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ABSTRACT 

Background: Polycystic Ovary Syndrome (PCOS) 

is the most prevalent endocrine-metabolic disorder 

among women of reproductive age, affecting an 

estimated 6–21% of this population globally [2,4]. 

Characterised by chronic oligo-anovulation, 

biochemical or clinical hyperandrogenism, and 

polycystic ovarian morphology, PCOS manifests as 

a heterogeneous syndrome with profound 

reproductive, metabolic, dermatological, and 

psychological consequences [2,4]. Despite decades 

of research, no curative pharmacotherapy exists, 

and current treatments remain primarily 

symptomatic [3,34]. 

Objective: This comprehensive review critically 

examines the multidimensional molecular 

pathophysiology of PCOS, systematically evaluates 

current pharmacological and herbal therapeutic 

approaches, identifies emerging molecular drug 

targets, analyses the potential of nanotechnology-

based drug delivery systems, and synthesises 

published preclinical and clinical evidence through 

comparative analysis. 

Major Findings: Insulin resistance (IR), 

hyperandrogenism mediated via CYP17A1 

overactivity, hypothalamic-pituitary-ovarian (HPO) 

axis dysregulation, chronic low-grade inflammation 

(elevated IL-6, TNF-α, CRP), oxidative stress, 

mitochondrial dysfunction, gut microbiota 

dysbiosis, and epigenetic alterations collectively 

constitute the interconnected pathophysiological 

axes of PCOS [1,2,5]. Letrozole demonstrated 

superior live birth rates compared to clomiphene in 

ovulation induction (27.5% vs. 19.1%) [8]. 

Metformin remained the cornerstone of insulin-

sensitising therapy, with GLP-1 receptor agonists 

(liraglutide, semaglutide) emerging as effective 

adjuncts for metabolic PCOS [9,10,13]. Berberine 

and myo-inositol exhibited comparable insulin-

sensitising and anti-androgenic efficacy to 

metformin in RCTs [14,15]. Nanoparticle-

encapsulated metformin (PLGA) and curcumin 

(SLN) demonstrated 2–5-fold improvements in 

bioavailability and sustained ovarian targeting in 

preclinical models [25,26]. 

Conclusion: PCOS demands a multi-target, 

phenotype-stratified therapeutic approach. Future 

research should prioritise precision medicine 

frameworks, microbiome-targeted interventions, 

epigenome editing, AI-assisted drug discovery, and 

advanced nanomedicine platforms to address the 

substantial unmet medical needs of this 

heterogeneous disorder. 
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I. INTRODUCTION 
Polycystic Ovary Syndrome (PCOS) 

represents the most common endocrinopathy 

affecting women of reproductive age, with global 

prevalence estimates ranging from 6% to 21% 

depending upon the diagnostic criteria employed 

[2,4]. First described by Stein and Leventhal in 

1935 as a triad of anovulation, hirsutism, and 

enlarged polycystic ovaries, the syndrome has since 

evolved into a complex multisystem disorder 

recognised as a lifelong metabolic condition 

extending well beyond the reproductive years 

[2,31]. 

Three major diagnostic frameworks 

currently govern clinical recognition of PCOS: the 

National Institutes of Health (NIH) criteria (1990), 

which require chronic anovulation and 

hyperandrogenism [34]; the Rotterdam Consensus 

criteria (2003), which require any two of the three 

features—oligo-anovulation, hyperandrogenism, 
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and polycystic ovarian morphology (PCOM) on 

ultrasonography [29]; and the Androgen Excess 

and PCOS Society (AES) criteria (2006), which 

mandate hyperandrogenism as a compulsory 

feature [33]. This diagnostic heterogeneity yields 

four distinct phenotypes (A–D) with divergent 

metabolic risk profiles [32], profoundly 

complicating therapeutic decision-making. 

The clinical burden of PCOS is extensive. 

Reproductively, it accounts for approximately 75–

80% of anovulatory infertility cases worldwide 

[2,4]. Metabolically, PCOS confers a 5–10-fold 

increased lifetime risk of type 2 diabetes mellitus, a 

2-fold elevated cardiovascular disease risk, and a 

substantially higher prevalence of non-alcoholic 

fatty liver disease (NAFLD), dyslipidaemia, and 

metabolic syndrome [2,31]. Dermatologically, 

hirsutism affects up to 70% of PCOS patients, 

while acne and androgenic alopecia impose 

significant psychological morbidity including 

anxiety, depression, and impaired quality of life 

[4,7]. 

Despite this substantial clinical burden, 

pharmacotherapeutic options for PCOS remain 

symptomatic and mechanistically non-curative 

[3,34]. Oral contraceptive pills (OCPs) address 

menstrual dysregulation and hyperandrogenism but 

carry cardiovascular and metabolic risks [11]; 

metformin corrects insulin resistance (IR) but 

exhibits limited efficacy in non-obese or normo-

insulinaemic phenotypes [9,30]; and clomiphene 

citrate, the historically dominant ovulation inducer, 

has now been surpassed by letrozole in clinical 

efficacy [8,12]. Critically, no single drug targets the 

multiple interlinked pathophysiological axes 

simultaneously, leaving PCOS therapeutics 

fundamentally fragmented [3]. 

Considerable scientific momentum has 

recently emerged toward understanding the 

molecular underpinnings of PCOS, including the 

roles of the AMPK/PI3K/Akt/mTOR signalling 

cascade in insulin signalling [30,35], CYP17A1-

mediated androgen biosynthesis [1], NF-κB-driven 

chronic inflammation [5], mitochondrial 

bioenergetic deficits, epigenetic dysregulation [2], 

and gut microbiota-ovarian crosstalk [6,24]. These 

mechanistic insights have catalysed the 

investigation of novel drug targets and advanced 

drug delivery systems—including PLGA 

nanoparticles [25], solid lipid nanoparticles (SLNs) 

[26], liposomes, and phytosomes—as precision 

therapeutic platforms for PCOS [27]. 

 

II. MOLECULAR PATHOPHYSIOLOGY 

OF PCOS 
PCOS pathophysiology is characterised by a self-

amplifying network of endocrine, metabolic, 

inflammatory, and epigenetic dysregulations 

[1,2,5]. These interacting axes collectively 

perpetuate the hallmark features of anovulation, 

hyperandrogenism, and metabolic dysfunction.  

 

 
Figure 1 Integrated pathophysiological framework. 
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2.1 Insulin Resistance and Hyperinsulinemia 

Insulin resistance (IR), defined as 

impaired cellular responsiveness to insulin-

mediated glucose uptake, is observed in 50–80% of 

PCOS women irrespective of body weight [30,35]. 

The molecular basis of PCOS-associated IR 

involves a unique post-receptor signalling defect 

characterised by serine phosphorylation of insulin 

receptor substrate-1 (IRS-1) at Ser and Ser 

residues, which functionally uncouples the insulin 

receptor from downstream PI3K/Akt/GLUT4 

signalling while paradoxically preserving mitogen-

activated protein kinase (MAPK)-driven androgen 

synthesis [30,35]. 

