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Abstract
Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine and metabolic disorder, in which the interaction between insulin resistance 
(IR) and hyperandrogenism (HA) is a major driver of reproductive and metabolic complications. Accumulating evidence suggests that 
chromatin remodeling may represent a regulatory layer linking metabolic stress, inflammation, steroidogenic gene expression, and 
androgen receptor activity. Research indicates that chromatin remodeling may be a key regulatory factor linking metabolic stress, 
inflammation, steroidogenic gene expression, and androgen receptor activity. This review systematically summarizes current evidence on 
chromatin remodeling in PCOS-related IR and HA, focusing on histone modifications, DNA methylation, ATP-dependent remodeling 
complexes, transcription factors, and non-coding RNA-mediated regulation. We distinguish between direct evidence from PCOS tissues and 
cells and indirect evidence from metabolic, endocrine, and hormone-responsive disease models, proposing a hierarchy of evidence. 
Available data suggest that chromatin remodeling may influence insulin signaling genes, adipogenesis, ovarian steroidogenic enzymes, and 
co-transcriptional networks involving Forkhead box protein O1 (FOXO1), Peroxisome Proliferator-Activated Receptor γ (PPARγ), nuclear 
factor-kappa B (NF-κB), androgen receptor (AR) signaling, and SWI/SNF-related complexes. However, PCOS-specific functional validation 
remains limited, particularly in theca cells, granulosa cells, adipose tissue, and cell-type-resolved chromatin. Integrating multi-omics, 
single-cell epigenomics, and CRISPR-based epigenome editing may help identify causal chromatin regulators and clinically relevant PCOS 
subtypes. We further discuss how computational biomedical approaches, including bioinformatics, Artificial Intelligence (AI), machine 
learning, and multi-omics integration, can enhance mechanistic inference, biomarker discovery, and PCOS subtype stratification. A 
chromatin-centric framework may deepen our understanding of the IR-HA cycle and support future biomarker discovery and precision 
interventions in PCOS.
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1. Introduction
Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders in women of reproductive age, characterized by 
reproductive dysfunction, metabolic alterations, and significant clinical heterogeneity. IR and HA are two core pathophysiological 
components of PCOS. Hyperinsulinemia can stimulate ovarian androgen production and reduce sex hormone-binding globulin levels, 
thereby increasing free androgen exposure. Conversely, excess androgens may exacerbate adipose dysfunction, inflammatory 
responses, and impaired insulin sensitivity. This mutually reinforcing relationship can lead to ovulatory dysfunction, female infertility, 
cutaneous manifestations, and long-term cardiometabolic risks[1-6].

Previous studies on PCOS have primarily focused on circulating hormones, glucose metabolism, ovarian morphology, and clinical 
phenotypes. However, the molecular mechanisms linking metabolic and endocrine abnormalities remain incompletely elucidated. 
Growing evidence suggests that epigenetic regulation, particularly chromatin remodeling, is an important mechanism involved in 
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transcriptional programs such as insulin signaling, adipogenesis, inflammation, steroidogenesis, and androgen receptor (AR) activity. 
Among these, the dynamic chromatin accessibility in adipose-derived stem cells from women with PCOS, along with 
whole-transcriptome associations involving chromatin-related genes, provides preliminary theoretical evidence for this concept[7,8].

Inflammation and oxidative stress further support the integrated model of IR-HA interaction. In PCOS, saturated fat intake can 
activate nuclear factor-kappa B (NF-κB)-related inflammatory responses in monocytes, which are associated with reduced insulin 
sensitivity and excessive androgen production[9]. Meanwhile, metabolomics analysis suggests the presence of distinct molecular 
features in the PCOS subgroup dominated by HA and IR[10-12]. These observations indicate that the IR-HA cycle is not only a hormonal 
interaction but also a transcriptional network that may be influenced by chromatin status.

This review critically elaborates on the existing evidence regarding chromatin remodeling as a molecular bridge between IR and HA 
in PCOS. We highlight the plausibility of the mechanisms, level of evidence, research techniques, and translational implications. Given 
the limited chromatin evidence directly targeting PCOS, we clearly distinguish disease-specific evidence from indirect evidence 
derived from metabolic diseases, endocrine models, and other hormone-responsive disorders.

