hypospadias” [Elmelund]
a. The authors may consider to include also genetic model (DNAH8 knockout mice) - deletion of the DNAH8 gene in mice lowered prenatal testosterone levels, disrupted steroidogenesis, and caused urethral fusion defects by embryonic day 18.5—a hypospadias phenotype (Peng et al., 2025).
A: We thank the reviewer for the suggestion, but per our SciRAP criteria for reliability evaluation, only studies with hypospadias assessment after birth are included. 

b. The authors´ statement that no feedforward or feedback loops are known for this KER appears reasonable based on current evidence. However, they might clarify that while systemic endocrine feedback exists (e.g., HPG axis), it does not operate within the critical developmental window to mitigate hypospadias risk. This distinction will help readers understand why such loops are considered irrelevant here.
A: In an AOP context, we would consider systemic endocrine feedback loops part of upstream KERs rather than relevant for this KER, which should describe feedback mechanisms between hypospadias and intratesticular testosterone. We therefore believe adding such would risk unnecessary confusion. We do agree that there are no other feedback loops influencing the KER. In the feedforward/feedback loops section, we have clarified that the local disruption to AR activation is an irreversible effect:
“Local disruption of AR activation in the genital tubercle irreversibly disrupts development, so there are no known feedforward/feedback loops.”

KER 3488 Incidence concordance [Elmelund]
a. The mean Testosterone values in the study by Saillenfait et al. (1.03±0.22** vs 6.46±1.12 in control) suggest that at least 50% of animals may be affected, although this would also depend on sample size. This could be further explored using appropriate statistical approaches, to strengthen the interpretation of incidence concordance.
A: This is an interesting point; however it is beyond the scope of our project to perform such modelling, which would also require determination of a reference range for normal testosterone values and in the end would still only provide estimates. We have therefore limited our current statement to incidence concordance.

KER3350 (non-adjacent) – “Decrease, circulating testosterone levels leads to Hypospadias” [Elmelund]
a. Authors state no modulating factors or feedback loops, which seems unlikely. Developmental timing, species differences, maternal hormonal status, genetic variability, co-exposures, and placental function are recognized influences. If these are considered irrelevant, please justify. 
A: In an AOP context, the factors suggested by the reviewers would all be considered modulating factors rather than feedforward/feedback loops, which concerns with loops within the KER. However, per the AOPwiki Developer’s Handbook, only modulating factors with strong evidence should be included: “Note: this section should focus on those modulating factors for which solid evidence supported by relevant data and literature are available. It should NOT list all possible/plausible modulating factors.”

We prefer not to add any specific factors to our network, but have added this sentence to the manuscript section on modulating factors (lines 294-296):
“The existence of other factors influencing the AOPs, such as maternal or placental factors or local intracrine adjustments cannot be excluded but have not been included here due to limited evidence.”

In KER-3350, we have specified that there are no feedforward/feedback loops:
“Local disruption of AR activation in the genital tubercle irreversibly disrupts development, so there are no known feedforward/feedback loops.”


[bookmark: _Hlk218065810]KER1880 (adjacent) – “Inhibition, 5α-reductase leads to Decrease, DHT level” [BOTH]
a. Sections on uncertainties, inconsistencies, and known modulating factors are missing and should be added. 
For uncertainties and inconsistences, we considered this a canonical KER and did not systematically extract evidence with uncertainties or inconsistencies. We have not identified relevant uncertainties with the KER.

Regarding modulating factors, per the AOPwiki Developer’s Handbook, only modulating factors with strong evidence should be included: “Note: this section should focus on those modulating factors for which solid evidence supported by relevant data and literature are available. It should NOT list all possible/plausible modulating factors.” We have not identified such for this KER.



4. Additional Comments
a. Across all AOPs and related contents, there are several typographical, stylistic, and minor formatting errors. We recommend performing an additional thorough review to correct these issues and ensure consistency throughout the document.
A: We have edited any direct errors throughout the documents and consistency errors in the newly developed documents, but will not change stylistic and formatting differences in AOP texts that were previously developed. 
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