This bifurcated insulin signalling results in 

compensatory hyperinsulinemia, which synergises 

with elevated LH to amplify theca cell androgen 

production via upregulation of CYP17A1 (17α-

hydroxylase/17,20-lyase) and steroidogenic acute 

regulatory protein (StAR) [1,30]. Simultaneously, 

hyperinsulinaemia suppresses hepatic synthesis of 

sex hormone-binding globulin (SHBG), elevating 

free androgen bioavailability [30]. Adipose tissue 

IR further generates elevated free fatty acids and 

pro-inflammatory cytokines (IL-6, TNF-α), 

perpetuating systemic inflammation and further 

impairing insulin signalling in ovarian granulosa 

cells [5]. Key biomarkers include HOMA-IR 

(>2.5), fasting insulin (>10 μIU/mL), reduced 

SHBG, and elevated C-peptide [35]. 

 

Figure 2 Insulin Resistance & Hyperinsulinemia 

 

2.2 Hyperandrogenism 

Hyperandrogenism—defined 

biochemically as elevated total testosterone, free 

testosterone, androstenedione, or 

dehydroepiandrosterone sulphate (DHEAS)—is the 

cardinal pathological feature of PCOS, present in 

up to 80% of affected women [1,4]. Ovarian theca 

cells serve as the primary androgenic source 

through CYP17A1 over activity, which catalyses 

the sequential conversion of cholesterol to 17α-

hydroxyl progesterone and subsequently to 

androstenedione, the precursor of testosterone [1]. 

The molecular driver of CYP17A1 

upregulation includes a genetic variant of the 

DENND1A gene (V2 isoform), identified through 

genome-wide association studies (GWAS), which 

directly increases CYP17A1 transcription in theca 

cells [1]. Additionally, LH-driven activation of the 

cAMP/PKA pathway in theca cells phosphorylates 

steroidogenic factor-1 (SF-1), further amplifying 

CYP17A1 expression [1]. Peripheral 5α-reductase 

activity converts testosterone to 

dihydrotestosterone (DHT), the potent mediator of 

hirsutism, acne, and androgenic alopecia through 

androgen receptor (AR) activation [4]. Androgen 

receptor (AR) gene CAG repeat polymorphisms 

modulate individual sensitivity to androgen excess, 

explaining phenotypic heterogeneity in androgen-

mediated manifestations [1]. 

 

2.3 Ovarian Dysfunction and Folliculogenesis 

Arrest 

Polycystic ovarian morphology reflects 

the arrest of antral follicle development at the 2–9 
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mm diameter stage, characterised 

ultrasonographically by ≥12 follicles per ovary 

(updated criterion: ≥20 follicles on 3D ultrasound, 

2023 guidelines) [3]. This folliculogenesis arrest 

results from an excess of anti-Müllerian hormone 

(AMH), produced by the aberrantly numerous and 

enlarged granulosa cells of preantral and small 

antral follicles [3]. AMH inhibits FSH-dependent 

follicle selection and aromatase (CYP19A1) 

expression, thereby preventing E2 production and 

LH surge required for ovulation [1,3]. 

Hyperandrogenism further promotes 

follicular atresia by increasing apoptosis of 

granulosa cells via Fas/FasL-mediated pathways, 

while elevated AMH sustains the arrested follicular 

pool [1]. Clinically, AMH values exceeding 4–5 

ng/mL are considered pathological in PCOS and 

serve as both a diagnostic biomarker and a 

therapeutic monitoring parameter [3]. Impaired 

insulin signalling in granulosa cells additionally 

reduces FSH receptor (FSHR) expression, further 

undermining follicular maturation [3,30]. 

 

 
Figure 3 Ovarian Dysfunction & Follicular Arrest 

 

2.4 Hypothalamic–Pituitary–Ovarian (HPO) 

Axis Dysregulation 

Under physiological conditions, pulsatile 

gonadotropin-releasing hormone (GnRH) secretion 

from the hypothalamus drives FSH-predominant 

release from the anterior pituitary, favouring 

follicular development and oestradiol production 

[1]. In PCOS, increased GnRH pulse frequency—

driven by reduced progesterone and 

kisspeptin/neurokinin B/dynorphin (KNDy) neuron 

dysregulation [7]—preferentially stimulates LH 

secretion over FSH. The resulting elevated 

LH:FSH ratio (>2:1 to >3:1) constitutes a 

characteristic endocrine hallmark of PCOS and 

drives thecal androgen excess [1,4]. 

Reduced hypothalamic sensitivity to 

negative feedback from oestradiol and 

progesterone—potentially mediated by androgen-

induced suppression of progesterone receptor 

expression in hypothalamic neurones—perpetuates 

the elevated GnRH pulse frequency, creating a self-

reinforcing neuroendocrine loop [1,7]. Emerging 

evidence implicates kisspeptin neurons of the 

arcuate nucleus as central regulators of the aberrant 

GnRH pulse generator in PCOS, with elevated 

kisspeptin/neurokinin-B signalling identified in 

both PCOS women and preclinical models [7]. 

 

2.5 Chronic Low-Grade Inflammation 

PCOS is characterised by a state of 

chronic, sterile, low-grade inflammation, 

independent of obesity, evidenced by elevated 

circulating levels of high-sensitivity C-reactive 

protein (hs-CRP), interleukin-6 (IL-6), interleukin-

18 (IL-18), and tumour necrosis factor-alpha (TNF-

α) [5]. The mechanistic basis involves NF-κB 

(nuclear factor kappa-light-chain-enhancer of 

activated B cells) pathway activation in adipose 

tissue, ovarian stromal cells, and peripheral blood 

mononuclear cells [5]. Toll-like receptor 4 (TLR4) 
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activation by saturated fatty acids, 

lipopolysaccharide (LPS) from gut dysbiosis, and 

advanced glycation end-products (AGEs) 

stimulates NLRP3 inflammasome assembly, 

driving caspase-1-mediated IL-1β and IL-18 

maturation [5]. 

Chronic inflammation directly impairs 

insulin signalling through IKKβ-mediated IRS-1 

serine phosphorylation and promotes theca cell 

androgen synthesis via NF-κB-dependent 

CYP17A1 transcription, thereby linking 

inflammation to both IR and hyperandrogenism [5]. 

NLRP3 inflammasome activation in ovarian 

granulosa cells additionally disrupts oocyte quality 

and corpus luteum formation, contributing to 

infertility in PCOS [5]. 

 

2.6 Oxidative Stress 

Elevated reactive oxygen species (ROS) 

generation, coupled with diminished antioxidant 

defence enzyme activity—superoxide dismutase 

(SOD), glutathione peroxidase (GPx), and 

catalase—creates a state of oxidative imbalance in 

PCOS [5]. The sources of ROS include 

hyperglycaemia-driven mitochondrial electron 

transport chain uncoupling, xanthine oxidase 

activity, and NADPH oxidase (NOX4) 

upregulation in ovarian and adipose tissues [5]. 

Oxidative damage to ovarian lipids, proteins, and 

mitochondrial DNA (mtDNA) impairs granulosa 

cell proliferation and steroidogenesis, reduces 

oocyte developmental competence, and promotes 

theca cell apoptosis [5]. Elevated malondialdehyde 

(MDA) and 8-hydroxy-2’-deoxyguanosine (8-

OHdG) serve as clinically measurable oxidative 

stress biomarkers in PCOS [19]. 

 

2.7 Mitochondrial Dysfunction 

Emerging evidence indicates that 

mitochondrial dysfunction is an intrinsic feature of 

PCOS, not merely a downstream consequence of 

metabolic stress [2]. Reduced mitochondrial 

membrane potential, decreased ATP production, 

impaired mitochondrial biogenesis (downregulated 

PGC-1α expression), and elevated mitochondrial 

ROS have been documented in the granulosa cells, 

oocytes, and adipose tissue of PCOS women. 