2. Chromatin Remodeling and Epigenetic Regulation in Endocrine-Metabolic Disease
2.1 Core mechanisms of chromatin remodeling
Strictly speaking, “chromatin remodeling” refers specifically to ATP-dependent nucleosome rearrangement. In this review, we adopt 
a broader chromatin-centered regulatory network as the overarching concept, including histone covalent modifications, DNA 
methylation, and non-coding RNA mechanisms targeting chromatin. These distinct yet interconnected epigenetic layers operate 
through different molecular mechanisms but collectively regulate transcriptional output. Chromatin is organized around 
nucleosomes, each consisting of approximately 147 base pairs of DNA wrapped around a histone octamer. Transcription is strongly 
influenced by the accessibility of promoters, enhancers, insulators, and other regulatory elements. Chromatin remodeling 
encompasses histone post-translational modifications, DNA methylation, nucleosome positioning, histone variant exchange, and 
ATP-dependent remodeling. Together, these processes determine the access of transcription factors and RNA polymerase complexes 
to regulatory regions[13-18].

Histone acetylation is generally associated with open chromatin and active transcription, while histone methylation can either 
activate or repress transcription depending on the specific residue modified (e.g., H3K4me3, H3K27me3, or H3K9me3). ATP-dependent 
remodeling complexes, including the SWI/SNF, ISWI, CHD, and INO80/SWR families, utilize ATP hydrolysis to reposition, evict, or 
restructure nucleosomes. Through these actions, chromatin remodeling factors translate metabolic and signaling cues into 
transcriptional output.

2.2 Chromatin remodeling as a metabolic regulatory layer
Chromatin remodeling serves as an important link between nutrient availability and gene expression. The INO80 and SWI/SNF 
complexes coordinate metabolic gene programs, while tissue-specific BAF and PBAF subcomplexes regulate glycolysis and metabolic 
adaptation[19]. In obesity-related metabolic dysfunction, the SWI/SNF-associated factor BAF60a modulates inflammatory activation in 
adipose tissue macrophages, and its loss may enhance proinflammatory responses and exacerbate IR[20]. Environmental exposures 
may further reshape chromatin accessibility in insulin-sensitive tissues through remodeling factors such as SMARCA5, highlighting 
the context-dependent plasticity of chromatin-mediated metabolic regulation[21,22].

Chromatin regulatory mechanisms may contribute to PCOS pathogenesis across several tissues and cell types, including adipose 
tissue, ovarian granulosa and theca cells, skeletal muscle, liver, and immune cells. However, direct evidence in PCOS remains limited, 
and the relative contributions of individual tissues are not yet clear. These mechanisms should therefore be presented as a 
hierarchical model rather than as an established causal pathway (Table 1).

3. Chromatin Remodeling in PCOS-Related Insulin Resistance
3.1 Chromatin accessibility and insulin signaling genes
Insulin signaling depends on the coordinated expression and phosphorylation of insulin receptor substrates, phosphoinositide 
3-kinase (PI3K), protein kinase B (AKT), and glucose transporters. Chromatin accessibility at the promoters and enhancers of 
metabolic genes can determine whether these pathways are transcriptionally active. Studies of adipose tissue development and 
metabolic disorders have shown that open chromatin at energy metabolism-related loci is associated with increased transcription of 
metabolic genes[23]. These findings were mainly obtained from non-PCOS metabolic models and therefore provide only indirect 
mechanistic evidence, while direct evidence from human PCOS samples remains limited. Nevertheless, they provide a basis for 
further investigation of chromatin regulation involving IRS1, PI3K/AKT, SLC2A4 (GLUT4), and related metabolic nodes in PCOS.

Non-coding RNAs may also participate in chromatin-mediated regulation of insulin signaling. For example, the long non-coding RNA 
HULC has been reported to affect insulin-like growth factor 1 receptor (IGF1R) and downstream PI3K/AKT signaling in a non-PCOS 
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disease context[24]. However, such chromatin-targeting functions are specific to certain lncRNAs. In contrast, classical microRNAs 
(miRNAs) mainly act at the post-transcriptional level by regulating mRNA stability and translation and generally do not directly 
remodel chromatin states. Vitamin D receptor-related signaling and sirtuin-mediated deacetylation may regulate AKT 
phosphorylation and insulin sensitivity, further supporting the interplay among nuclear receptor signaling, histone acetylation, and 
metabolic pathways[25,26].

