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Polycystic ovary syndrome (PCOS) is one of the most prevalent and

heterogeneous disorders in reproductive endocrinology, contributing to

substantial reproductive, metabolic, and psychological morbidity. Despite major

advances in genomics, neuroendocrinology, and systems biology, translation into

disease-modifying therapies remains limited. This Perspective argues for a

strategic shift toward precision medicine, supported by molecular subtyping,

multi-omics profiling, and artificial intelligence (AI). These tools now enable

biologically informed patient stratification and the identification of novel

therapeutic targets. We highlight emerging strategies - including anti-Müllerian

hormone (AMH) neutralization, neuroendocrine modulators, metabolic agents,

and next-generation biologics - and discuss the regulatory, ethical, and

operational considerations required to accelerate innovation. A coordinated,

multi-disciplinary approach integrating computational analytics, biomarker-

driven endpoints, and patient-centered outcomes is essential to close the

longstanding gap between scientific potential and clinical reality.
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1 Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder among

women of reproductive age, affecting 6–13% globally (1, 2). Its clinical manifestations span

reproductive, metabolic, dermatologic, cardiovascular, and psychological domains (3). The

economic burden is substantial, with healthcare costs and productivity losses reaching

billions annually (4). Despite this impact, PCOS remains primarily managed through

symptomatic treatments, with no approved therapies targeting the underlying biological

mechanisms (5).

Recent advances in genomics, neuroendocrinology, and systems biology have revealed

distinct molecular subtypes and complex interactions between metabolic, reproductive, and

environmental factors (6, 7). Yet translation of these insights into disease-modifying

therapies has lagged. Persistent challenges - including heterogeneous diagnostic criteria,

lack of validated biomarkers, and limited integration of patient-reported outcomes -

continue to hinder progress (8, 9). PCOS thus represents both a major unmet medical
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need and a unique opportunity to redefine innovation in women’s

health through precision medicine, AI-enabled stratification, and

emerging biologics (10).
2 Perspective

PCOS research is at an inflection point: biological

understanding has advanced rapidly, yet clinical translation

remains slow and fragmented. We argue that the persistent gap

between mechanistic insight and therapeutic innovation reflects

structural limitations in how PCOS is defined, studied, and

managed. Integrating precision medicine, multi-omics

stratification, and AI-enabled analytics may offer one of the most

promising routes to disease-modifying therapies. By synthesizing

emerging scientific advances and identifying actionable

opportunities, this Perspective aims to catalyze a shift toward

more targeted, biologically grounded, and patient-centered

approaches to PCOS care. Figure 1 presents the conceptual

framework proposed in this Perspective, integrating precision
Frontiers in Endocrinology 02
medicine, multi-omics analytics, emerging therapeutic strategies,

and clinical implementation pathways.
3 Progress and persistent gaps in
PCOS research

Large-scale genomic and multi-omics studies have identified

pathways involved in androgen excess, insulin resistance, and

ovarian dysfunction. These insights have revealed biologically

distinct PCOS subtypes, including metabolic-dominant and

neuroendocrine-dominant phenotypes (11, 12). Despite this

progress, translation into disease-modifying therapies remains

limited. Most available treatments target symptoms -such as

menstrual irregularity, infertility, or metabolic risk - rather than

underlying mechanisms. Persistent challenges include the absence

of validated biomarkers, lack of consensus diagnostic criteria, and

limited integration of patient-reported outcomes. These gaps

contribute to delayed diagnosis, fragmented care, and persistent

unmet needs.
FIGURE 1

Conceptual framework for precision therapeutics and AI-driven innovation in polycystic ovary syndrome (PCOS). This infographic illustrates four
interconnected domains shaping the future of PCOS research and therapeutic development. (1) Precision Medicine -molecular subtyping,
biomarker-guided stratification, and individualized endocrine–metabolic profiling. (2) AI and Multi-Omics - integration of computational analytics
with genomic, hormonal, metabolic, and imaging data to refine patient stratification and predict treatment response. (3) Emerging Therapeutic
Strategies - AMH-axis neutralization, neuroendocrine modulators, metabolic agents, and next-generation biologics targeting pathway-specific
mechanisms. (4) Clinical Integration - operational, regulatory, ethical, and patient-centered considerations required to translate scientific advances
into disease-modifying therapies.
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4 Rethinking drug development in
PCOS

