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· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal duration in months: _	Comment by Editor/Reviewer: 1. For this first section, I suggest a heading to matches the submssion form. 
2. I suggest integrating this into the text rather than a text box. You can draw a box around it later to emphasize it. 
3. In matching section B1, I suggest Objectives rather than Aims. Section a. State-of-the-art and objectives
Summary: The trajectory of reproductive aging differs between men and women, leading to distinct fertility challenges, particularly as parenthood is delayed and environmental exposure to toxins becomes more prevalent. This proposal aims to unravel the complex interplay between mitochondrial function and reproductive longevity, focusing on how mitochondrial dysfunction and mitochondrial ROS (mtROS) contribute to the age-related decline in oocyte and sperm quality. Despite the established link between mitochondria and reproductive aging5–9, the specific mitochondrial proteins and pathways that maintain ROS levels in gametes remain poorly understood, especially regarding their sex-specific roles. Additionally, the impact of environmental toxicants on these processes is underexplored. We will address key questions: Could differences in the mitochondrial proteome and regulation of mtROS contribute to the distinct reproductive aging trajectories between sexes? How do environmental toxicants disrupt mitochondrial regulation of ROS, and what are the mechanisms driving sex-specific reproductive aging? Moreover, what are the heritable effects of these disruptions on offspring? Using C. elegans, a powerful model organism for studying reproductive aging with dual-sex capabilities, we will: 1) Identify and characterize sex-specific mitochondrial proteins and metabolic pathways essential for maintaining ROS levels in oocytes and sperm for reproductive longevity, 2) Elucidate the cellular and molecular mechanisms by which environmental toxicants disrupt mitochondrial regulation of ROS and induce reproductive aging in a sex-specific manner, and 3) Investigate the sex-specific heritable effects of these disruptions. These objectives will serve as the foundation for identifying interventions targeting these pathways and mechanisms. The ultimate goal is to extend reproductive longevity and address long-term reproductive risks from environmental exposures, including heritable effects. Our comprehensive approach to reproductive aging and environmental toxicity combines sex-specific analysis of mitochondrial function in males and hermaphrodites. Our approach offers a novel perspective on the interplay of mitochondrial function, reproductive aging, and environmental factors, with implications for human fertility.


	Comment by Editor/Reviewer: I suggest headings to orient reviewers. 
Section a. State-of-the-Art and Objectives
Summary
The trajectory of reproductive aging differs between men and women, leading to distinct fertility challenges, particularly as parenthood is delayed and environmental exposure to toxins becomes more prevalent. We propose to unravel the complex interplay between mitochondrial function and reproductive longevity, focusing on how mitochondrial dysfunction and mitochondrial ROS (mtROS) contribute to the age-related decline in oocyte and sperm quality. Despite an established link between mitochondria and reproductive aging1–5, the mitochondrial proteins and pathways that maintain ROS levels in gametes are poorly understood, especially regarding their sex-specific roles. Additionally, the impact of environmental toxicants on these processes is underexplored. 	Comment by Editor/Reviewer: I suggest writing in the first person where possible. It indicates more clearly what you plan, and the writing style will be more compact. In truth, proposals are a mix of first- and third-person writing.
We will address four key questions. 
1. Could differences in the mitochondrial proteome and regulation of mtROS contribute to the distinct reproductive aging trajectories between sexes? 
2. How do environmental toxicants disrupt the mitochondrial regulation of ROS? 
3. What are the mechanisms driving sex-specific reproductive aging?  
4. What are the heritable effects of these disruptions on offspring? 
We will answer these critical questions via three objectives.
Objective 1. Identify and characterize sex-specific mitochondrial proteins and metabolic pathways essential for maintaining ROS levels in oocytes and sperm for reproductive longevity
Objective 2. Elucidate the cellular and molecular mechanisms by which environmental toxicants disrupt mitochondrial regulation of ROS and induce reproductive aging in a sex-specific manner
Objective 3. Investigate the sex-specific heritable effects of these disruptions
We will use C. elegans, a powerful model for studying reproductive aging with dual-sex capabilities.  
The objectives will be the foundation for identifying interventions targeting these pathways and mechanisms. 
Our ultimate goal is to extend reproductive longevity by understanding long-term reproductive risks from environmental exposures, including heritable effects. Our comprehensive approach to reproductive aging and environmental toxicity combines sex-specific analysis of mitochondrial function in males and hermaphrodites. Our proposal offers a novel perspective on the interplay between mitochondrial function, reproductive aging, and environmental factors, with implications for human fertility.
	Comment by Editor/Reviewer: longer-term? 	Comment by Editor/Reviewer: Is this your intent? You will extend longevity  by understanding reproductive risks. Is this correct?  

State-of-the-art and objectives
Reproductive aging, the age-related gradual decline in fertility, is a fundamental aspect of human biology affecting women and men. The decline typically begins in women in their mid-30s, approximately 15 years before menopause, and represents one of the earliest phenotypes associated with aging in humans6. TAt the same time, this process is more gradual in men7. Decreased reproductive ability is predominantly attributed to the quantitative and qualitative deterioration of oocytes in women6 and sperm in men7, which is affected by multiplea range of cellular and environmental factors8. As the maternal and paternal ages for first childbirth have risen in recent years9,10, elucidating the mechanisms that govern reproductive aging in both sexes is crucial for enhancing fertility treatments, ensuring reproductive longevity, and addressing the demographic challenges posed by declining birth rates. 	Comment by Editor/Reviewer: Why is it crucial? “to enhance reproduction to maintain population numbers.” or similar? 
WWhile we have yet to fully identify and understand the cellular factors involved in reproductive aging. However,, recentemerging data highlight organelles, particularly mitochondria, as pivotal regulators of reproductive health1–5. The significance of mitochondria is apparent from their abundance t presence within fully-grown oocytes11 and their crucial function in sperm flagella6. Aging is also associated with impaired mitochondrial function and increased ROS, leading to oxidative stress12,13. While not the sole cause of reproductive aging, oxidative stress contributes significantly to its onset and progression. Sex-specific differences in physiological and biochemical characteristics due to, driven by biological, environmental, and social factors, result in distinct vulnerabilities to oxidative stress12. Mitochondria are integral to this interplay, affecting metabolism and redox balance12. SThese sexual differences highlight the importance of a sex-specific approach toin aging research, particularly when studying oxidative stress, gene regulation, and the developmentping of targeted interventions to promotefor healthy aging.	Comment by Editor/Reviewer: distinct?  It seems unclear what “distinct” vulnerabilities mean. I suggest multiple? Several?  	Comment by Editor/Reviewer: Did I preserve your intent? 	Comment by Editor/Reviewer: I suggest bolding whole sentences for emphasis rather than words or a statement. This is easier for reviewers to follow, and regardless, they will read the whole sentence for context. Also the bolded sentence should stand on its own. In this case, I suggest “these sexual differences” rather than “these differences”.
Mitochondria are the primary source of ROS14,15, and accumulating evidence from C. elegans to humans indicates thea physiological relevance of mtROS levels in the quality of both oocytes16–18 and sperm5,18. Although ROS can function as a signaling molecule19, it is cytotoxic at high concentrations by inducing oxidative stress20. ROS can damage cells generally and mitochondria specifically21–23. Mitochondrial proteins are key targets of oxidative stress, and age-related ROS accumulation is associated with changes in the abundance of mitochondrial proteins across diverse organisms13,16,24,25. During my postdoctoral research in Prof. Coleen Murphy’sMurphy’s lab at Princeton University, weI showed discovered a link between low mtROS and a ‘'youthful’' mitochondrial protein profile, high oocyte quality, and enhanced reproductive longevity16. Corroborating evidence across species26,27, including humans26, indicates that maintaining low mitochondrial activity and suppressing ROS production is crucial for oocyte quality. Conversely, mitochondrial dysfunction and the consequent increase in ROS levels associated with aging adversely impact both oocyte23,28 and sperm5,23,29 quality in various species. Elucidating the age-related changes in the mitochondrial proteome of oocytes and sperm and uncovering the molecular mechanisms linking mtROS to reproductive aging is a critical gap in our understanding. It is unknown if these proteins are sex-specific and contribute to differential aging in male and female gametes. 	Comment by Editor/Reviewer: Minor point to consider. “Suggest” is used commonly to refer to data. Data “indicates” x or y, or data indicate x or y may lead to z. People suggest which is qualitative. 	Comment by Editor/Reviewer: “Both” is an overused word. It is redundant before stating to options. For example, “both male and female” is redundant. I suggest saving the word for occasions when you want to highlight a point that there are two options. I hope this makes sense.    	Comment by Editor/Reviewer: discovered?	Comment by Editor/Reviewer: in C. elegans and humans?  “Various” is an ambiguous word. 	Comment by Editor/Reviewer: I suggest emphasizing the Impact of the research by a subheding or other means. Reviewers will be able to easily understatn the implications of the proposal. 
Impact: 
AAddressing this knowledge gap is essential because uncovering these sex-specific differences may facilitate the development of targeted strategies for extending reproductive longevity.