Table 1. Evidence hierarchy for chromatin remodeling in PCOS-related IR-HA crosstalk.

Evidence level Typical source Main value Main limitation

Direct PCOS evidence Human PCOS-patient-derived tissues 

and primary cells

Supports disease-specific relevance Limited sample size, tissue 

heterogeneity, few functional assays

Indirect endocrine-

metabolic evidence

Obesity, diabetes, insulin-resistant 

tissues, steroidogenic cell models

Supports pathway plausibility for IR 

or steroidogenesis

May not capture PCOS-specific 

ovarian and metabolic contexts

Hormone-responsive 

disease evidence

AR-related cancer models and 

chromatin studies

Clarifies AR-chromatin interactions 

and co-regulator biology

Risk of overextension to PCOS 

without ovarian validation

Technology-driven 

hypotheses

ATAC-seq, ChIP-seq, single-cell multi-

omics, epigenome editing

Identifies candidate regulators and 

cell states

Requires causal validation and 

clinical stratification

IR: insulin resistance; HA: hyperandrogenism; PCOS: polycystic ovary syndrome; ATAC-seq: assay for transposase-accessible chromatin with high-throughput sequencing; 
ChIP-seq: chromatin immunoprecipitation sequencing.

3.2 Histone-modifying enzymes and ATP-dependent complexes in metabolic dysfunction
Histone deacetylases (HDACs) and histone acetyltransferases (HATs) regulate chromatin accessibility and the transcription of 
metabolic genes. In prenatal androgen exposure models, tissue-specific alterations in HDAC1, HDAC2, HDAC3, and EP300 were 
associated with metabolic dysfunction[27]. More broadly, HDAC dysregulation has been implicated in metabolic disorders such as type 
2 diabetes[28]. Because the direction and consequences of epigenetic changes are strongly influenced by tissue type and 
developmental stage, these findings should be interpreted with caution.

SWI/SNF-related complexes cooperate with transcription factors that regulate adipogenesis and inflammatory responses. BAF60a 
mediates inflammatory activation in adipose tissue macrophages, whereas ARID1A is involved in IGF-1 signaling[20,29]. Histone and 
chromatin regulatory mechanisms have also been associated with insulin signaling genes and SLC2A4 expression in adipocytes[30,31]. 
Studies have shown that BAF complexes cooperate with transcription factors and RNA polymerase II during nucleosome 
remodeling[32]. However, direct evidence in PCOS remains limited, and these mechanisms need to be validated in insulin-sensitive 
cells under PCOS-related conditions.

4. Chromatin Remodeling in Hyperandrogenism and Steroidogenic Regulation
4.1 Steroidogenic enzyme genes and chromatin states
Hyperandrogenism in PCOS is driven by dysregulated steroidogenesis, particularly in theca cells, and may also involve altered 
aromatase activity in granulosa cells and adipose tissue. Key genes, including CYP17A1, CYP11A1, members of the HSD17B family, and 
CYP19A1, are transcriptionally regulated by steroidogenic factors and chromatin states. Open chromatin enriched in active histone 
marks, such as H3K27ac and H3K4me3, may facilitate transcription factor binding and RNA polymerase recruitment, whereas 
repressive marks, such as H3K27me3 and H3K9me3, may suppress transcriptional activity.

Evidence from steroidogenic cells and ovarian models indicates that DNA methylation, histone methylation, and microRNA-mediated 
regulation can influence the expression of steroidogenesis-related factors. For example, methylation of steroidogenic factor 1-related 
regions, H3K27me3-mediated repression of RUNX1 expression, and microRNAs targeting HSD17B1 have been shown to regulate 
steroidogenesis and hormonal balance[33-35]. These findings support a chromatin-centered hypothesis of PCOS. However, much of the 
evidence comes from non-PCOS human samples or non-human models and therefore requires validation in theca and granulosa cells 
from patients with PCOS. In the ovary, theca cells primarily synthesize androgens through CYP17A1, and their steroidogenic 
transcriptional program is tightly regulated by local chromatin accessibility. In granulosa cells, chromatin states regulate 
CYP19A1-mediated aromatization and estrogen production. However, high-quality chromatin profiling data from primary human 
PCOS theca cells remain scarce, representing a major technical limitation in this field.