Traditional drug development has been hindered by PCOS

heterogeneity, reliance on short-term symptom-based endpoints,

and insufficient patient stratification (13). Several promising

therapeutic candidates have failed in clinical trials due to

inadequate biomarker integration and endpoints misaligned with

patient priorities (14). Advances in molecular profiling, real-world

data analytics, and AI now enable more precise identification of

PCOS subtypes. Integrating multi-omics biomarkers, patient-

reported outcomes, and adaptive trial designs may improve

clinical relevance and success rates (15). Collaborative efforts

among academia, industry, and regulatory agencies are essential

to establish meaningful endpoints and accelerate translation of basic

science into clinical innovation (16).
5 Precision medicine and emerging
therapeutic targets

Precision medicine aims to match therapies to the underlying

biology of distinct PCOS subgroups. Among emerging targets, anti-

Müllerian hormone (AMH) has gained particular attention. AMH

plays a central role in folliculogenesis and is markedly elevated in

PCOS (6, 12). Neutralizing AMH with monoclonal antibodies

represents a novel therapeutic strategy with potential to restore

ovulatory function (17). This approach remains at the preclinical

stage, with proof-of-concept data emerging primarily from

animal models.

Beyond AMH, several therapeutic classes are under

investigation (18–21).
5.1 Metabolic pathway modulators

• GLP-1 receptor agonists (e.g., liraglutide, semaglutide)

improve weight, insulin sensitivity, and menstrual

regularity. These agents are supported by multiple early-

phase and mid-phase clinical trials in individuals

with PCOS.

• SGLT2 inhibitors (e.g., empagliflozin) show promise for

metabolic phenotypes. Evidence remains preliminary, with

current data derived from small pilot studies.
5.2 Neuroendocrine modulators

• Kisspeptin agonists and.

• Neurokinin-3 receptor antagonists aim to normalize GnRH

neuron activity and LH pulsatility, potentially restoring

ovulation. Clinical development is ongoing, with early

proof-of-concept trials demonstrating normalization of

LH pulsatility.
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5.3 Steroidogenesis inhibitors

Targeting CYP17A1 or CYP11A1 offers a direct approach to

reducing androgen excess. These compounds are currently in early-

stage clinical evaluation for PCOS-related hyperandrogenism.

5.4 Epigenetic and gene-based therapies

Epigenetic modifiers and gene therapy approaches are being

explored to reverse PCOS-related gene expression changes. These

strategies remain entirely preclinical, with ongoing efforts focused

on mechanistic validation and delivery feasibility.

5.5 Circadian and melatonin pathways

Melatonin receptor modulators may help restore circadian

regulation of ovarian function.

5.6 Nutraceuticals

Inositols and berberine continue to show benefits for insulin

sensitivity and ovulatory function.

5.7 Novel biologics

Anti-androgen antibodies and gonadotropin modulators

represent emerging biologic strategies with potential to address

multiple pathophysiological pathways. Most biologic candidates are

in exploratory or preclinical development, with translational

pathways still being defined.
6 AI-driven patient stratification

AI offers transformative potential for PCOS classification and

therapy optimization. Traditional diagnostic systems rely on clinical

criteria that fail to capture biological heterogeneity. Machine

learning models can integrate multi-omics data, hormonal

profiles, imaging, and real-world health records to identify

distinct PCOS subtypes with unique pathophysiological drivers

(22–25). Clustering approaches have revealed metabolic-dominant

versus neuroendocrine-dominant phenotypes, which may guide

selection of GLP-1 receptor agonists or neurokinin antagonists.

Future AI-powered decision-support tools embedded in electronic

health systems could provide real-time stratification and

personalized treatment recommendations (26). Despite these

advances, external validation across diverse populations, model

generalizability, and regulatory requirements for transparency and

explainability remain key challenges for clinical implementation.
7 Newest insights in PCOS research

Recent advances in computational and molecular medicine are

reshaping the landscape of PCOS research. Federated learning
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approaches now enable multi-center AI model training without

requiring direct data sharing, addressing privacy concerns while

improving model generalizability across diverse populations.