Sexual dimorphism in aging and mitochondrial function
Aging is a fundamental biological process conserved across species, yet its progression and effects exhibit sexual dimorphism. The underlying mechanisms driving these sex-specific differences remain elusive30. Mitochondria, crucial for energy production and cellular metabolism, play a significant role in the aging process. Age-related mitochondrial dysfunction results from intrinsic factors like genetics and extrinsic factors like environmental stressors. These factors affect gene expression related to mitochondrial function and stress response, leading to changes in mitochondrial function. Mitochondrial dysfunction plays a crucialkey role in aging across diverse species, from yeast to mammals, indicating conserved mechanisms. Recent studies have expanded our understanding of sex-dimorphic stress responses and mitochondrial maintenance, highlighting the complex interplay between aging, mitochondrial function, and sex-specific biological processes31.
Reproductive aging in human males and females exhibits distinct patterns and mechanisms, reflecting differences in physiology and reproductive strategies. Female fertility sharply declines with age, particularly after age 35, and is characterized by a clear endpoint known as menopause. Menopause typically occurs in the late 40s to early 50s, marking the cessation of ovulation and reproductive capability. In contrast, male reproductive aging occurs gradually without a definitive endpoint32. Whereas males and females rely on mitochondrial function for reproductive health, the mechanisms and implications of mitochondrial dysfunction may differ. Male germ cells undergo continuous replication throughout adulthood33, allowing for frequent turnover of mitochondria. Along this developmental pathway, there is also an increase in mitochondrial abundance and mitochondrial fusion and fission that facilitate the repair of mitochondrial damage34. Recent studies show that paternal age can also impact fertility, possibly through epigenetic changes influenced by sperm mitochondrial function35. Mitochondrial replication increases duringDuring early oogenesis in females, mitochondrial replication increases to ensure mature oocytes have adequate mitochondria11. Once the oocyte reaches maturation, mitochondrial replication typically halts, and the number of mitochondria remains stable unless damaged by aging or environmental factors. However, as oocytes age, mitochondrial function declines, and the overall quality of mitochondria deteriorates, leading to reduced oocyte quality and fertility36. The divergent aging trajectories of oocytes and sperm suggest that distinct factors drive these pathways, with mitochondria likely playing a pivotal role in reproductive aging; however, the mechanisms by which mitochondrial function differentially impacts aging in females versus males remain to be elucidated. Divergent aging trajectories of oocytes and sperm raise intriguing questions. What factors drive these distinct pathways? Do mitochondria play a role, and if so, how does it differentially impact reproductive aging in females versus males?	Comment by Editor/Reviewer: As in section B1, I suggest, where possible, responding to your questions with hypotheses that you will test via your proposal. 

mtROS as a biomarker for age-related oocyte quality
Recent research identifies the pivotal role of mitochondria in determining oocyte and sperm quality and reproductive longevity. In Prof. Coleen Murphy’sMurphy's lab, we discovered a strong link between a ‘‘youthful’’ mitochondrial protein profile, high oocyte quality, and extended reproductive longevity. Of fundamental importance, we found a novel association between low mtROS levels and prolonged reproductive lifespan. By contrast, elevated mtROS is correlated with poor oocyte quality in aged individuals and earlier reproductive decline (Fig. _)16. Our findings indicate that maintaining low mtROS levels is crucial for preserving oocyte quality as organisms age. This result aligns with that of Rodríguez-Nuevo et al., who suggested reported that inactivating mitochondrial complex I in early-stage oocytes reduces ROS production and enhances oocyte longevity26. This independent result confirms the importance of mitochondrial function and ROS regulation in human reproductive aging. Age-related increases in ROS levels also negatively impact sperm quality across various species5,23,29. 	Comment by Editor/Reviewer: We? You? Can you be more specific? You and a graduate student. Did you supervise a student in this discovery? Again, being specific where advantageous could demonstrate leadership and differentiate what you did in the lab. Your advisor will also get credit for work done in her lab. You are trying to show what you did so you can be judged as independent, short of having pubs from your own lab. I realize this can be tricky becasue you dont want to overclaim or offend anyone. However, you can discuss with your past advisor to think through what you can honestly claim was your idea vs the lab.   	Comment by חן לסניק: Thank you for your insightful feedback. I appreciate the importance of clearly articulating my contributions. I discovered the link between bcat-1, mitochondrial function and reproductive aging, proposed the vitamin B1 treatment, and optimized the protocols for mitochondrial isolation. Given the collaborative nature of the lab and my desire to be respectful of all contributions, including my post mentor, I want to ensure I present my role appropriately. If you have any suggestions on how to navigate this while effectively highlighting my contributions, I would greatly appreciate your advice.	Comment by Editor/Reviewer: I realize this is an issue. One suggestion is to state that you discovered this link during your research in your advisor’s lab. This is your advisor’s lab. That way you are stating what you did but in the context of your boss. See commment 3. in the Summary comments for B2 edit 2. 	Comment by Editor/Reviewer: Where appropriate, I tried to use alternative words that may be more impactful. Rather than uncovered for example, you discovered. OR perhaps you helped pioneer 	Comment by Editor/Reviewer: OK? 	Comment by Editor/Reviewer: OK? In this section, I suggest making it clear to reviewers to the extent possible that you were a leader in this lab in making a fundamental discovery. This speaks to reviewers about your leadership and potential for future leadership and success. 	Comment by Editor/Reviewer: 1, I suggest using the first person when describing your own work to be clear about what you did. 2. Also, where possible, I suggest being clear on what you did in the lab compared to others. 	Comment by Editor/Reviewer: reported?	Comment by Editor/Reviewer: OK? I suggest stating this in a way that supports your research and thus strengthens your arguments. This is an example to present the concept. The intent and text if for you to compose.  
However, it is unknown which mitochondrial proteins and metabolic pathways regulate ROS levels in aging oocytes and sperm. We hypothesize that these pathways are sex-specific and undergo distinct changes with age, reflecting fundamental biological differences in the aging processes of oocytes and sperm. Are these pathways conserved across sexes or sex-specific? Do they undergo similar changes with age? We further These insights provide the foundation for our hypothesizes that germline-specific mtROS can serve asbe a biomarker for assessing oocyte and sperm quality and as well as reproductive aging. 	Comment by Editor/Reviewer: Did I preserve your intent? I highlighted that you have two hypotheses you are addressing. 	Comment by Editor/Reviewer: 1. Again, I suggest stating this as a hypothesis. This is evidence supporting your hypothesis of age and sex-specific regulators of mtROS. 
2. Also, I suggest bolding this statement because it points to your central question as a hypothesis. 	Comment by Editor/Reviewer: I suggest stating the question addressed by Objective 1. 
Objective 1 will validate mtROS as a marker for reproductive aging.