In PCOS, different target cell types may involve distinct chromatin regulatory mechanisms. In theca cells, active histone marks at the 
CYP17A1 locus, such as H3K27ac and H3K4me3, may promote androgen biosynthesis, whereas in granulosa cells, the chromatin state 
of CYP19A1 may regulate aromatization. In adipose tissue and skeletal muscle, chromatin accessibility at the PPARγ and SLC2A4 
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(GLUT4) loci may affect insulin sensitivity. In immune cells, NF-κB-responsive loci may be potential targets of SWI/SNF 
chromatin-remodeling complexes. These proposed mechanisms remain hypothetical and require direct chromatin profiling in 
samples from patients with PCOS.

4.2 Androgen receptor signaling and chromatin remodeling
The AR is a nuclear receptor transcription factor whose activity depends on ligand availability, coregulatory factors, pioneer factors, 
and chromatin structure. In hormone-responsive diseases, AR recruits chromatin-remodeling complexes, including NuRD, SWI/SNF, 
and the BRD9-containing GBAF subcomplex, to regulate enhancer and promoter accessibility. Nuclear mTOR, SUMOylation, FOXA1, 
HOXB13, GATA2, ACK1, and histone phosphorylation may further regulate AR-dependent transcription[36-41].

The relevance of AR-chromatin interactions to PCOS should be regarded as a basis for hypothesis generation rather than as a 
definitive conclusion. PCOS is not an AR-driven malignancy, and its ovarian microenvironment and systemic endocrine milieu differ 
substantially from those of prostate cancer. Nevertheless, the AR literature remains informative because it shows how androgen 
signaling is regulated through chromatin accessibility and coregulator recruitment. Future studies should determine whether the 
distribution of AR-binding sites, enhancer activity, and chromatin-remodeler occupancy differs between HA-dominant and non-HA 
PCOS subtypes.

5. Chromatin-Mediated Crosstalk Between Insulin Resistance and Hyperandrogenism
As shown in Figure 1, this chromatin-mediated crosstalk model may integrate metabolic, inflammatory, and steroidogenic signaling 
in PCOS. Hyperinsulinemia may reshape metabolic transcription through PI3K/AKT, FOXO1, mechanistic target of rapamycin (mTOR), 
and inflammatory pathways. These signals may alter histone acetylation, histone methylation, and chromatin accessibility at 
metabolic and steroidogenic gene loci. Conversely, androgen excess may reprogram transcription in adipose tissue, immune cells, 
and ovarian cells through AR-dependent transcriptional complexes. The resulting chromatin landscape may maintain a pathological 
state in which IR and HA reinforce each other.

Figure 1. Proposed chromatin-mediated crosstalk between insulin resistance and hyperandrogenism in PCOS. The figure summarizes a working model in which chromatin 

remodeling integrates metabolic stress, inflammatory signaling, steroidogenic regulation, and androgen receptor-related transcriptional programs. IR: insulin resistance; 

HA: hyperandrogenism; PCOS: polycystic ovary syndrome; AR: androgen receptor.

Several shared transcriptional regulators may serve as network nodes. FOXO1 is a well-established insulin-responsive transcription 
factor that may interact with chromatin-remodeling mechanisms in a context-dependent manner. PPARγ regulates adipogenesis and 
insulin sensitivity and depends on chromatin accessibility at lipid metabolism-related loci. NF-κB links inflammation to metabolic 
dysfunction and may influence insulin sensitivity as well as the ovarian fibrotic and steroidogenic environment. The regulation of 
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PPARγ/NF-κB/TGF-β1/Smad2/3 signaling by Wisp2 in ovarian granulosa cells further supports the interplay between inflammatory 
and fibrotic pathways, chromatin regulation, and endocrine function[42]. Given the broader evidence for ovarian histone 
modifications[43], PGR/RUNX-associated chromatin remodeling may also contribute to transcriptional regulation in the ovary[44]. 
Candidate chromatin-associated regulators and their potential roles in PCOS-related IR-HA crosstalk are summarized in Table 2.

Table 2. Candidate chromatin-related regulators and their possible roles in PCOS-related IR-HA crosstalk.