Explainable AI has emerged as a critical requirement for clinical

adoption, ensuring transparency in diagnostic and therapeutic

decision-support systems. Multi-omics profiling - including

genomics, transcriptomics, proteomics, and metabolomics - is

increasingly used to identify biologically meaningful PCOS

subtypes and guide personalized therapy. Combination therapies,

such as GLP-1 receptor agonists paired with SGLT2 inhibitors, may

demonstrate synergistic benefits for metabolic phenotypes. In

parallel, gene editing and RNA-based therapeutic platforms are

being explored as future avenues for disease-modification.

Collectively, these developments highlight a rapidly evolving field

where computational and molecular tools converge to refine PCOS

classification and therapeutic targeting.
8 The transformative potential of AI in
clinical care

AI-based tools are poised to transform clinical care in

reproductive endocrinology. Machine learning models integrating

electronic health records, hormonal profiles, and ultrasound imaging

have achieved high diagnostic accuracy for PCOS, with some deep

learning systems exceeding 95% accuracy in specific datasets (27). AI-

driven clustering approaches have identified novel PCOS subtypes

with distinct metabolic and neuroendocrine signatures, while

predictive modeling enhances risk assessment for long-term

complications such as type 2 diabetes and cardiovascular disease

(28). Regulatory frameworks increasingly emphasize transparency,

bias mitigation, and patient data privacy, supporting the responsible

integration of AI into clinical workflows (29). Ensuring

reproducibility, mitigating algorithmic bias, and establishing robust

post-deployment monitoring frameworks will be essential for safe

and equitable adoption. As these tools mature, AI-enabled decision

support may provide real-time stratification, individualized treatment

recommendations, and continuous monitoring, ultimately improving

outcomes and reducing diagnostic delays (30).
9 Environmental and epigenetic
factors

Environmental exposures, including endocrine-disrupting

chemicals (EDCs), have been increasingly implicated in PCOS risk

and phenotype expression (31). Lifestyle factors such as diet, physical

activity, and sleep patterns modulate metabolic and hormonal

pathways central to PCOS pathophysiology. The gut microbiome

has emerged as a key mediator linking environmental inputs to

metabolic and reproductive outcomes, with alterations in microbial

composition and barrier function observed in individuals with PCOS

(32). Epigenetic mechanisms - including DNA methylation, histone

modifications, and non-coding RNAs - may contribute to both
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individual susceptibility and potential transgenerational transmission

of PCOS traits. Recent mechanistic studies have further detailed the

epigenetic pathways implicated in PCOS (33). Interventions targeting

the microbiome, epigenetic regulators, or lifestyle behaviors are under

active investigation and may complement pharmacological therapies

(34). Understanding these environmental and epigenetic influences is

essential for developing holistic, personalized treatment strategies.
10 Case study: AMH as a therapeutic
target

Anti-Müllerian hormone (AMH) levels are typically two- to

four-fold higher in individuals with PCOS (6). Elevated AMH

disrupts folliculogenesis, amplifies LH pulsatility, and contributes

to androgen excess (12). Preclinical studies demonstrate that

neutralizing AMH with monoclonal antibodies can restore

ovulatory cycles and normalize androgen production (13).

However, challenges remain, including potential immunogenicity,

manufacturing complexity, and cost considerations. Advances in

patient stratification using AMH levels, multi-omics markers, and

AI-based clustering may help identify subgroups most likely to

benefit from AMH-targeted therapies. This case study illustrates

how integrating molecular insights with precision therapeutics can

open new avenues for disease-modifying interventions in PCOS.
11 Patient-reported outcomes and
quality of life in PCOS trials