Sex differences and environmental factors
Sex differences significantly impact health, influencing disease prevalence, risk factors, progression, and treatment responses. Despite sexual differences, a substantial knowledge gap persists regarding the role of environmental factors in these differences. González Zarzar et al.et al, for instance, used sex-stratified phenomic environment-wide association studies (EWAS) using National Health and Nutrition Examination Survey (NHANES) data. They identified environmental-phenotype associations, revealing potential biological pathways with significant sex-based differences. These 
disparities may stem from varying exposure levels or biological mechanisms37. Males and females are vulnerable to the damaging effects of environmental exposures on their reproductive systems, mainlyparticularly through impacts on mitochondrial function in oocytes and sperm. Testicular and sperm damage are often a result of oxidative stress, compounded by a decline in antioxidant activity and mitochondrial dysfunction with age35. Exposure to pollutants, toxins, and endocrine-disrupting chemicals, such as heavy metals, pesticides, and industrial chemicals, is linked to increased ROS production, impaired sperm production, reduced sperm quality, and elevated DNA damage in sperm cells35,38. Similarly, oxidative stress due to lifestyle factors such as chemical exposure is implicated in the aging of ovarian cells and reduced reproductive potential in females36. Despite this knowledge, no large-scale study has simultaneously examined the differential impact of environmental exposures on age-related mitochondrial function, ROS, and reproductive aging in both sexes. To our knowledge, no comprehensive screen investigating potential reproductive toxicities and their effects on age-related mitochondrial quality in oocytes and sperm has been conducted. We hypothesize that specific contaminants disrupt mitochondrial regulation of ROS in the germline, negatively affecting reproductive longevity through distinct mechanisms. Furthermore, these contaminants exert selective or similar effects on exposed males versus females. Which contaminants disrupt mitochondrial regulation of ROS in the germline? What is their effect on reproductive longevity, and what are the mechanisms? Do they have a selective or similar effect on exposed males versus females? 	Comment by Editor/Reviewer: I edited these sentences to group the three hypotheses, which will be addressed by Objectives 2 and 3. I suggest this is clearer and creates a single bolded paragraph covering your hypotheses for reviewers. Too many bolded sentences become a distraction. Please be sure I did not alter your intent. 
Objective 2 will focus on these questions and discover contaminants affecting sex-specific reproductive aging.
Environmental toxicants significantly impact mammalian reproduction, inducing transgenerational effects via epigenetic alterations. We further hypothesize that toxicants disrupting germline mitochondrial function induce reproductive toxicity in unexposed generations by molecular mechanisms leading to persistent changes in germ cells. Transmission occurs through maternal, paternal, or both lines, affecting multiple generations. 
Which toxicants that disrupt germline mitochondrial function also cause reproductive toxicity in unexposed generations? Is transmission maternal, paternal, or both? How many generations are affected? What molecular mechanisms drive these persistent changes in germ cells?
Objectives 2 and 3 will address these hypotheses by identifying toxicants that lead to transgenerational and sex-specific effects. Objective 3 will answer these questions by identifying toxicants that lead to transgenerational and sex-specific effects?


C. elegans as a model for sex-specific reproductive aging, reproductive toxicity, and transgenerational effects
mtROS can be elevated by factors, including endogenous factors and environmental stressors, such as exposure to high concentrations of environmental toxicants23. Notably, these environmental stressors can can not only impair reproductive health in males and females39,40 andbut also induce heritable effects in progeny39,41,42.  	Comment by Editor/Reviewer: Did I preserve your intent? 	Comment by Editor/Reviewer: This sentence is redundant with the previous one, so I fused them. Are environmental pollutants among the factors in citation 41, 51? If so, I suggest placing the citations at the end of the new sentence. 

The nematode C. elegans has emerged as a valuable model organism for assessing reproductive aging, the toxicity of various environmental pollutants, and the underlying cellular mechanisms. Thus, C. elegans is a powerful model43 for studying aging in general, and particularly reproductive aging44 and reproductive toxicity41,45, i.n cluding environmental pollutants. 

It C. elegans has a short lifespan, rapid reproductive cycle, and easyease of genetic manipulation, enabling high-throughput studies,  and facilitating the study of various experimental conditions, and genetic perturbations. Thus, the model is excellent for studying the causal relationship between cellular pathways and reproductive aging. A significantmajor advantage of using C. elegans to study reproductive aging is that it exists naturally in two sexes - males and hermaphrodites, with mutants available tohat can fully convert them into fertile females46. Despite having vastly different reproductive chronologies and strategies, there is a a remarkable conservation of cellular and molecular components governing oocyte quality and reproductive aging from worms to humans47–49. Like women, C. elegans adult hermaphrodites undergo reproductive aging due to a decline indecreased oocyte quality48. Women and C. elegans hermaphrodites have similar reproductive aging profiles, comprising comparable proportions of their respective lifespans47,48. Given that reproductive aging in C. elegans is regulated by highly conserved genes and pathways governing oocyte quality with age50, it is an excellentpowerful organism for studying age-related reproductive decline in a biologically meaningful context. C. elegans offers unique advantages for oocyte biochemical analyseis. Unlike the paucity of samples and technical constraints of human oocytes1,17, C. elegans hermaphrodites produce hundreds of oocytes throughout their reproductive span, providing an abundant and accessible source tofor study ing oocyte biology51. Critically, for this project, the model enables the study of sperm aging. Several studies fihave found that some sperm features do not change with age, and reproductive aging in males may be related to mating behavior52,53. However, these findings cannot fully explain the well-established correlation between increasing paternal age and detrimental outcomes after fertilization, such as increased embryonic death and decreased production of fertilizedHowever, these findings cannot fully explain the well-established correlation between increasing paternal age and detrimental outcomes such as increased embryonic death and decreased production of fertilized eggs52,54, . This indicatinges other factors affecting sperm quality. AFurthermore, altering endogenous metabolic processes can impacts sperm aging55,56, which strongly emphasizinges the value ofneed to studying the metabolic pathways and cellular mechanisms that may contributecontributing to age-related sperm deterioration. 	Comment by Editor/Reviewer: Did I preserve your intent?  Also, I suggest more impactful language and perhaps emphasizing the final sentence, if you consider this a critical statement of justification. 
	Comment by Editor/Reviewer: Did I preserve your intent? You are pointing out the value of the model, I believe. 


King DE et al. conducted whole-worm respirometry experiments on different C. elegans strains at the young adult stage, including wild-type (hermaphrodites) and male-enriched strains, including fog-2, which . regulates sexual differentiation, particularly in hermaphrodites57. They reported no significant differences in oxygen consumption rates (OCR) between wild-type N2 worms and male-enriched strains, indicating no difference in mitochondrial function58. The daf-2 gene encodes an insulin/IGF-1 receptor homolog and a known longevity mutant, extending both lifespan59 and reproductive longevity60–62. We previously found that mitochondrial proteins from young wild-type and daf-2 mutant worms are similar. In contrast, aged wild-type worms showed distinct differences in their mitochondrial proteome16, indicating that mitochondrial changes become more pronounced with age.5960–62We found that mitochondrial proteins from young wild-type and daf-2 mutant worms are similar, whereas aged wild-type worms show distinct differences in their mitochondrial proteome16, indicating that mitochondrial changes become more pronounced with age. WGiven these findings, we thus tested whether mitochondrial function also exhibits more robust differences between males and hermaphrodites with age. As a proof of concept, we conducted a pilot small-scale respirometry experiment comparing OCR between day-5 fog-2 males and hermaphrodites. To minimize the impact of embryos on measurements, we treated worms with serotonin to enhance egg-laying. All measurements were normalized to mean worm length to account for size differences. Significantly, maximum respiration is substantiallysignificantly lower in day-5 fog-2 hermaphrodites compared to age-matched males (Fig.__). We will repeat and optimize the experiment; however, these preliminary results are highly promising. 	Comment by Editor/Reviewer: I suggest explaining fog-2 briefly for general reviewers. 	Comment by Editor/Reviewer: I suggest indicating what this result means. Presumably, there was no difference in mt function. 	Comment by Editor/Reviewer: Is there a citation? Is this preliminary work? 	Comment by חן לסניק: Ideally, we should use feminized worms (e.g., fog-2 females) instead of hermaphrodites to eliminate any potential confounding effects from sperm production. Additionally, extending the experiment to include older worms (e.g., day 7 or day 9) would provide a more comprehensive view of age-related changes in mitochondrial function between sexes. These refinements will allow for a more accurate comparison between males and females at the same chronological and reproductive age, potentially revealing important insights into sex-specific differences in mitochondrial function during reproductive aging.