Mitochondrial DNA (mtDNA) copy number 

variations identified in PCOS may contribute to 

altered energy metabolism and impaired 

folliculogenesis Furthermore, AMPK, a key 

cellular energy sensor that promotes mitochondrial 

biogenesis via PGC-1α, is consistently 

downregulated in PCOS tissues, impairing energy 

homeostasis and insulin sensitivity [30]. 

 

2.8 Genetic and Epigenetic Mechanisms 

PCOS demonstrates robust heritability 

(estimated 70%) [2], and genome-wide association 

studies (GWAS) have identified multiple 

susceptibility loci, including LHCGR, FSHR, 

DENND1A, THADA, YAP1, and RAB5B [1,2]. 

The DENND1A.V2 isoform, when overexpressed 

in theca cells, directly upregulates CYP17A1 and 

StAR transcription, establishing a direct genotype-

phenotype link for hyperandrogenism [1]. 

Epigenetic modifications—including 

hypermethylation of the AR gene promoter, 

aberrant histone acetylation at gonadotropin 

receptor loci, and dysregulation of non-coding 

RNAs (miR-93, miR-132, miR-320)—modulate 

gene expression without altering DNA sequence, 

potentially transmitting PCOS susceptibility across 

generations. Prenatal androgen exposure 

programmes epigenetic alterations in hypothalamic 

GnRH neurones, contributing to the foetal origin’s 

hypothesis of PCOS [7]. 

 

2.9 Gut Microbiota Dysbiosis 

Emerging evidence identifies gut 

microbiota dysbiosis—characterised by decreased 

microbial diversity, reduced Lactobacillus and 

Bifidobacterium species, and increased Prevotella 

and Clostridial—as a contributing 

pathophysiological axis in PCOS [6,24]. Dysbiotic 

gut flora increases intestinal permeability (‘leaky 

gut’), allowing LPS translocation into the systemic 

circulation, activating TLR4 and NF-κB pathways 

to sustain chronic inflammation and insulin 

resistance [6]. Germ-free mouse models receiving 

gut microbiota transplants from PCOS patients 

demonstrated reproductive and metabolic 

phenotypes including elevated testosterone, oligo-

anovulation, and IR, establishing a causal 

mechanistic link [24]. Gut-derived short-chain fatty 

acids (SCFAs), particularly butyrate and 

propionate, modulate GLP-1 secretion, hepatic 

glucose production, and ovarian steroidogenesis 

through FFAR2/FFAR3 receptor signalling, 

identifying the gut-ovary axis as a novel 

therapeutic target [6]. 
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Table 1 (below) presents key PCOS biomarkers and their clinical significance as referenced throughout 

this section [3,35]. 

Table 1. Key Biomarkers in PCOS: Normal Ranges, PCOS Values, and Clinical Significance 

Biomarker 
Normal 

Range 

PCOS 

Value 

Pathological 

Significance 
Clinical Use Ref. 

LH:FSH 

Ratio 
1:1–2:1 >2:1 or >3:1 

↑LH pulse freq → thecal 

androgen excess; 

anovulation 

Diagnostic 

indicator; 

phenotyping 

[1,4] 

AMH 
1–3.5 

ng/mL 
>4–5 ng/mL 

Arrested folliculogenesis; 

↑small antral follicle 

pool; aromatase 

suppression 

PCOS diagnosis & 

ovarian reserve 

monitoring 

[3] 

HOMA-IR <2.0 >2.5 

Insulin resistance; 

compensatory 

hyperinsulinaemia drives 

androgen synthesis 

Metabolic 

phenotype 

stratification 

[30,35] 

Total 

Testosterone 
<50 ng/dL >70 ng/dL 

Hyperandrogenism; 

hirsutism, acne, 

anovulation mediator 

Biochemical 

androgen excess 

diagnosis 

[4,32] 

SHBG 
40–120 

nmol/L 
<40 nmol/L 

Insulin-suppressed 

SHBG → ↑free androgen 

bioavailability 

Indirect free 

androgen marker 
[30] 

hs-CRP <1 mg/L >3 mg/L 

Systemic low-grade 

inflammation; NF-κB 

activation 

Inflammatory 

phenotype 

identification 

[5] 

Fasting 

Insulin 

<10 

μIU/mL 

>10–15 

μIU/mL 

Compensatory 

hyperinsulinaemia; thecal 

androgen co-stimulation 

IR assessment; 

metformin 

candidacy 

[35] 

Adiponectin 
5–20 

μg/mL 
<5 μg/mL 

Adipokine deficiency → 

↑IR and systemic 

inflammation 

Metabolic 

dysfunction 

biomarker 

[5] 

MDA 
<2 

nmol/mL 
↑ elevated 

Lipid peroxidation; 

oxidative stress in 

granulosa cells and 

oocytes 

Oxidative stress 

assessment 
[19] 

 

III. CURRENT THERAPEUTIC 

APPROACHES IN PCOS 
Given the pathophysiological complexity 

and phenotypic heterogeneity of PCOS, therapeutic 

management must be individualised and symptom-

directed [3,34]. Current modalities address specific 

pathophysiological axes—IR, hyperandrogenism, 

anovulation, or excess body weight—without 

targeting the syndrome in its entirety [2,3]. The 

following subsections critically analyse available 

therapies with respect to mechanisms, molecular 

targets, comparative efficacy, and adverse effects. 

 

3.1 Lifestyle Modification: 

Lifestyle intervention—comprising caloric 

restriction, structured aerobic and resistance 

exercise, and behavioural modification—

constitutes the first-line recommendation for all 

overweight or obese PCOS women regardless of 

phenotype [3,34]. Modest weight reduction of 5–

10% reduces androgen levels by 30–40%, restores 

ovulatory cyclicity in up to 55–90% of women, 

improves HOMA-IR by approximately 25%, and 

alleviates hirsutism [3]. Mechanistically, weight 

loss corrects visceral adipose-derived adipokine 

dysregulation (restoring adiponectin; reducing 

leptin and resistin), suppresses hepatic 

gluconeogenesis, and enhances peripheral GLUT4-

mediated glucose uptake via AMPK upregulation 

[30]. Adherence limitations, weight regain, and 

limited efficacy in lean PCOS phenotypes 

necessitate pharmacological co-intervention [3,34]. 
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3.2 Combined Oral Contraceptive Pills (OCPs): 

Combined OCPs containing 

ethinylestradiol (EE2) with progestins (e.g., 

cyproterone acetate, drospirenone, levonorgestrel) 

remain the cornerstone pharmacotherapy for 

menstrual irregularity and dermatological 

manifestations in non-fertility-seeking PCOS 

women [34]. The oestrogen component suppresses 

LH secretion, increases hepatic SHBG synthesis, 

and inhibits adrenal androgen production; the 

progestin provides endometrial protection [4]. 

Cyproterone acetate-containing formulations confer 

additional anti-androgenic benefit via competitive 

AR antagonism and 5α-reductase inhibition [4]. A 

Cochrane review (Fraison et al., 2020) found no 

significant difference between OCPs and 

metformin for hirsutism and acne, though OCPs 

demonstrated superior menstrual regularisation 

[11]. Adverse effects—including venous 

thromboembolism, hypertension, lipid 

dysregulation, glucose intolerance, and impaired 

insulin sensitivity—limit long-term use, 

particularly in metabolic PCOS [11]. 