Patient-reported outcomes (PROs) and quality-of-life (QoL)

measures are increasingly recognized as essential components of

PCOS research and clinical trials. Traditional endpoints - such as

ovulation rates, androgen levels, or metabolic markers - capture

important physiological changes but may not fully reflect the lived

experience of individuals with PCOS. Validated PRO instruments,

including the Polycystic Ovary Syndrome Health-Related Quality of

Life Questionnaire (PCOSQ), assess domains such as hirsutism,

menstrual irregularity, emotional distress, and fertility concerns

(35). Recent guidelines advocate for the routine inclusion of PROs

and QoL metrics in both interventional and observational studies

(36). Digital PRO tools and real-world data platforms enable long-

term monitoring beyond the clinical setting, supporting more

patient-centered evaluation of therapeutic benefit. Incorporating

PROs into regulatory and payer discussions may strengthen the case

for emerging therapies by demonstrating meaningful improvements

in daily functioning and well-being.
12 Overcoming systemic barriers

Despite scientific progress, innovation in PCOS research and

care remains constrained by systemic barriers. Fragmented care
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pathways, limited funding for women’s health, regulatory

uncertainty, and payer resistance have historically slowed the

development and adoption of new therapies. Recognizing PCOS

as a chronic, high-burden condition is essential to justify dedicated

resources and integrated management strategies.

Harmonizing diagnostic criteria, developing unified coding

systems, and implementing value-based reimbursement models

could incentivize innovation and improve access to emerging

treatments. Multi-disciplinary collaboration - bringing together

endocrinologists, gynecologists, primary care providers, mental

health professionals, and patient advocates - is critical for holistic

care. Education and awareness campaigns can reduce stigma,

promote early diagnosis, and empower patients to participate in

shared decision-making. Addressing these systemic challenges is

essential to unlock the full potential of scientific discovery.
13 International collaboration and
data sharing

Accelerating progress in PCOS research requires robust

international collaboration and open data sharing. Large-scale,

multi-center studies and consortia - such as the International

PCOS Network - enable the pooling of diverse patient cohorts,

harmonization of diagnostic criteria, and validation of novel

biomarkers across populations (37).

Adoption of FAIR (Findable, Accessible, Interoperable, Reusable)

data principles facilitates integration of clinical, genetic, and real-

world datasets, supporting the development of AI-driven models and

precision medicine approaches (38). Collaborative initiatives enhance

generalizability, reduce duplication, and promote rapid dissemination

of best practices. Future efforts should prioritize equitable access to

research resources, transparent governance, and meaningful patient

engagement in study design and data stewardship.
14 A vision for the next decade

The next decade holds promise for a transformative shift in

PCOS care - from reactive symptom management to proactive,

individualized prevention and treatment. Early diagnosis using

non-invasive biomarkers, such as serum AMH, advanced

ultrasound imaging, and multi-omics signatures, will enable

timely intervention and reduce long-term complications (39).

AI-driven patient stratification may facilitate precision therapies

tailored to molecular and phenotypic subtypes. Integrated

management approaches addressing reproductive, metabolic, and

mental health needs could become standard, supported by multi-

disciplinary teams and digital health platforms. Advances in

genomics, microbiome science, and wearable technologies will

further enhance risk prediction, monitoring, and patient engagement.

International collaboration and open data sharing will accelerate

validation of new biomarkers and therapies, ensuring equitable

access and rapid dissemination of best practices.
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By prioritizing patient-centered outcomes, quality of life, and

long-term health, the field can realize a future where PCOS is no

longer a barrier to well-being and opportunity (40).
15 Conclusions

PCOS sits at the intersection of significant scientific opportunity

and persistent clinical unmet need. Advances in genomics,

neuroendocrinology, and computational medicine have created

the conditions for a transition from symptom-based management

to biologically targeted, precision therapies. Realizing this potential

requires confronting longstanding barriers, including fragmented

care pathways, limited biomarker integration, and insufficient

alignment between patient priorities and clinical endpoints.

Integrating multi-omics profiling, AI-driven stratification, and

next-generation biologics represents a transformative path

forward. Coordinated action across research, clinical practice,

regulatory frameworks, and patient advocacy is essential to close

the innovation gap and deliver meaningful, disease-modifying

treatments for the millions affected by PCOS.

Achieving this vision will require sustained investment,

coordinated global collaboration, and a commitment to

integrating biological, computational, and patient-centered

innovation across all levels of PCOS research and care.
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