C. elegans has also been studieds for various the inherited effects of environmental stressors63 and the effects of different environmental toxicants on reproductive parameters, including brood size, egg production, embryo viability, germline apoptosis, and gene expression41. Environmental pollutants can induce transgenerational toxicity in C. elegans, with different cellular mechanisms regulating these effects. These effects include activation of oxidative stress, damage to reproductive systems, induction of UPRmt, and decreased mitochondrial membrane potential64. C. elegans is an excellent model for studying these effects due to its short life cycle and similarities to other organisms in toxicity mechanisms. Whereas C. elegans has been widely used to study reproductive toxicity, the specific effects of environmental contaminants on reproductive longevity and the potential involvement of mitochondrial impairment in both sexes offer an invaluable opportunity for novel insights.	Comment by Editor/Reviewer: “Various” is an ambiguous word.  I remove such words when possible, state a number, or provide examples. Ambiguous words also indicate that a citation is needed to define the word.  	Comment by Editor/Reviewer: This seems redundant. 
WeThis proposeal aims to leverage advanced techniques in molecular biology, toxicology, and reproductive biology to dissect the complex interplay between environmental contaminants, mitochondrial dysfunction, and reproductive aging in both sexes. 	Comment by Editor/Reviewer: The text box catches the eye but appears visually disorganized. I suggest right justification of the text. Also, the sentence is a bit wordy. Did I preserve your intent?To Our goal of identifying sex-specific mitochondrial regulators of reproductive aging and understandassessing how contaminants affect oocytes, sperm, and transgenerational reproductive health, we propose three will be achieved through the following objectives.:
Objective 1. Identify sex-specific mitochondrial proteins and pathways regulating ROS in oocytes and sperm for reproductive longevity
Objective 2. Elucidate how environmental toxicants disrupt mtROS regulation and promote sex-specific reproductive aging
Objective 33. ) Investigate the sex-specific transgenerational effects of these disruptions



BenefitsOur unique approach to the study of reproductive aging and environmental toxicity	Comment by Editor/Reviewer: I suggest that this section precede the paragraph and objectives starting at line 196. Here, you are discussing the advantages of your system. Logically, you would then discuss how you would use the system via the Objectives.	Comment by Editor/Reviewer: In this section, I suggest explicitly stating what the proposal offers that is new and exciting. As an example, I added headings to each point you are making. The final titles are for you to decide, but this example presents the concept. Reviewers will not have to derive the innovations from the text because they are stated clearly. I suggest adding any additional innovations or insights that the proposal will provide. Make sense? 
Uniqueness. Our research proposal presents a unique, comprehensive approach to studying reproductive aging by combining a multi-level analysis from organelles to whole organisms with a strong focus on sex-specific differences. 	Comment by Editor/Reviewer: “Sex-specific differences” seems redundant with “sex-specific differences between males and females.” 
Innovation. We willOur proposal leverages the genetic tractability of the dual-sex system of C. elegans system, which has hermaphrodites and males and a short lifespan. Our study emphasizes mitochondrial function and ROS levels as key factors in reproductive aging. 
Novelty. It introduces a novel high-throughput screening method using the MitoTimer reporter to assess chemical impacts on mtROS levels in aged male and female germlines. A critical key advantage of theis approach is simultaneously testingthe ability to simultaneously test a large numbers of compounds and assessingassess their effects on males and hermaphrodites/females in parallel. 	Comment by Editor/Reviewer: Did I preserve your intent? I separated the single sentence into several for clarity. 
New knowledge. Unlike previous studies, we will specifically examine aged reproduction and integrate environmental factors. We will explore how toxicants affect mitochondrial function during reproductive aging and investigate transgenerational effects. The comprehensive methodology combines genetic, biochemical, molecular, cellular, and high-throughput techniques, including tissue-specific analyses.
New knowledge. Changes to the mitochondrial proteome of sperm during aging are unknown. 
Impact. The major impact of our approach comes from combining all three objectives, giving us a complete picture of how sex-specific mitochondrial pathways and mtROS regulate reproductive aging at the cellular, tissue, and organismal levels.
Impact. The proposalapproach offers an innovative strategy for unraveling the complexities of reproductive aging, with significant implications for understanding and addressing age-related fertility decline in humans. The knowledge gained will enable substantial advances in elucidating the complex interplay between mitochondrial function, environmental factors, and reproductive aging in both sexes.



Section b. Methodology
Detailed research plan:
This section outlines our proposed research methodologies and addresses the associated risks in achieving our three primary objectives (Fig._). We willThe real impact of our approach comes from combineing all three objectives for, giving us a a complete picture of how sex-specific mitochondrial pathways and mtROS regulate reproductive aging at the cellular, tissue, and organismal levels. By integrating proteomics, high-throughput screening, and transgenerational analyses, we will reveal how mitochondrial ROS regulation affects oocyte and sperm quality during aging, how environmental toxicants accelerate these changes, and how these disruptions potentially carry over to future generations. This comprehensive strategy will uncover vitalkey molecular mechanisms of reproductive longevity and point to potential interventions.	Comment by Editor/Reviewer: details?  I suggest this section is for a detailed explanation of your proposal rather than an outline. 	Comment by Editor/Reviewer: This sentence, as written, is a clear innovation for the previous section. I moved it as a separate Impact to line 245 and edited it accordingly here. I suggest this will make it clearer for reviewers that the combined Objectives have a major impact.  I hope this makes sense. 

Fig._

[image: ]Fig._



Objectives
: We will useUsing C. elegans to, we will investigate reproductive aging at the cellular, tissue, and whole-organism levels to uncover sex-specific mitochondrial regulators of reproductive aging. We will elucidate mitochondrial regulation of ROS and longevity in both sexes and understand the mechanism of toxicant disruption of these pathways in oocytes versus sperm. Critically, we will examine their transgenerational effects and provide insights to counteract multi-generational reproductive toxicity. To achieve these goals, we propose three Objectives. 

Objective 1. Identify sex-specific mitochondrial proteins and pathways essential for maintaining ROS levels in oocytes and sperm during aging:
Rationale 
: Mitochondria are essential key regulators of oocyte and sperm quality and reproductive longevity, likely through mechanisms that include ROS regulation. Whereasile mitochondrial dysfunction and increased ROS are linked to reproductive aging, little is known about the sex-specific mitochondrial proteins and pathways that maintain ROS in aging oocytes and sperm. Additionally, the sperm mitochondrial proteome during aging remains uncharacterized. Identifying these regulators is essentialimportant for uncovering mechanisms of reproductive aging and developing strategies to preserve fertility.
	Comment by Editor/Reviewer: “Key” seems a bit overused. 	Comment by Editor/Reviewer: I added this as new knowledge at line 245. 
Hypothesis: 	Comment by Editor/Reviewer: I suggest a legend for this figure explaining N, the statistics, and its significance. Fig._