 

3.3 Insulin Sensitisers: Metformin: 

Metformin, a biguanide AMPK activator, 

is the most extensively studied insulin sensitiser in 

PCOS [9,30]. Its mechanism involves hepatic 

AMPK activation via mitochondrial Complex I 

inhibition, reducing gluconeogenesis (suppressed 

PEPCK and G6Pase), increasing peripheral 

GLUT4-mediated glucose uptake, and attenuating 

mTORC1 signalling [30]. Additionally, metformin 

decreases ovarian CYP17A1 expression and 

androgen biosynthesis while elevating SHBG via 

reduced hepatic insulin [9]. Moghetti et al. (2019) 

demonstrated that metformin (1500–2000 mg/day, 

6 months) significantly improved HOMA-IR, 

reduced testosterone, and restored menstrual 

cyclicity, though with inferior ovulation induction 

rates compared to letrozole [9]. A Cochrane review 

(Fraison et al., 2020) confirmed superior metabolic 

endpoints with metformin versus OCPs, but noted 

gastrointestinal adverse effects in approximately 

30% of patients and long-term vitamin B12 

deficiency requiring monitoring [11]. Metformin 

remains most effective in insulin-resistant, obese 

PCOS phenotypes [9,30]. 

 

3.4 Anti-Androgens: Spironolactone and 

Cyproterone Acetate:  

Spironolactone, an aldosterone antagonist 

with potent anti-androgenic properties, acts via 

competitive AR inhibition (blocking testosterone 

and DHT binding), inhibition of CYP17A1 and 

11β-hydroxylase at higher doses, and peripheral 

5α-reductase inhibition [4,34]. At 50–200 mg/day, 

it significantly reduces Ferriman-Gallwey hirsutism 

scores and acne severity [4]. Adverse effects 

include hyperkalaemia (particularly with renal 

impairment), menstrual irregularity necessitating 

concomitant OCP use, and teratogenicity requiring 

contraception [34]. Cyproterone acetate (e.g., 

Diane-35) provides combined androgenic 

suppression and endometrial protection [4]. 

Finasteride, a selective 5α-reductase type II 

inhibitor, offers an alternative targeting hirsutism 

and androgenic alopecia with comparatively less 

systemic androgen suppression [4]. 

 

3.5 Ovulation Induction Agents 

3.5.1 Letrozole 

Letrozole, a third-generation CYP19A1 

inhibitor, is the first-line ovulation induction agent 

in PCOS, supplanting clomiphene citrate (CC) 

following the landmark PPCOS-II RCT (Legro et 

al., 2014) [8]. Administered at 2.5–7.5 mg/day 

(cycle days 3–7), letrozole transiently blocks 

oestradiol synthesis, relieving hypothalamic 

negative feedback and stimulating endogenous 

FSH for mono-follicular development [8]. The 

PPCOS-II trial demonstrated superiority over CC: 

live birth rates of 27.5% vs. 19.1% (p = 0.007), 

higher ovulation rates (61.7% vs. 48.3%), and 

lower multiple pregnancy rates [8]. Tanbo and 

Mellembakken (2021) confirmed letrozole’s 

ovulatory superiority across phenotypes in a 

systematic review of 19 RCTs [12]. 

 

3.5.2 Clomiphene Citrate 

Clomiphene citrate (CC), a SERM, blocks 

hypothalamic oestrogen receptors, augmenting 

GnRH/LH/FSH pulsatility and follicular 

development [8]. Despite decades of use, CC 

exhibits peripheral anti-oestrogenic effects 

(reduced endometrial receptivity, hostile cervical 

mucus) and carries a multiple pregnancy risk of 7–

10% [8]. It is now recommended as a second-line 

ovulation inducer or in combination with 

metformin for CC-resistant cases [3,34]. 

 

3.6 GLP-1 Receptor Agonists 

GLP-1 receptor agonists (GLP-1 RAs)—

including liraglutide (1.2–1.8 mg/day SC) and 

semaglutide (0.5–2.4 mg/week SC)—represent an 

emerging therapeutic class for metabolic PCOS, 

particularly in obese women with insufficient 

metformin response [10,13]. GLP-1 RAs activate 

receptors in the pancreas (augmenting glucose-

dependent insulin secretion), hypothalamus 
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(promoting satiety via arcuate POMC neurones), 

liver (suppressing glucagon and hepatic glucose 

output), and ovary (granulosa cell GLP-1 receptors) 

[10]. Elkind-Hirsch et al. (2022) demonstrated that 

liraglutide (1.8 mg/day, 6 months) reduced BMI by 

5.3 kg/m², decreased testosterone by 28%, 

improved HOMA-IR, and restored menstrual 

cyclicity in 64% versus 32% with metformin alone 

[10]. Zhao et al. (2024) reported that semaglutide 

achieved 8–12% body weight reduction with 

significant androgen reduction and improved 

metabolic profiles in RCTs [13]. Primary 

limitations include nausea, vomiting, and high 

acquisition cost; the potential superiority of 

tirzepatide (dual GIP/GLP-1 RA) is under 

investigation. 

 

3.7 Combination Therapies 

Given PCOS’s multi-mechanistic 

pathophysiology, combination pharmacotherapy 

constitutes evidence-based clinical practice [3,34]. 

Metformin combined with letrozole improves 

ovulation induction beyond monotherapy in CC-

resistant PCOS [9,11]. OCPs combined with 

metformin demonstrate superior metabolic and 

androgenic outcomes versus OCP monotherapy in 

metabolic phenotypes [11]. GLP-1 RA combined 

with metformin synergistically improves weight, 

IR, and testosterone in obese PCOS [10]. The triple 

combination of metformin + berberine + myo-

inositol represents a multi-pathway insulin-

sensitising strategy, though large-scale RCT 

evidence remains forthcoming [15]. 

 

3.8 Herbal and Phytochemical Therapies 

3.8.1 Berberine 

Berberine, an isoquinoline alkaloid from 

Berberis aristata, activates AMPK via 

mitochondrial Complex I inhibition (analogous to 

metformin), reducing hepatic gluconeogenesis, 

increasing GLUT4-mediated glucose uptake, and 

inhibiting mTOR/S6K1 signalling [15,18]. 

Crucially, Liao et al. (2021) demonstrated that 

berberine inhibits CYP17A1 expression by 60% in 

human KGN granulosa cells via AMPK-mediated 

downregulation of steroidogenic transcription 

factors—a direct anti-androgenic mechanism 

distinct from metformin [18]. RCT evidence 

(Hechtman, 2019; 500 mg TID) demonstrated 

HOMA-IR reductions of 30–35%, testosterone 

reductions of 28–32%, LDL reduction of 

approximately 20%, and comparable efficacy to 

metformin in insulin-resistant PCOS [15]. Primary 

limitations include low oral bioavailability (~5%), 

variable absorption, gastrointestinal intolerance, 

and limited long-term safety data [15,17]. 

 

3.8.2 Myo-Inositol 

Myo-inositol (MI), a polyol secondary 

messenger in insulin signal transduction, corrects a 

PCOS-specific molecular deficit: reduced follicular 

fluid MI concentrations impairing FSHR signal 

transduction via PI3K/Akt pathways [14]. At 4 

g/day, MI improves oocyte quality, reduces LH and 

AMH levels, and restores ovulatory cyclicity [14]. 

Pundir et al.’s (2018) Cochrane review 

demonstrated ovulation restoration in 65% of MI-

treated women versus 50% with metformin, with 

superior IVF clinical pregnancy rates and oocyte 

quality parameters [14]. The 40:1 MI:D-chiro-

inositol (DCI) physiological ratio preparation is 

currently considered optimal based on granulosa 

cell biology [14]. 