Regulator or 

pathway
Possible role in IR Possible role in HA Evidence status

HDACs/HATs Modify chromatin openness at metabolic 

genes and inflammatory loci

May affect steroidogenic gene 

transcription

Indirect evidence; tissue- and timing-

dependent[27,30]

SWI/SNF/BAF 

complexes

Regulate adipose and inflammatory 

transcriptional programs

May cooperate with steroidogenic 

and AR-related transcription factors

Plausible but under-tested in PCOS[20,32]

FOXO1 Insulin-responsive transcriptional node May influence ovarian cell function 

indirectly

Requires PCOS-specific chromatin 

validation

PPARγ Adipogenesis, lipid metabolism, insulin 

sensitivity

May interact with ovarian 

inflammatory/fibrotic signaling

Supported by metabolic and granulosa-

cell models[42]

NF-κB Inflammation-linked insulin resistance May couple inflammatory stress to 

ovarian dysfunction

Supported by PCOS inflammation 

studies and indirect models[9,42]

AR and co-

regulators

May affect adipose and metabolic 

phenotypes

Directly mediates androgen-

responsive transcription

Strong in other hormone-responsive 

models; limited in PCOS[40]

IR: insulin resistance; HA: hyperandrogenism; AR: androgen receptor; HDACs: histone deacetylases; HATs: histone acetyltransferases; PCOS: polycystic ovary syndrome; 
NF-κB: nuclear factor-kappa B.

6. Research Technologies for Defining Chromatin Regulation in PCOS
6.1 Bulk and single-cell epigenomic approaches
High-throughput epigenomic assays can help move research from association to mechanistic investigation. Assay for 
transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) identifies open chromatin regions and enables 
promoter and enhancer mapping with relatively small amounts of starting material. Chromatin immunoprecipitation sequencing 
(ChIP-seq) profiles histone modifications and transcription factor binding but requires high-quality antibodies and generally more 
starting material. DNase I hypersensitive site sequencing (DNase-seq), Cleavage Under Targets and Tagmentation (CUT&Tag), Cleavage 
Under Targets and Release Using Nuclease (CUT&RUN), and Hi-C complement these methods by examining chromatin accessibility, 
protein-DNA interactions, and three-dimensional genome organization[45-51].

Single-cell multi-omics can reveal cellular heterogeneity that may be obscured by analyses of whole ovarian or adipose tissue. The 
integration of Single-cell RNA sequencing (scRNA-seq) and scATAC-seq, as well as trimodal approaches such as TEA-seq, can identify 
cell-specific regulatory elements, transcription factors, and lineage states. These approaches are particularly relevant to PCOS 
because theca cells, granulosa cells, immune cells, adipocytes, and stromal cells may contribute differently to insulin resistance and 
hyperandrogenism[52,53].

6.2 CRISPR-based epigenome editing and functional validation
CRISPR/Cas9-based systems provide tools for testing causal relationships. Nuclease-active Cas9 can knock out candidate genes, while 
catalytically inactive dCas9 fused with epigenetic effectors can specifically direct DNA methylation, histone acetylation, or 
transcriptional activation/repression to specific loci without altering the DNA sequence. Such methods can be used to test whether 
chromatin state changes at CYP17A1, CYP19A1, IRS1, IGF1R, SLC2A4, or inflammatory regulators are sufficient to affect insulin 
signaling or steroidogenesis[54,55].

A rigorous validation workflow should integrate patient stratification, multi-omics analyses, functional perturbation in relevant cell 
models, and confirmation in independent cohorts. Because the chromatin environment can affect editing efficiency and epigenetic 
drugs may alter chromatin accessibility at target sites, experimental designs should consider chromatin state, cell type, and disease 
subtype[56,57]. A stepwise framework is proposed to strengthen causal inference: first, candidate loci are prioritized through genetic 
and epigenetic analyses, including Mendelian randomization and colocalization; next, cell-type-specific epigenome editing, such as 
dCas9-mediated targeting of CYP17A1, CYP19A1, IRS1, and SLC2A4, is used to test whether locus-specific changes are sufficient to 
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produce the relevant effects; complementary perturbation experiments and independent validation provide converging evidence; 
and organoid or in vivo models are used to assess systemic effects. Such functional validation is necessary to distinguish causal 
chromatin remodeling from secondary adaptation in PCOS (Table 3).