We hypothesize that distinct sex-specific mitochondrial proteins and pathways regulate ROS levels in aged oocytes and sperm, and their dysregulation promotes reproductive aging. A comparative proteomic analysis of young versus reproductively aged male and hermaphrodite mitochondria will reveal critical proteins and pathways involved in this process. Our analysis will uncover how mitochondrial proteins and pathways change with age and highlight the sex-specific differences in these changes between males and hermaphrodites.We hypothesize that distinct sex-specific mitochondrial proteins and pathways regulate ROS levels in aged oocytes and sperm, and their dysregulation promotes reproductive aging. 
Preliminary results: 
During my postdoctoral research in Prof. Coleen Murphy’sMurphy’s lab, we found a link between a “"youthful”" mitochondrial protein profile, high oocyte quality, extended reproductive longevity, and low levels of mtROS in hermaphrodites16. Given our hypothesis that mitochondrial function differs between hermaphrodites and males, we we sought to tested whether these differences are observable at the whole-organism level as a proof of concept. To this end, we performed a pilot small-scale respirometry experiment comparing oxygen consumption rates (OCR) between day 5five fog-2 males and hermaphrodites. We found that maximal respiration was significantly lower in day 5five fog-2 hermaphrodites compared to age-matched males (Fig. __). While these findings require repetition and further optimization, they indicate suggest promising differences in mitochondrial function between aged males and hermaphrodites. 
[image: ]



	Comment by Editor/Reviewer: 1. I suggest explaining the data, especially panel B. Are there any trends? Are there any sex-specific differences in the data? This seems important because the underlying assumption of the proposal is that sex-specific differences will be found. So, I suggest arguing here as vigorously as possible that the results point to a high probability of differences if that is true. 
2. I suggest indicating the robustness of the analysis if [possible. Can you say anything about the experiment? How many times was it repeated? How many worms per measurement? Also, see comment 2 for this section for more detail. Fig._

1.1 Analyze sex-specific and gamete-specific mitochondrial proteomes in young and reproductively aged C. elegans. We will biochemically purify mitochondria by subcellular fractionation and use mass spectrometry for proteomic analysis (Fig. 3C). OWhile our previous proteomic analysis identified mitochondrial proteins whose abundance changes with age in hermaphrodites16 (Fig._)., However, we propose to here we will determine mitochondrial proteome changes with age in males, which are unknown. In addition to whole worms, we will purify mitochondria from isolated oocytes and sperm, using an established protocol for isolating sperm and oocytesoocyte for biochemical assays from C. elegans65. Our experimental approach will enable us to isolate mitochondrial proteins and detect low-abundance proteins66. We recently isolated aged oocytes from wild-type C. elegans using our well-established published protocol65 , and successfully purified mitochondria (Fig. 3C, D). We will isolate mitochondria from young adult (day 1) and reproductively old (day 5) males, as well as from young (day 1) and reproductively old (day 5) sperm and oocytes. These mitochondria will be subjected to proteomic analysis using LC-MS/MS at a proteomic core facility. Proteomic profiles will be compared to identify differences in protein abundances between young and old males, between males and hermaphrodites, and between whole worms and oocyte/sperm-specific mitochondria.	Comment by Editor/Reviewer: I suggest citing the facility, if known. 	Comment by Editor/Reviewer: I suggest stating what results you will get from this analysis as a final sentence. 
1.2 Investigate the role of candidate mitochondrial proteins in regulating reproduction, oocyte quality, and sperm function in aged animals. We found previously  found that the mitochondrial proteome changes with age in hermaphrodites16. We hypothesize that similar age-related changes occur in males with sex-specific proteins. We will compare mitochondria from young/old males/hermaphrodites for sex-specific changes. Proteins that increasinge in abundance with age may be associated with age-promoting pathways (mitochondrial aged proteins). Conversely, proteins more abundant in animals with youthful characteristics may indicate mitochondrial pathways important for maintaining young cellular properties or inhibiting age-related processes (mitochondrial youthful proteins). We will prioritize candidate mitochondrial aged/youthful proteins based on adjusted p-value and fold change.  OGiven that our earlier study identified 1,469 proteins from the mitochondrial proteomes of wild-type and daf-2 worms16. Thus, we, we expect a similar number of proteins when comparing young and aged males/hermaphrodites. We anticipate identifying approximately 50 to 100 proteins of interest linked to reproductive aging, focusing on proteins that demonstrate different trends with age in males versus hermaphrodites. We will explore key protein categories, including transcription factors that regulate mitochondrial function, metabolic enzymes involved in ROS synthesis and detoxification, and proteins associated explicitlyspecifically associated with mitochondrial health, such as BCAT-1 and ACDH-1. This targeted approach will allow us to draw more specific conclusions regarding the role of mitochondrial proteins in maintaining oocyte and sperm quality across different ages. Using adult-only RNAi knockdown of youthful proteins and overexpression of aged proteins, we will assess late-mated reproductive capability and mated reproductive span in both sexes. We will also determineassess oocyte quality in hermaphrodites, including morphology and fertilization competencebility4,16,50,67,68, and sperm function in males, including the rate of activation69. MIf we identify mitochondrial proteins that regulate late-mated reproductive capability, which were detected in whole-animal proteomics but not in oocyte or sperm-specific mitochondrial proteomics, this may indicatepotentially suggest non-autonomous regulation. This finding would prompt further an investigationinvestigation into of these proteins and their roles in reproductive aging. WWe predict that manipulating these proteins will lead to the identification of specific mitochondrial proteins whose gene overexpression or under expression will results in extended reproductive health. 	Comment by Editor/Reviewer: Please note earlier comments in section B1 about providing criteria for selecting proteins and anticipating numbers. This is discussed in comments 3 of Summary Comments (Edit 2). There is more space to discuss these points to communicate to reviewers that you have considered the proposal carefully and realistically. 	Comment by Editor/Reviewer: OK? 	Comment by Editor/Reviewer: “Potentially suggests” communicates uncertainty. The proposal depends upon finding such proteins. I suggest “may indicate.”  
1.3 Identify mitochondrial proteins that regulate ROS levels in aged oocytes and sperm and elucidate the mechanisms by which they regulate reproductive longevity. Candidate mitochondrial aged/youthful proteins demonstrating effects on reproductive longevity in Section 1.2 will be examined for impacteffects on mitochondrial function and morphology in aged oocytes and sperm. We will visualize mitochondrial morphology and assess function by measuring mtROS, membrane potentials, and oxygen consumption rates in strains expressing the germline marker TOMM-20::mKate2. We will thus establish causal relationships between candidate mitochondrial aged/youthful proteins and mitochondrial characteristics in aged gametes of males and hermaphrodites. ANext, among the proteins that affect mitochondrial function in aged oocytes and sperm, we will determine which are likely true regulators of mtROS. To identify these regulators, we will perform the following: 
: 1.3.1. We expect ROS regulators to play roles in oxidative stress response. Therefore, wWe will therefore alter the expression of candidate mitochondrial proteins and will induce oxidative stress using paraquat. 
We will then determine whether these proteins affect the cellular response to oxidative stress by performing survival assays, for example. 
1.3.2. We will knock downknockdown or overexpress candidate proteins in combinationtogether with known ROS production enzymes to and will test for epistatic relationships. We expect that regulators to show epistatic relationships. 
1.3.3. We will knock down or overexpress candidate proteins to and will assess mtROS in oocytes or sperm either with or without supplementingthe supplementation of antioxidants such as N-acetylcysteine.  We expect that a regulator to would display a reverseal ROS-related phenotypes upon antioxidant treatment.
We will further investigate how candidate regulators affect reproductive aging through transcriptional regulation and tissue-specific action in males and hermaphrodites because cellular metabolism is tightly coordinated with transcription70. WeFor transcriptional analysis, we will perform oocyte- or sperm-specific RNA sequencing for transcriptional analysis on aged gametes under control and candidate protein knockdown/overexpression conditions. Candidates will be transcripts with an FDR of 5% and log2FC > 1. This approach will also uncover crosstalk between candidate regulators and known pathways, revealing shared and sex-specific transcriptional signatures associated with high-quality aged gametes and identifying additional targets regulating reproductive longevity. There is a crosstalk between somatic tissues and the germline71,72 and a link between somatic aging and reproductive longevity50,67,73–77. For candidates identified from the whole-animal mitochondrial proteome, we will use strains that allow tissue-specific knockdown78,79 and overexpression of candidate proteins to determine tissue specificity. We will assess reproductive span and late-mated reproductive capability in both sexes under various conditions. This data will indicate the tissues where each candidate protein contributes to regulating reproductive aging. For non-autonomous proteins, we will also investigate the crosstalk mechanisms between the relevant tissues and the germline in both sexes. This approach will identify proteins that are somatic regulators of reproductive aging and specify the tissues wherein which their function is required for regulating age-related reproduction. By comparing these proteins to the regulators identified from our oocyte or sperm-specific proteomics, we can determine if they are the same regulators or if the tissue-specific regulators share common characteristics. We will further investigate the crosstalk between these tissues and the germline to characterize the underlying mechanisms.
Risk assessment and alternative approaches	Comment by Editor/Reviewer: Again, it should be clear how you will identify candidates. 	Comment by Editor/Reviewer: “For example”. I suggest being explicit with reviewers about what other assays you will use. As is, lack of detail can interrupt the reading flow. 	Comment by Editor/Reviewer: Why? I suggest that it is important not to elicit questions. Simple statements like this are an example. We expect because… 	Comment by Editor/Reviewer: because?	Comment by Editor/Reviewer: Great! 	Comment by Editor/Reviewer: I suggest this is ambiguous. What conditions?	Comment by Editor/Reviewer: I suggest a sentence stating what you will achieve through the experiments described. They are complex, so a summary would be beneficial. Bold/italics for emphasis. 
Risk assessment and alternative approaches : T
Mhe mitochondrial isolation, including oocyte-specific mitochondrial isolation in Objective 1.1, is very straightforward and employs methods we have successfully used successfully in the past (Fig._). If sperm-specific mitochondrial isolation proves technically challenging, we will use germline-specific promoters to specifically express mitoGFP in the germline to isolate total mitochondria from males. We will and then sort for germline-specific mitochondria using Fluorescence-Activated Cell Sorting (FACS). Using our FACS expertise, wWe have successfullythe expertise in doing that and have had successful results using this approach to isolated muscle-specific mitochondria. There is a primary risk of failing to identify significant mitochondrial protein differences between males and hermaphrodites. In this case, we will include nuclear and cytosolic fractions proteomic analyses to identify nuclear-encoded mitochondrial proteins and other cellular compartments. In addition to proteomics, we will also use metabolomics as a complementary approach to profile sex-specific metabolite differences, helping us focus on relevant metabolic pathways.	Comment by Editor/Reviewer: simple and reproducible? 	Comment by Editor/Reviewer: I suggest a citation. 	Comment by Editor/Reviewer: DId I preserve your intent? 	Comment by Editor/Reviewer: As noted in Comment 5 for section B1, I suggest that proposing to look at nuclear or cellular factors is a major project beyond the proposal’s scope.  I suggest arguing instead that, based on previous results or studies, there are probably sex-specific mitochondrial factors in oocytes and sperm if this is the case. To propose such a major alternative approach may be interpreted as a proposal that is too preliminary. I hope this makes sense. 
 