 

3.8.3 Spearmint Tea (Mentha spicata) 

Spearmint (Mentha spicata) contains rosmarinic 

acid and carvone as primary bioactive constituents 

exhibiting anti-androgenic activity via AR binding 

inhibition and 5α-reductase inhibition [16,17]. 

Grant (2010) demonstrated in an RCT that 2 cups 

daily for 30 days significantly reduced free 

testosterone and LH, with improvement in 

Ferriman-Gallwey scores [16]. However, effect 

sizes remain modest (~30% free testosterone 

reduction), dose standardisation is lacking, and 

long-term controlled data are insufficient for 

guideline inclusion [16]. 

 

3.8.4 Curcumin 

Curcumin, the primary polyphenol of Curcuma 

longa, exerts pleiotropic effects relevant to PCOS: 

NF-κB inhibition (anti-inflammatory), CYP17A1 

downregulation (anti-androgenic), AMPK 

activation (insulin sensitising), and Nrf2 activation 

(antioxidant) [17,19]. Shoaei et al. (2020) 

demonstrated in an RCT that curcumin (1.5 g/day, 

12 weeks) significantly reduced testosterone by 

23%, hs-CRP by 41%, fasting insulin, and HOMA-

IR versus placebo [19]. Poor oral bioavailability 

owing to rapid metabolism and low aqueous 

solubility is being addressed through 

nanotechnology-based delivery systems (SLNs, 

nanostructured lipid carriers) [26]. 



 

  

International Journal of Pharmaceutical Research and Applications 

Volume 11, Issue 3 May - June 2026, pp: 1547-1567 www.ijprajournal.com ISSN: 2456-4494 

                                       

 

 

 

DOI: 10.35629/4494-110315471567   Impact Factor value 7.429  | ISO 9001: 2008 Certified Journal Page 1555 

3.8.5 Nigella sativa 

Nigella sativa extract and its primary 

constituent thymoquinone exhibit anti-androgenic, 

antioxidant, anti-inflammatory, and insulin-

sensitising properties in preclinical PCOS models 

[17,20]. El-Habit et al. (2022) demonstrated 

significant reductions in testosterone, LH, and 

oxidative stress markers (MDA), alongside reduced 

ovarian cyst formation and elevated antioxidant 

enzyme activity (SOD, GPx), via NF-κB inhibition 

and Nrf2 activation in letrozole-induced PCOS rats 

[20]. Human RCT data remain limited, warranting 

further clinical investigation.  

IV. EMERGING MOLECULAR DRUG 

TARGETS IN PCOS 
The elucidation of PCOS’s molecular 

pathophysiology has unveiled multiple novel 

therapeutic targets that may enable more precise, 

mechanism-based interventions than currently 

available therapies [1,2,4].  

 

Table 2summarises emerging targets and candidate therapeutic agents. 

Emerging Molecular 

Target 

Pathophysiological 

Relevance in PCOS 

Candidate 

Therapeutic 

Agents 

Key Therapeutic 

Effects/Status 

AMPK Pathway Hypoactive AMPK 

contributes to insulin 

resistance, impaired 

mitochondrial function, 

and hyperandrogenism. 

Metformin, 

berberine, AICAR, 

PT1, MK-8722 

Activates AMPK 

signalling, 

suppresses 

gluconeogenesis, 

enhances fatty acid 

oxidation, and 

reduces androgen 

synthesis; several 

agents remain in 

preclinical 

evaluation. 

PI3K/Akt/mTOR 

Signalling 

Impaired insulin signalling 

in granulosa cells 

contributes to metabolic 

dysfunction and androgen 

excess. 

Rapamycin, 

metformin, PI3Kδ 

inhibitors, dual 

PI3K/mTOR 

inhibitors 

Restores insulin 

sensitivity and 

decreases mTORC1-

S6K1-mediated 

androgen 

production; 

precision therapies 

are under 

investigation. 

CYP17A1 Inhibition CYP17A1 drives ovarian 

and adrenal androgen 

biosynthesis in PCOS. 

Abiraterone acetate, 

ovary-targeted 

CYP17A1 

nanoparticle 

inhibitors 

Suppresses androgen 

production, though 

adrenal toxicity 

limits current 

clinical application. 

Inflammatory Cytokine 

Targets (TNF-α, IL-6, 

IL-18) 

Chronic low-grade 

inflammation exacerbates 

insulin resistance and 

ovarian dysfunction. 

AdipoRon, 

parthenolide, IKKβ 

inhibitors, MCC950 

Reduces 

inflammatory 

signalling, granulosa 

cell apoptosis, and 

improves 

folliculogenesis in 

experimental 

models. 

Gut Microbiota 

Modulation 

Gut dysbiosis contributes 

to metabolic and endocrine 

Probiotics, prebiotic 

inulin, synbiotics, 

Improves HOMA-

IR, testosterone, 



 

  

International Journal of Pharmaceutical Research and Applications 

Volume 11, Issue 3 May - June 2026, pp: 1547-1567 www.ijprajournal.com ISSN: 2456-4494 

                                       

 

 

 

DOI: 10.35629/4494-110315471567   Impact Factor value 7.429  | ISO 9001: 2008 Certified Journal Page 1556 

abnormalities in PCOS. faecal microbiota 

transplantation 

(FMT) 

BMI, CRP, and 

ovulatory cyclicity 

through restoration 

of microbial 

homeostasis. 

Adipokine Targets Adipokine imbalance 

promotes inflammation, 

oxidative stress, and 

insulin resistance. 

AdipoRon Activates 

AdipoR1/R2-

mediated AMPK and 

PPARα signalling, 

reducing IR and 

ovarian oxidative 

stress. 

Oxidative Stress 

Pathway Targets 

Oxidative stress 

contributes to ovarian 

dysfunction and metabolic 

impairment. 

Sulforaphane, 

dimethyl fumarate, 

resveratrol, N-

acetylcysteine 

(NAC) 

Enhances Nrf2-

mediated antioxidant 

defence and 

improves insulin 

resistance and 

ovulation rates. 

Epigenetic Targets Aberrant DNA 

methylation, histone 

modification, and miRNA 

dysregulation alter 

steroidogenesis and 

glucose metabolism. 

5-azacytidine, 

valproic acid, 

butyrate, miRNA 

oligonucleotides 

Represents an 

emerging precision 

medicine strategy 

targeting reversible 

epigenetic 

abnormalities. 

Neuroendocrine Targets 

(Kisspeptin/Neurokinin-

B) 

Increased KNDy neuron 

signalling elevates GnRH 

pulse frequency and LH 

secretion. 

Senktide, 

fezolinetant (NK3R 

antagonist) 

Reduces LH pulse 

frequency and 

testosterone levels; 

Phase II studies 

demonstrate 

therapeutic potential. 

 

V. COMPARATIVE ANALYSIS OF PUBLISHED STUDIES 
5.1 Synthetic/Pharmacological Drug Studies 

Table 3. Comparative Analysis of Published Pharmacological Drug Studies in PCOS 

Author & 

Year 

Study 

Type 

Drug/C

ompou

nd 

Target 

Pathway 

Dose & 

Duratio

n 

Key 

Biomark

ers 

Major 

Findings 

Limitat

ions 

Ref

. 

Legro RS 

et al., 2014 

Phase III 

RCT 

(PPCOS-

II; n=750) 

Letrozol

e vs. 