Table 3. Technologies for studying chromatin remodeling in PCOS.

Technology Primary readout Main strength Key limitation

ATAC-seq Open chromatin regions Low input, maps regulatory accessibility Does not identify specific histone 

marks

ChIP-seq Histone marks or transcription 

factor binding

Directly maps protein-DNA interactions Requires high-quality antibodies and 

sufficient material

CUT&Tag/CUT&RUN Histone marks or chromatin-

bound proteins

Lower input and lower background than 

conventional ChIP

Protocol standardization in clinical 

samples is needed

Hi-C/3D genomics Chromatin interactions and 

genome organization

Reveals enhancer-promoter and domain-

level regulation

Data complexity and resolution 

constraints

Single-cell multi-omics Cell-specific transcriptome 

and chromatin state

Resolves tissue heterogeneity and 

subtype-specific regulatory programs

Higher cost and demanding 

bioinformatics

CRISPR/dCas9 epigenome 

editing

Causal modulation of 

chromatin state

Tests regulatory causality at target loci Delivery, off-target effects, and 

chromatin-context dependence

PCOS: polycystic ovary syndrome; ATAC-seq: assay for transposase-accessible chromatin with high-throughput sequencing; ChIP-seq: chromatin immunoprecipitation 
sequencing; CUT&Tag: cleavage under targets and tagmentation; CUT&RUN: cleavage under targets and release using nuclease.

7. Computational Biomedical Approaches for Chromatin-Centered PCOS Research
As shown in Table 4, computational approaches can be incorporated into the existing chromatin-centered framework without 
altering its biological logic. High-throughput epigenomic technologies generate candidate loci, transcriptional profiles, and 
regulatory networks, but computational methods are needed to translate these datasets into interpretable mechanisms. In PCOS, 
computational biomedicine may help link heterogeneous clinical phenotypes with molecular and clinical features, including 
transcriptomic profiles, chromatin accessibility, DNA methylation, metabolomics, lipidomics, immune cell composition, and imaging 
characteristics[58].

7.1 Bioinformatics and network-based analyses
Bioinformatics provides an initial approach for identifying candidate regulators involved in IR-HA interactions. Differential expression 
analysis, pathway enrichment, protein–protein interaction networks, weighted gene co-expression network analysis, transcription 
factor motif analysis, and immune cell deconvolution can be used to prioritize genes and pathways altered in PCOS-related tissues. 
These methods are particularly useful when direct chromatin data are unavailable because transcriptomic features can be integrated 
with known chromatin regulators, histone-modifying enzymes, and transcription factor networks to generate testable hypotheses. 
For example, a computational workflow integrating RNA sequencing, public datasets, LASSO/SVM-RFE feature selection, XGBoost 
validation, and CIBERSORT-based immune cell inference identified candidate diagnostic genes and changes in immune cell 
composition in a PCOS granulosa cell dataset[58]. Although such studies cannot establish chromatin-mediated causality, they provide 
an important link between molecular screening and biological validation.

7.2 Artificial intelligence and machine learning for diagnosis, classification, and biomarker discovery
Artificial intelligence and machine learning are increasingly used to address the clinical heterogeneity of PCOS. A systematic review 
of AI and machine-learning applications in PCOS reported that published models have used clinical data, electronic health records, 
imaging data, and genetic or proteomic information. Common algorithms include support vector machines, k-nearest neighbors, and 
regression-based models[59]. These approaches may improve diagnosis and phenotypic classification, but their translational value 
depends on standardized diagnostic criteria, adequate sample sizes, external validation, and transparent reporting. In biomarker 
discovery, ensemble learning applied to untargeted lipidomics has identified lipid candidates with potential diagnostic value, 
illustrating how omics data and machine learning can be combined to screen molecular features[60]. In chromatin-centered PCOS 
research, machine learning could also be used to prioritize candidate enhancers, transcription factors, and chromatin-remodeling 
factors associated with insulin signaling, steroidogenesis, or inflammatory responses. However, these models should be considered 
and interpreted as hypothesis-generating unless they are validated in independent cohorts and experimentally tested in relevant 
ovarian or metabolic cell types.
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Table 4. Computational biomedical approaches for PCOS chromatin remodeling research.