The experiments described Objective 1 will define sex-specific mitochondrial proteins and pathways essential for maintaining ROS in oocytes and sperm during aging. Furthermore, it will uncover the proteins and mechanisms regulating ROS levels that are critical for reproductive longevity. The findings will significantly contribute to our knowledge of mitochondrial regulation in reproductive longevity.




Objective 1 will define sex-specific mitochondrial proteins and pathways essential for maintaining ROS in oocytes and sperm during aging. Furthermore, it will uncover the proteins and mechanisms regulating ROS levels critical for reproductive longevity. The findings will significantly contribute to our knowledge of mitochondrial regulation in reproductive longevity.


Objective 2. Elucidate sex-specific cellular and molecular mechanisms by which environmental toxicants disrupt mitochondrial ROS homeostasis, resulting in and accelerated oocyte and sperm aging: 
Rationale: 
While toxicants are often classified based on their mechanistic endpoints, including (e.g., oxidative stress and, metabolic alterations etc.)80, our understanding of the toxin-specific cellular mechanisms and their interactionhow they interact is still incomplete81. The interactions between toxicants and cellular pathways, particularly in the context of mitochondrial biology, dependvary based on cell type, toxicant dose, and exposure duration82. Moreover, the complexity of toxicant-induced mitochondrial changes, including sex-specific differences, , makes it challenges our abilitying to map out all the underlying pathways. This knowledge gap represents a significant opportunity for further research, particularly in high-throughput screening approaches that can to unravel theese intricate mechanisms and interactions in various cell types and environmental contexts by.  high-throughput screening approaches. Understanding the sex-specific impacts of environmental toxicants on reproductive aging is essential not just for revealing the distinct responses between males and females, but also for exploring the effects of environmental factors on aging. A comprehensive, unbiased approach that combines high-throughput screening with targeted molecular analysis is necessary to detect the subtle yet significant effects of toxicants on mitochondrial function and age-related reproductive health. We propose using the MitoTimer reporter system in C. elegans to visualize and quantify mitochondrial mtROS in aging male and hermaphrodite germlines exposed to toxicants. 
Traditional methods for assessing reproductive toxicity, such as long-term animal studies and human epidemiological data, are time-consuming, resource-intensive, and often ethically impractical for routine analysis of multiple toxicants under varying conditions80. We will utilize specific labelinglabelling of mtROS in the germline of C. elegans using MitoTimer83. We will initially screen a curated library of 133 environmentally relevant chemicals for their effects on germline mtROS levels in aged C. elegans. Ulaganathan et al. utilized a transgenic reporter strain that identifies errors in chromosome segregation to successfully screen a chemical database of 133 chemicals81. Theis database was compiled from suspect screenings and non-targeted analyses of blood samples from pregnant individuals in San Francisco, alongside chemicals of greathigh concern for human health, such as alternative flame retardants (AFRs), pesticides, biocides, perfluoroalkyl and polyfluoroalkyl substances (PFAS), plasticizers, and quaternary ammonium compounds (QACs). TThrough this method, they identified 13 chemicals with pronounced reproductive toxicity. However, the underlying mechanisms of this reproductive toxicity remain unexplored81. It is important to note that using this strain has the limitation of identifying only reproductive toxicants that induce errors in chromosome segregation. For example, perfluorooctanoic acid (PFOA) is a fluorinated compound linked to reproductive toxicity, causing testicular damage and increased apoptosis in male offspring due to oxidative stress84. It induces mitochondrial dysfunction, leading to cytotoxic effects on spermatogonia and elevated ROS in mouse testes85. Oxidative stress and mitochondrial damage are also important key mechanisms behind PFOA’sPFOA's effects on oocyte integrity (reviewed in Shi et al. 2024)86.
Despite being included in the list of the 133 toxicants tested by Ulaganathan et al.et al, PFOA was not among the 13 reproductive toxicants identified. TAdditionally, their screen was also limited to younger worms (L4)81 , without evaluating the effects of these chemicals on aged worms. This omission is significant because reproductive toxicity in younger organisms may not fully capture the spectrum of effects observed in aging populations, where mtROS accumulation may be play a more prominent role. The effect of these toxicants may include a shortened reproductive span, which was not explored in the original study. Another knowledge gap is the lack of evidence as toon whether the results observed in hermaphrodites are also applicablepply to males. To address these gaps, we will initiallywill start by screening the same curated library of 133 environmentally relevant chemicals81 for their effects on germline mtROS levels in aged worms. By focusing on mtROS and expanding the study to include both hermaphrodites and males, we willaim to uncover novel mechanisms underlying age-related reproductive toxicity that were not considered in the original study. OurThis approach will provide insights into  how mitochondrial function, rather than just chromosome segregation, and, dissect how  is impacted by environmental exposuresenvironmental exposures impact function and how these effects may vary between sexes as animals age.	Comment by Editor/Reviewer: “Etc. raises a question. What else? I removed this. Is your intent preserved? 	Comment by Editor/Reviewer: OK?	Comment by Editor/Reviewer: Unbiased is a virtue that can be added to the list of innovations at line 229. 	Comment by Editor/Reviewer: I removed the word “various.” OK? 	Comment by Editor/Reviewer: Are you planning to screen more than these 133 compounds? If so, where will those compounds come from? 	Comment by Editor/Reviewer: Did I preserve your intent? Fig. 4: Sex-specific screening of reproductive toxicants affecting mtROS in aged C. elegans germline. (A) Germline-specific promoter driving expression of MitoTimer protein, which shifts from green to red fluorescence upon oxidation. (B) Workflow of simultaneous screening in male and hermaphrodite germlines.