Clomiph

ene 

Citrate 

CYP19A1 

inhibition 

→ ↑FSH 

→ 

folliculoge

nesis 

Letrozole 

2.5–7.5 

mg/5d; 

CC 50–

150 

mg/5d; 

up to 5 

cycles 

Live birth 

rate, 

ovulation 

rate, 

multiple 

pregnanc

y 

LBR: 

Letrozole 

27.5% vs. 

CC 19.1% 

(p=0.007); 

superior 

ovulation; 

↓multiple 

pregnancy 

with 

letrozole 

Single 

diagnost

ic 

criterion 

(NIH); 

no 

placebo 

arm 

[8] 

Moghetti P 

et al., 2019 

RCT + 

Meta-

analysis 

(n=396) 

Metform

in 

AMPK → 

↓gluconeog

enesis; ↓IR; 

↓CYP17A1 

1500–

2000 

mg/day; 

6–12 

HOMA-

IR, 

testostero

ne, LH, 

↓HOMA-

IR 38%; 

↓testostero

ne 28%; 

Heterog

eneous 

populati

ons; 

[9] 
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Author & 

Year 

Study 

Type 

Drug/C

ompou

nd 

Target 

Pathway 

Dose & 

Duratio

n 

Key 

Biomark

ers 

Major 

Findings 

Limitat

ions 

Ref

. 

months SHBG, 

menstrual 

cyclicity 

restored 

cycles in 

57%; 

inferior to 

letrozole 

for 

ovulation 

variable 

dosing 

protocol

s 

Elkind-

Hirsch K 

et al., 2022 

Randomis

ed 

placebo-

controlled 

trial 

(n=144) 

Liragluti

de 1.8 

mg/day 

SC 

GLP-1R → 

↓appetite; 

↑insulin 

secretion; 

↑GnRH 

normalisati

on 

1.8 

mg/day 

SC; 6 

months 

BMI, 

HOMA-

IR, 

testostero

ne, 

menstrual 

cyclicity 

↓BMI 5.3 

kg/m²; 

↓testostero

ne 28%; 

restored 

cycles 

64% vs. 

32% 

metformin

; 

↓HOMA-

IR 

6-month 

duration

; high 

cost; 

nausea 

(22%) 

[10] 

Fraison E 

et al., 2020 

Cochrane 

Systematic 

Review 

(28 RCTs; 

n=2858) 

Metform

in vs. 

OCPs; 

vs. 

letrozole

; vs. CC 

Multiple: 

AMPK vs. 

HPO axis 

vs. 

CYP19A1 

Varied 

(per 

included 

trials) 

Hirsutism

, BMI, 

HOMA-

IR, live 

birth rate, 

menstrual 

regularity 

Metformin 

superior 

for 

IR/lipids 

vs. OCP; 

no 

significant 

difference 

for 

hirsutism; 

combined 

therapy 

superior 

for 

fertility 

Publicat

ion bias; 

heteroge

neous 

trial 

designs 

[11] 

Tanbo T 

&Mellemb

akken J, 

2021 

Systematic 

Review 

(19 RCTs) 

Letrozol

e vs. 

Clomiph

ene 

Citrate 

CYP19A1 

inhibition 

vs. 

oestrogen 

receptor 

modulation 

Letrozole 

2.5–7.5 

mg/5d; 

CC 50–

150 

mg/5d 

Ovulation 

rate, 

pregnanc

y rate, 

LBR, 

endometri

al 

thickness 

Letrozole: 

superior 

ovulation 

(OR 1.56); 

↑endometr

ial 

thickness; 

↑LBR in 

14/19 

trials 

Limited 

non-

PPCOS-

II trial 

data; 

phenoty

pe 

stratific

ation 

absent 

[12] 

Zhao H et 

al., 2024 

RCT + 

Review 

(n=210) 

Semaglu

tide 0.5–

2.4 

mg/wk 

GLP-1R 

agonism → 

weight 

loss; 

0.5–2.4 

mg/week 

SC; 6–12 

months 

BMI, 

testostero

ne, AMH, 

LH, 

↓BMI 8–

12%; 

↓testostero

ne 32%; 

Short 

duration

; high 

cost; GI 

[13] 
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Author & 

Year 

Study 

Type 

Drug/C

ompou

nd 

Target 

Pathway 

Dose & 

Duratio

n 

Key 

Biomark

ers 

Major 

Findings 

Limitat

ions 

Ref

. 

SC ↓androgens

; ↓IR 

HOMA-

IR 

improved 

AMH; 

restored 

menstrual 

cycles in 

71%; 

superior to 

metformin 

monothera

py 

side 

effects 

 

5.2 Herbal Compound Studies 

Table 4. Comparative Analysis of Published Herbal/Phytochemical Studies in PCOS 

Author 

& Year 

Herbal 

Agent 

Active 

Constitu

ent 

Mechani

sm 

Dose & 

Model 

Biomarke

rs 

Key 

Findings 

Limitati

ons 
Ref. 

Hechtman 

L, 2019 

Berberine 

(Berberis 

aristata) 

Berberine 

alkaloid 

AMPK 

activation 

→ ↓IR; 

↓CYP17

A1 → 

anti-

androgeni

c; 

↓mTOR 

500 mg 

TID 

(oral); 

RCTs 

review; 

3–6 

months 

HOMA-IR, 

testosterone

, LH, lipids 

HOMA-IR 

↓35%; 

testosterone 

↓32%; 

comparable 

to 

metformin; 

↓LDL 20% 

Low 

bioavaila

bility 

(~5%); 

short-

term 

studies; 

no 

PCOS 

phenotyp

e 

stratifica

tion 

[15] 

Pundir J 

et al., 

2018 

Myo-

Inositol 

(MI) 

Myo-

inositol 

(polyol) 

Insulin 

second 

messenge

r → 

↑PI3K/A

kt/FSHR 

signalling

; ↓LH; 

↑oocyte 

quality 

4 g/day 

oral; 

human 

RCTs 

(Cochra

ne); 3–

12 

months 

Ovulation 

rate, LH, 

AMH, 

oocyte 

quality, 

HOMA-IR 

Ovulation 

restoration 

65% vs. 

50% 

metformin; 

↑IVF 

pregnancy 

rate; ↑oocyte 

quality 

Product 

variabilit

y; dose 

rationale 

(MI:DCI 

40:1 

debated); 

small 

sample 

sizes 

[14] 

Grant P, 

2010; 

updated 

2022 

Spearmint 

Tea 

(Mentha 

spicata) 

Rosmarini

c acid, 

carvone 

AR 

binding 

inhibition

; 5α-

reductase 

inhibition 

→ ↓free 

testostero

ne 

2 

cups/da

y 

spearmi

nt tea; 

RCT + 

meta-

analysis; 

30 days 

Free 

testosterone

, LH, FSH, 

Ferriman-

Gallwey 

score 

↓Free 

testosterone 

30%; ↓LH; 

↑FSH; 

improved 

Ferriman-

Gallwey 

hirsutism 

score 

Moderat

e effect 

size; no 

standardi

sed 

extract; 

placebo 

difficult; 

short-

[16] 
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Author 

& Year 

Herbal 

Agent 

Active 

Constitu

ent 

Mechani

sm 

Dose & 

Model 

Biomarke

rs 

Key 

Findings 

Limitati

ons 
Ref. 

term 

Shoaei T 

et al., 

2020 

Curcumin 

(Curcuma 

longa) 