Computational 

approach
Main data input

Potential contribution to IR-HA 

chromatin research
Key limitation

Bioinformatics and 

network analysis

Bulk RNA-seq, methylation arrays, 

ATAC-seq, ChIP-seq, public 

databases

Prioritizes pathways, transcription factors, 

chromatin regulators and immune-cell 

signatures for mechanistic testing

Generates associations rather than 

causal evidence[58]

Machine learning 

and AI

Clinical variables, EHR data, 

ultrasound images, transcriptomics, 

proteomics, lipidomics

Supports diagnosis, subtype classification, 

biomarker screening and feature 

prioritization

Risk of overfitting, limited external 

validation and inconsistent 

diagnostic criteria[59,60]

Multi-omics 

integration

Genomics, transcriptomics, 

epigenomics, metabolomics, 

lipidomics and hormone profiles

Connects endocrine-metabolic 

phenotypes with regulatory networks and 

candidate druggable genes

High dimensionality, missing data 

and batch effects require rigorous 

modeling[61,62]

Single-cell and spatial 

computation

scRNA-seq, scATAC-seq, spatial 

transcriptomics, cell-type annotation

Assigns chromatin-regulated programs to 

theca, granulosa, adipose, immune and 

stromal cell compartments

Cost, sample availability and 

computational complexity remain 

substantial[52,53]

Explainable and 

causal modeling

SHAP, feature importance, 

Mendelian randomization, 

colocalization, perturbation data

Improves biological interpretability and 

helps distinguish correlation from 

mechanistic hypotheses

Requires independent cohorts and 

experimental validation[27]

PCOS: polycystic ovary syndrome; IR-HA: insulin resistance-hyperandrogenism; ATAC-seq: assay for transposase-accessible chromatin with high-throughput sequencing; 
ChIP-seq: chromatin immunoprecipitation sequencing; AI: artificial intelligence; scRNA-seq: single-cell RNA sequencing; scATAC-seq: single-cell assay for 
transposase-accessible chromatin with high-throughput sequencing.

7.3 Multi-omics integration and cell-type-resolved computational modeling
Multi-omics integration is particularly relevant to PCOS because insulin resistance and hyperandrogenism arise from interactions 
among endocrine, metabolic, inflammatory, and ovarian cellular processes. Common integration strategies include early integration 
through feature concatenation, intermediate integration through latent factors or shared embeddings, and late integration of model 
outputs. Advanced methods, including multi-view learning, graph-based integration, and deep generative models, can address high 
dimensionality, batch effects, missing data, and nonlinear relationships across data layers[61]. In PCOS research, integrative 
multi-omics analyses have begun to combine genome-wide association studies (GWAS), expression quantitative trait loci (eQTL), 
methylation quantitative trait loci (mQTL), Mendelian randomization, immune deconvolution, single-cell RNA sequencing, and 
molecular docking to prioritize druggable genes and candidate therapeutic targets. These approaches are consistent with a 
computational biomedicine perspective because they connect genetic susceptibility, epigenetic regulation, tissue-specific 
expression, immune context, and potential pharmacological modulation[62]. Several publicly available genetic and epigenetic 
resources can support such multi-omics integration, including the GWAS Catalog for summary-level GWAS results, GTEx for eQTL 
datasets, public mQTL databases, and the RAVAR database for rare variant-trait associations. These resources provide valuable data 
for future chromatin-focused studies of PCOS.

Modeling with cell-type resolution should be a priority for future research. Bulk ovarian, adipose tissue, and skeletal muscle datasets 
obscure cell-type-specific signals, whereas PCOS may involve distinct regulatory programs in theca cells, granulosa cells, adipocytes, 
immune cells, and stromal cells. Single-cell transcriptomics, single-cell ATAC-seq, and spatial transcriptomics can help localize 
chromatin-regulated transcriptional programs to specific cellular compartments. Computational integration of single-cell 
transcriptomic and epigenomic data can identify enhancer-gene links, transcription factor activity, and cell-state transitions that are 
often masked in bulk data. These approaches are particularly important for determining whether chromatin remodeling is a primary 
driver of dysregulated steroidogenesis, a consequence of metabolic stress, or an adaptive response to chronic inflammation.