2.1 Establish a novel high-throughput reproductive toxicity screen to identify sex-specific chemical effects on mtROS in aged germline. To identify chemicals that increase mtROS levels in the aged germline, we will use an innovative novel high-throughput screening approach to distinguish between male-specific, hermaphrodite-specific, and shared effects (Fig._). This sex-specific screening platform utilizes transgenic C. elegans expressing the MitoTimer reporter83 under a germline-specific promoter in males and hermaphrodites (Fig._). We will ensure robust analysis of both sexes by utilizing the him-5(e1490) mutant background to increase male production and filtration to enrich males further87. We will grow synchronized L1 larvae in liquid culture until they reach the L4 stage. In a multi-well assay plate, we will add OP50 solution as a food source along with test compounds at the desired concentrations (e.g., 10 µM, 30 µM, 100 µM81) to the corresponding wells, including control wells (DMSO or no treatment). In previous work, we found these toxicant concentrations optimal for inducing effects. , andT incubate the plates will be incubated at 20°C for 24 hours to allow for exposure. After incubationthis period, we will measure the initial fluorescence (Day 0) of mtROS. After exposure, we willWe will then replace the medium with fresh OP50 (without toxicants) and keep the worms at 20°C after exposure. Fluorescence will be measured again at on Day 2 (young adults), Day 5 (reproductive-aged adults), and Day 7 (aged adults) fromusing the same wells, providing a fresh food source every other day. Finally, we will analyze the fluorescence data across different time points to assess changes in mtROS levels in response to the compounds, .c We will comparering treated groups with DMSO controls to evaluate the effects over time. This novel approach will assess chemical impacts on mtROS in aged male and female germlines simultaneously, providing unique insights into sex-specific reproductive toxicity (Fig. 4B). In collaboration with The Nancy and Stephen Grand Israel National Center for Personalized Medicine at the Weizmann Institute of Science (see, Letter of Collaboration), we will optimize and integrate high-throughput fluorescence-based screening protocols88 with established methods for assessing chemical toxicity in C. elegans81,89–91.	Comment by Editor/Reviewer: Which promoter? 	Comment by Editor/Reviewer: I suggest a statement explaining why you chose these concentrations. Although you have a citation, reviewers will not take time to investigate. I inserted an example sentence. I suggest making it as specific as possible. As a general tip, one objective in grantsmanship is to answer reviewer questions preemptively. 	Comment by Editor/Reviewer: OK? 
2.2 Characterize the sex-specific impact of identified chemicals on germline function and reproductive aging. We will examine chemicals that increase germline mtROS levels ((as identified in section 2.1) for their effects on aged oocyte and sperm mitochondrial function. This age-related increase will be considered the baseline amount becauseSince we have found that mtROS levels increase with age in wild-type (N2) hermaphrodite oocytes16., this age-related increase will be considered the baseline. IAny further increases beyond this baseline will be defined as abnormal. We will categorize toxicants based on whether they primarily affect males, hermaphrodites, or both, with an initial focus on those showing sex-specific effects. We will prioritize studying chemicals with documented effects in mammals. For top hits, we will identify changes in the mitochondrial proteome following toxicant exposure and assess their impacts on aged oocyte and sperm quality, mated reproductive span, and lifespan. Our high-throughput screen will determine whether these compounds reduce oocyte or sperm quality by modifying mtROS. Additionally, chemicals with known mechanisms of action may reveal vitalkey cellular pathways that are critical for reproductive capacity in late age.	Comment by Editor/Reviewer: As noted earlier, I suggest adding a sentence here explaining how many top hits you expect and how many you can characterize. We estimate from previous studies (ref) that we will obtain 5-10 top hits. AS an example, “If we obtain more, we will characterize up to 20 toxicants, prioritizing those with the greatest sex-specific potency”. The concept again is to communicate that you have thought through the limits of your resources and how to define your top candidate toxicants. 
Risk assessment and alternative approaches: 
The proposed objective faces several challenges.risks The, primaryprimarily challenge is the variability of in ROS measurements due to environmental factors and batch effects. To address this, we will use technical replicates within the same assay plate and collaborate with The Nancy and Stephen Grand Israel National Center for Personalized Medicine to optimize the high-throughput screening process. Moreover, toxicants may affect both sexes similarly or exhibit complex interactions with mitochondrial ROS homeostasis, which could lead to less insightful results. In this scenario, we will focus on shared effects, allowing us still to evaluate broader impacts on mitochondrial function and reproductive agingto still evaluate broader impacts on mitochondrial function and reproductive aging.


	Comment by Editor/Reviewer: This description seems too wordy as a summary of what Objective 2 will achieve. Many of the statements can be moved as summaries of each subheading 2.1 or 2.2. The final statement here should be two or three sentences stating the output of the entire Objective 2 and bolded for emphasis. This will be consistent with the other objectives. 
Objective 2 will address a critical knowledge gap regarding the sex-specific effects of environmental toxicants on reproductive health by focusing on mitochondrial ROS homeostasis. By identifying chemicals that disrupt mitochondrial function in oocytes and sperm and uncovering vital cellular pathways involved in reproductive aging, we will establish novel biomarkers for reproductive toxicity. We will identify which proteins are differentially regulated or whose expression, turnover, or quantity are disrupted by toxins. These proteins may serve as markers for induced aging and transgenerational effects. Our approach is unbiased, cost-effective, and straightforward to facilitate a better understanding of the mechanisms underlying these effects. Furthermore, it will serve as a foundation for testing the impacts of mixed toxicant exposures on mitochondrial function, enhancing our comprehension of how environmental factors influence fertility across sexes. The findings may inform human reproductive health, offering insights into mitochondrial mechanisms that govern reproductive aging and paving the way for new strategies to protect fertility.2 aims to address a critical knowledge gap regarding the sex-specific effects of environmental toxicants on reproductive health by focusing on mitochondrial ROS homeostasis. By identifying chemicals that disrupt mitochondrial function in oocytes and sperm and uncovering key cellular pathways involved in reproductive aging, this research will establish novel biomarkers for reproductive toxicity. Utilizing an unbiased, cost-effective, and straightforward model, our approach will facilitate a better understanding of the mechanisms underlying these effects. Furthermore, it will serve as a foundation for testing the impacts of mixed toxicant exposures on mitochondrial function, enhancing our comprehension of how environmental factors influence fertility across sexes. The findings have the potential to inform human reproductive health, offering insights into mitochondrial mechanisms that govern reproductive aging and paving the way for new strategies to protect fertility.