Curcumin 

polypheno

l 

NF-κB 

inhibition 

→ 

↓inflamm

ation; 

AMPK 

activation

; Nrf2 

activation 

→ 

antioxida

nt; 

↓CYP17

A1 

1.5 

g/day 

oral; 

RCT 

(n=60); 

12 

weeks 

Testosteron

e, hs-CRP, 

fasting 

insulin, 

HOMA-IR, 

MDA 

↓testosterone 

23%; ↓hs-

CRP 41%; 

↓HOMA-IR; 

↓MDA; 

superior 

anti-

inflammator

y vs. placebo 

Poor 

bioavaila

bility; no 

long-

term 

data; 

small 

sample 

[19] 

El-Habit 

OH et al., 

2022 

Nigella 

sativa 

(Black 

seed) 

Thymoqui

none 

NF-κB 

inhibition 

→ ↓IL-6, 

TNF-α; 

Nrf2 

activation 

→ ↑SOD, 

GPx; 

↓CYP17

A1 

400 

mg/kg/d

ay 

extract; 

letrozole

-induced 

Wistar 

rat 

model; 

28 days 

Testosteron

e, LH, 

MDA, 

SOD, GPx, 

ovarian 

histology 

↓testosterone 

38%; ↓LH; 

↓MDA; 

↑SOD/GPx; 

↓cystic 

follicles; 

↑corpus 

luteum 

Animal 

study 

only; no 

human 

RCT; 

mechani

stic 

pathway 

not fully 

elucidate

d 

[20] 

Liao X et 

al., 2021 

Berberine 

(in vitro) 

Berberine 

alkaloid 

AMPK 

phosphor

ylation 

→ 

↓CYP17

A1 

transcript

ion 

(60%); 

↓StAR; 

↓androste

nedione 

secretion 

5–40 

μmol/L; 

KGN 

granulos

a cells; 

hyperins

ulinaemi

c model 

CYP17A1 

mRNA/prot

ein, 

AMPK-p, 

androstened

ione, 

testosterone 

CYP17A1 

↓60%; 

↑AMPK 

phosphorylat

ion; 

↓androstene

dione 

secretion; 

concentratio

n-dependent 

In vitro 

only; no 

clinical 

correlati

on; 

hyperins

ulinaemi

c model 

limitatio

ns 

[18] 

 

5.3 Animal Model Studies 

Table 5. Comparative Analysis of Animal Studies in PCOS 

Author 

& 

Year 

Species/S

train 

Induction 

Method 

Drug 

Tested 

Dose & 

Route 

Biomarkers Key 

Histopat

hologica

l 

Findings 

Limita

tions 

Ref. 
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Author 

& 

Year 

Species/S

train 

Induction 

Method 

Drug 

Tested 

Dose & 

Route 

Biomarkers Key 

Histopat

hologica

l 

Findings 

Limita

tions 

Ref. 

Kafali 

H et al., 

2004 

Female 

Wistar 

rats (200–

250g) 

Letrozole 

1 

mg/kg/day 

oral; 21 

days 

(classic 

model) 

Model 

characteri

sation 

paper 

N/A LH, FSH, 

testosterone, 

estradiol, 

ovarian 

weight, 

histology 

Elevated 

LH:FSH 

ratio; 

↑testoster

one; 

↓estradiol

; 

polycysti

c ovaries 

(>10 

cysts/ova

ry); 

anovulati

on 

confirme

d 

Classic 

model; 

no 

treatme

nt 

evaluat

ion; 

inter-

lab 

variabil

ity in 

model 

reprodu

cibility 

[21] 

Singh 

AK et 

al., 

2022 

Female 

Wistar 

rats (220–

250g) 

Letrozole 

1 

mg/kg/day 

oral; 21 

days 

Quercetin 50 

mg/kg/day 

oral; 28 

days 

LH, FSH, 

testosterone, 

estradiol, 

HOMA-IR, 

ovarian 

histology, 

AMPK-p, 

NF-κB 

expression 

Restored 

folliculog

enesis; 

↓cystic 

follicles; 

↑CL 

formation

; ↓NF-

κB; 

↑AMPK 

phosphor

ylation 

No 

dose-

respons

e 

analysi

s; short 

treatme

nt; no 

compar

ison to 

standar

d of 

care 

[22] 

Sarray 

S et al., 

2020 

Female 

Sprague-

Dawley 

rats 

DHEA 6 

mg/100g 

SC; 21 

days 

Characteri

sation 

study; 

hormonal 

evaluation 

N/A LH, FSH, 

testosterone, 

estradiol, 

AMH, 

glucose 

tolerance, 

ovarian 

weight, 

histology 

↑LH:FSH

; 

↑testoster

one; 

↑AMH; 

impaired 

glucose 

tolerance; 

polycysti

c 

morpholo

gy 

confirme

d; 

inflamma

tion 

markers 

elevated 

Model 

validati

on 

only; 

not 

univers

ally 

accepte

d as 

PCOS 

model; 

species 

differe

nces 

[23] 
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Author 

& 

Year 

Species/S

train 

Induction 

Method 

Drug 

Tested 

Dose & 

Route 

Biomarkers Key 

Histopat

hologica

l 

Findings 

Limita

tions 

Ref. 

Hu M 

et al., 

2021 

Germ-free 

C57BL/6 

mice; 

FMT 

from 

PCOS 

women 

Gut 

microbiota 

transplant 

(PCOS gut 

dysbiosis 

model) 

Faecal 

microbiot

a 

transplant

ation 

(FMT) 

Oral 

gavage; 

PCOS 

donor 

FMT vs. 

healthy 

donor 

FMT 

Testosterone, 

LH, ovarian 

cycles, gut 

microbiome 

composition, 

bile acid 

profiles, 

HOMA-IR 

FMT 

from 

PCOS 

donors 

induced 

↑testoster

one, 

oligo-

anovulati

on, ↑IR; 

altered 

tryptopha

n/bile 

acid 

metabolis

m; 

reversed 

by 

healthy 

donor 

FMT 

Germ-

free 

mouse 

limitati

ons; 

human 

translat

ion 

challen

ges; 

mechan

istic 

pathwa

ys 

partiall

y 

charact

erised 

[24] 

El-

Habit 

OH et 

al., 

2022 

Female 

Wistar 

rats 

Letrozole 

1 

mg/kg/day 

oral; 21 

days 

Nigella 

sativa 

extract 

(NSE) 

400 

mg/kg/day 

oral NSE; 

28 days 

Testosterone, 

LH, CRP, 

IL-6, MDA, 

SOD, GPx, 

catalase, 

ovarian 

histology 

↓Cystic 

follicles; 

↑CL; 

↓testoster

one 38%; 

↓MDA; 

↑SOD/G

Px; ↓NF-

κB; 

superior 

antioxida

nt 

activity 

Animal 

only; 

extract 

standar

disatio

n 

unclear

; no 

clinical 

validati

on 

[20] 

 

5.4 Clinical Trials Summary 

Table 6. Comparative Analysis of Key Clinical Trials in PCOS (2014–2024) 

Author 

& Year 

Trial ID / 

Design 

Interve

ntion 

Control n / 

Duration 

Primary 

Outcom

e 

Key 

Results 

Limitati

ons 

Ref. 

Legro 

RS et al., 

2014 

PPCOS-II; 

Phase III 

multi-centre 

double-

blind RCT 

Letrozo

le 2.5–

7.5 mg 

× 

5d/cycl

e; up to 

Clomiphene 

citrate 50–

150 mg × 

5d/cycle 

750 / Up 

to 5 

cycles 

Live birth 

rate 

LBR: 

Letrozole 

27.5% vs. 