7.4 Computational limitations, interpretability, and validation
Despite their potential, computational approaches have important limitations. PCOS datasets are often small and heterogeneous and 
may be affected by differences in diagnostic criteria, age, body mass index, ethnicity, medication exposure, tissue source, and 
menstrual status. High-dimensional omics data are particularly susceptible to overfitting, batch effects, and data leakage when 
feature selection, model training, and validation are not strictly separated. Computational studies should therefore report 
preprocessing steps, feature selection procedures, hyperparameter tuning, validation strategies, and model calibration. Ultimately, 
computational predictions should be validated experimentally using primary theca cells, granulosa cells, adipose-derived cells, 
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organoids, or CRISPR-based epigenome editing.

8. Translational Implications, Limitations, and Future Priorities
Chromatin-based models may have several translational implications. First, chromatin features may help classify PCOS into 
biologically meaningful subtypes, such as insulin resistance-dominant, hyperandrogenism-dominant, inflammatory, or adipose 
dysfunction subtypes. Second, chromatin regulators may serve as biomarkers or therapeutic targets if their disease specificity, 
reversibility, and tissue distribution are clearly defined. Third, epigenomic profiles may help identify patients who are more likely to 
respond to lifestyle interventions, insulin-sensitizing agents, antiandrogen therapy, or emerging epigenetic approaches.

This field still faces important limitations. Many chromatin studies relevant to this topic are based on non-PCOS disease models, 
immortalized cell lines, or androgen-responsive cancers in males. Direct evidence from PCOS studies is limited to a small range of 
sample types and often lacks functional perturbation experiments. PCOS itself is also heterogeneous, and epigenomic patterns may be 
influenced by age, obesity status, ethnicity, medication exposure, menstrual status, and diagnostic criteria. Future studies should 
explicitly control for or stratify these variables.

Future research should prioritize: (i) constructing PCOS-specific chromatin maps in theca cells, granulosa cells, adipose tissue, 
skeletal muscle, liver, and immune cells; (ii) conducting paired analyses of transcriptomic, epigenomic, metabolomic, microbiome, 
imaging, and hormonal data; (iii) integrating multi-omics data using transparent and reproducible computational workflows; (iv) 
mapping tissue heterogeneity using single-cell and spatial omics; (v) functionally validating candidate regulatory elements using 
CRISPR-based approaches; and (vi) conducting longitudinal studies to determine whether chromatin alterations are a cause, 
consequence, or adaptive response within the IR-HA cycle. From a computational biomedicine perspective, the field should move 
beyond the identification of individual biomarkers toward interpretable models that integrate chromatin states, endocrine 
phenotypes, metabolic profiles, and treatment responses. This will require external validation, standardized diagnostic criteria, 
rigorous feature selection, explainable artificial intelligence, model calibration, and clinically meaningful decision thresholds.

A key unresolved question is how to distinguish causal chromatin changes that drive the IR-HA cycle from secondary molecular 
consequences. Most available observational data cannot determine whether alterations in chromatin states drive the development 
and progression of PCOS-related insulin resistance and hyperandrogenism or merely represent adaptive responses to persistent 
hyperinsulinemia or excessive androgen exposure. Addressing this causal evidence gap will require carefully designed longitudinal 
patient sampling and functional perturbation experiments using epigenome editing.

9. Conclusion
Chromatin remodeling provides a biologically plausible framework for understanding how insulin resistance and hyperandrogenism 
reinforce each other in PCOS. Mechanisms involving histone modifications, DNA methylation, ATP-dependent remodeling complexes, 
non-coding RNAs, and transcriptional coregulators may influence insulin signaling, adipogenic programming, inflammatory 
responses, steroidogenic enzyme expression, and AR-related transcription. However, PCOS-specific evidence remains limited, and 
many of the proposed mechanisms should currently be regarded as testable hypotheses rather than established causal pathways.

The field needs to move from broad epigenetic associations toward cell-type-specific, computationally integrated, and functionally 
validated chromatin mechanisms. Integrating multi-omics, single-cell epigenomics, targeted epigenome editing, interpretable 
machine learning, and well-annotated clinical data may help clarify how chromatin remodeling contributes to IR-HA interactions and 
ultimately support precision diagnosis and individualized treatment strategies for PCOS.
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