Objective 3: Investigate whether candidate toxicants induce transgenerational reproductive toxicity (TRT) and uncover the underlying molecular mechanisms
Environmental toxicants may have long-lasting effects on reproductive health, extending beyond directly exposed individuals to future generations39,41,92,93. This phenomenon, known as transgenerational reproductive toxicity (TRT), is poorly understood, particularly regarding sex-specific differences. We will focus on how candidate toxicant exposure in mothers and fathers differently impacts subsequent generations’generations’ reproductive health. 
3.1 Identify candidate chemicals inducing transgenerational reproductive effects. We will assess whether exposure of the parental generation to reproductive toxicants identified in Objective 2 adversely affects the reproductive outcomes of unexposed progeny. The mothers or fathers (based on findings from Objective 2) will be exposed to the toxicants under the same conditions described in Objective 2 for 24 hours. For this objective, we will utilize feminized worms (such as fem-1) rather than hermaphrodites to eliminate any effects of exposed sperm on the progeny. On Day 1, we will mate the exposed males and females with young unexposed females and males, respectively, and track the progeny. Our focus will beWe will focus on offspring reproductive span, oocyte quality, and oocyte fertilizabilityfertilization competence. TRTTransgenerational reproductive toxicity inheritance will be considered if effects are observed in the F2 generation. We will also investigate if whether mitochondrial function in the germline of the offspring is affected because this, as this may be a majorkey mechanism in TRTtransgenerational reproductive toxicity. If transgenerational effects are discovered, we will study their persistence by examining  multiple subsequent generations until the effect is undetectable. .	Comment by Editor/Reviewer: OK? 	Comment by Editor/Reviewer: OK?
3.2 Elucidate the underlying cellular mechanisms of transgenerational effects. To understand the mechanisms of  TRTtransgenerational reproductive toxicity, we will integrate information from chemical identification, their known targets, and related pathways with the findings from Objective 3.1. 
As reviewed by Nilsson et al., exposure to toxicants can induce significant epigenetic modifications in germ cells, leading to alterations affecting future generations94. To explore these epigenetic changes in depth, we will comprehensively analyze the germline of both exposed parents and their offspring, as well as critical modifications such as DNA methylation and histone modifications. We will employ advanced techniques, like ChIP-seq95, to gain insights into the epigenetic landscape altered by toxicant exposure. In addition to our epigenetic analysis, we will examine differentially expressed genes identified through our transcriptomic analysis. This analysis will pinpoint specific gene pathways that are disrupted due to parental exposure to toxicants. By analyzing differentially expressed genes from our transcriptomic analysis, we will identify specific gene pathways that are altered due to parental exposure to toxicants. In addition to transcriptomic analysis, we will examine epigenetic changes (such as DNA methylation and histone modifications) in the germline of both exposed parents and their progeny, using techniques like ChIP-seq95 to better understand these modifications. These analyses will help elucidate the mechanisms underlying reproductive toxicity. Furthermore, combining this data with the known modes of action of the identified chemicals will provide a comprehensive understanding of how these toxicants impact gene expression and reproductive health across generations.	Comment by Editor/Reviewer: 1. What other technicques. MethylSeq? Crosslinking? I suggest being specific. 
2. If your lab has this expertise ChIPSeq, RNASeq, or other required methods and analysis,  I suggest stating it. If you will use a core or commercial lab, I suggest stating which one. 
3.3 Identify potential interventions to mitigate toxicant effects. For the known pathways that are affected by toxicant exposure, we will explore potential interventions to reduce these toxicants' adverse effectsaimed at mitigating the adverse effects of these toxicants. This research will involve testing compounds or strategies that could restore normal function in the disrupted pathways identified through our analyses. We will expose the progeny of toxicant-exposed parents to these interventions and assess the same reproductive outcomes outlined in Objectives 1-3, including reproductive span, oocyte quality, and oocyte fertilizabilityfertilization competence. 	Comment by Editor/Reviewer: OK? 
Risk assessment and alternative approaches: 
It is possible the proposed experiments will not reveal TRT or may only reveal very weak or mild effects despite exposure to candidate toxicantsThere is a possibility that the proposed experiments may not reveal transgenerational reproductive toxicity despite exposure to candidate toxicants. This issue could arise due to various factors, including inadequate exposure conditions, the choice of toxicants, or the endpoints measured. To mitigate this risk, we have proposed will  employ different exposure scenarios, such as multiplevarying concentrations or durations of exposure. Furthermore, any modifications made to the experimental design will prompt a reassessment of the impact on both the parental generation and the progeny. Additionally, there is a risk that the underlying mechanism of action of the candidate toxicants may remain unclear, even if TRTtransgenerational reproductive toxicity is observed. This uncertainty can arise from complex interactions between the toxicants and biological systems. To address this, we will utilize a targeted RNAi screen toaimed at knock ing down specific known mitochondrial-related stress response pathways. By systematically silencing genes associated with these pathways, we can assess their involvement in mediating the observed toxic effects. This approach will help clarify the role of mitochondrial function in TRTtransgenerational reproductive toxicity and lead to ancontribute to a better understanding of the molecular mechanisms. ms at play.	Comment by Editor/Reviewer: You have already incorporated this into the proposal to cover this risk. I would state this. 	Comment by Editor/Reviewer: Did I preserve your intent? 

Objective 3 will reveal the mechanisms by which environmental toxicants affect reproductive health across generations in a sex-specific manner, leading to targeted strategies for intervention and shaping policies that protect reproductive health.
Objective 3 will reveal the mechanisms by which environmental toxicants affect reproductive health across generations, leading to targeted strategies for intervention and shaping policies that protect reproductive health.






Feasibility:
Our proposal includes immediately feasible experimentsexperiments that are expected to be immediately feasible with the tools and methods we have in labthe lab, including mitochondrial isolation, RNAi knockdown, and reproductive assays in C. elegans. Our team has extensive experience with C. elegans as a model organism, including techniques for oocyte studies and germline analyses. For proteomic analysis, we will leverage our collaboration____ For toxicant screening, we will leverage our collaboration with The Nancy and Stephen Grand Israel National Center for Personalized Medicine at the Weizmann Institute of Science, whose expertise in high-throughput fluorescence-based screening protocols will be critical for optimizing our MitoTimer reporter system for simultaneous screening ofin both sexes. Additionally, we will aim to recruit a postdoc with experience in toxicology to further enhance our capabilities.	Comment by חן לסניק: I will add once I have the letters
The proposal also includes methodd development. Namely, we will a: adaptting existing techniques for sex-specific and gamete-specific analyses in C. elegans, relying on our team’steam's expertise in C. elegans biology. Some unique tools mustneed to be optimized for our purposes, such as adapting ChIP-seq for our transgenerational epigenetic studies. This method isrepresents one of the more technically challenging aspects of our proposal; however, I previously performed pull-down assays in other systems (e.g., S. cerevisiae), and I am confident we will successfully integrate this method into our work routine. Also, I haveOur lab has a skilled lab manager with expertise in extensive experience in molecular biology techniques, including developing protocols, _____ who will lead these experiments, working closely with the genomics and proteomicsdifferent core facilities, andas well as The Nancy and Stephen Grand Israel National Center for Personalized Medicine at the Weizmann Institute of Science. This combined expertise , willto ensure successful experimental design and troubleshooting. While these experiments are time-intensive, they are well within our current capabilities and project timeframe. There. a In terms of potential challenges, tre three potential challengeshe primary areas of concern.  are: 1) Optimizing protocols for sex-specific and gamete-specific analyses in C. elegans. 2) Ensuring reproducibility in toxicant exposure studies across different experimental batches. 3) Translating findings from C. elegans to mammalian systems. To address these challenges, we have developed rigorous experimental designs with appropriate controls. We will and will collaborate with experts in reproductive toxicology to ensure the relevance of our findings to higher organisms. Our institution houses world-renowned experts in the fields of aging research and environmental toxicology, and we will consult with them as needed to overcome any unforeseen obstacles in our research plan.	Comment by Editor/Reviewer: Which ones? 
WhileOverall, while ambitious, our proposal builds on our team’steam's established expertise and leverages institutional resources and collaborations to ensure feasibility across all objectives.	Comment by Editor/Reviewer: I suggest adding a final statement indicating the project’s significance to scientific knowledge and human health. After identifying potential problems, you now highlight the high significance of the results. So, you are balancing the risks against the gains in your final statement. 
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