CC 19.1% 

(p=0.007); 

ovulation 

NIH 

diagnosti

c criteria 

only; 

excluded 

obese 

[8] 
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Author 

& Year 

Trial ID / 

Design 

Interve

ntion 

Control n / 

Duration 

Primary 

Outcom

e 

Key 

Results 

Limitati

ons 

Ref. 

5 cycles rate 61.7% 

vs. 48.3%; 

↓multiple 

pregnancy 

letrozole 

women 

Moghetti 

P et al., 

2019 

Double-

blind RCT 

(multi-

centre) 

Metfor

min 

1500 

mg/day 

Placebo ~220 / 6 

months 

HOMA-

IR 

reduction; 

menstrual 

cyclicity 

↓HOMA-

IR 38%; 

↓testostero

ne 28%; 

restored 

menstrual 

cycles 

57% vs. 

22% 

placebo; 

no 

ovulation 

induction 

advantage 

Short 

duration; 

heterogen

eous 

phenotyp

es 

[9] 

Elkind-

Hirsch K 

et al., 

2022 

Randomised 

placebo-

controlled 

trial (3 

arms) 

Liraglut

ide 1.8 

mg/day 

SC + 

metfor

min; vs. 

metfor

min 

alone; 

vs. 

placebo 

Placebo 144 / 6 

months 

BMI 

reduction; 

menstrual 

regularity

; 

testostero

ne 

Combinati

on: ↓BMI 

5.3 kg/m²; 

↓testostero

ne 28%; 

cycles 

restored 

64%; 

superior to 

metformin 

monothera

py 

Short-

term; 

single 

centre; 

high 

dropout 

due to 

nausea 

[10] 

Fraison 

E et al., 

2020 

Cochrane 

Review (28 

RCTs; 

n=2858) 

Metfor

min vs. 

OCPs; 

vs. 

clomiph

ene; vs. 

letrozol

e; 

combin

ation 

therapie

s 

Multiple 

comparators 

2858 / 

Variable 

(3–12 

months) 

Hirsutism

, IR, live 

birth rate, 

menstrual 

regularity 

Metformin

: superior 

for IR, 

lipids vs. 

OCP; 

letrozole 

superior 

for LBR; 

combinati

on 

superior to 

monothera

py; no 

single best 

agent 

Heteroge

neous 

trial 

designs; 

high risk 

of bias in 

older 

studies 

[11] 

Zhao H 

et al., 

Prospective 

RCT + 

Semagl

utide 

Metformin 

1000 

210 / 6–

12 months 

Weight 

loss; 

↓BMI 8–

12%; 

Nascent 

evidence 

[13] 
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Author 

& Year 

Trial ID / 

Design 

Interve

ntion 

Control n / 

Duration 

Primary 

Outcom

e 

Key 

Results 

Limitati

ons 

Ref. 

2024 systematic 

review 

0.5–2.4 

mg/wee

k SC 

mg/day menstrual 

cyclicity; 

testostero

ne 

↓testostero

ne 32%; 

improved 

AMH; 

restored 

cycles in 

71%; 

superior to 

metformin 

monothera

py 

base; 

high cost; 

long-term 

safety in 

PCOS 

unknown 

 

VI. RESEARCH GAPS AND 

CHALLENGES 
Despite substantial advances in PCOS 

research, significant scientific gaps impede the 

development of curative, precision therapies [2,3]. 

The following critical unmet needs have been 

identified from the literature synthesis presented in 

this review. 

 

6.1 Lack of Targeted Therapies across All 

Pathophysiological Axes 

No currently approved therapy 

simultaneously addresses insulin resistance, 

hyperandrogenism, ovarian dysfunction, and 

chronic inflammation—the four cardinal 

pathophysiological axes of PCOS [3,34]. This 

therapeutic fragmentation results in polypharmacy 

and incomplete disease modification [2]. Multi-

target agents—including berberine [15,18], 

curcumin [19], and emerging AMPK/NF-κB dual 

modulators—represent promising candidates but 

lack adequately powered multi-centre RCT 

validation. 

 

6.2 Long-Term Safety Concerns 

The majority of published RCTs for 

pharmacological agents (GLP-1 RAs, berberine, 

curcumin) and nanotechnology-based formulations 

extend for 3–12 months, providing insufficient 

evidence for the decades-long management 

required given PCOS’s chronicity [10,13,15]. 

Long-term cardiovascular, oncological 

(endometrial cancer risk in anovulatory 

phenotypes), and reproductive safety data are 

critically lacking for emerging therapeutics [3]. 

 

6.3 Heterogeneity of PCOS and Phenotype-

Specific Gaps 

The four Rotterdam diagnostic phenotypes 

(A–D) exhibit markedly different metabolic risk 

profiles—Phenotype A (full criteria) carries the 

highest metabolic burden, while Phenotype D 

(PCOM + oligo-anovulation without biochemical 

hyperandrogenism) has the lowest IR prevalence 

[32]. However, fewer than 30% of published RCTs 

stratify participants by phenotype, limiting the 

generalisability of therapeutic conclusions [11]. 

Phenotype-specific treatment algorithms are 

urgently needed [3]. 

 

6.4 Translational Gap in Nanotechnology 

Studies 

All published NDDS studies for PCOS 

(PLGA nanoparticles, SLNs, NLCs) remain at the 

preclinical stage, conducted exclusively in rodent 

PCOS models [25,26]. Critical translational 

barriers include scale-up manufacturing challenges, 

sterilisation constraints, regulatory approval 

pathways, particle stability in biological fluids, and 

absence of human pharmacokinetic data for 

ovarian-targeted nanocarriers [27]. No Phase I/II 

clinical trial for any NDDS in PCOS has been 

registered to date [27]. 

 

6.5 Inconsistency in Biomarkers and Diagnostic 

Criteria 

Inconsistent application of diagnostic 

criteria (NIH vs. Rotterdam vs. AES) across 

published studies introduces substantial population 

heterogeneity, reducing the comparability of 

therapeutic outcomes [29,33]. Biomarker 

standardisation remains problematic: AMH assay 

variability (>30% inter-assay coefficient of 
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variation), inconsistent fasting conditions for 

insulin measurement, and non-uniform testosterone 

assay methodology all compromise cross-study 

comparison [3]. 

 

6.6 Under-Representation of Specific 

Populations 

South Asian women—including the large 

Indian PCOS population—exhibit a unique lean 

PCOS phenotype with lower BMI thresholds for 

IR, atypical lipid profiles, and different androgen 

distribution patterns, yet are substantially under-

represented in major international RCTs 

predominantly conducted in Caucasian populations 

[2]. India-specific epidemiological and 

pharmacogenomic data are urgently needed, 

particularly given the global burden of PCOS in 

South Asian women (prevalence estimated at 9.13–

22.5%). 

 

VII. FUTURE PERSPECTIVES 
The convergence of molecular 

pharmacology, genomics, artificial intelligence, 

and advanced drug delivery technology is poised to 

transform PCOS management toward a truly 

precision medicine paradigm [2,3,27]. 

 

7.1 Precision Medicine and Phenotype-Stratified 

Therapy 

Future PCOS management frameworks 

will increasingly incorporate molecular 

phenotyping—including comprehensive hormonal 

profiling, metabolomics, genomic risk stratification 

(GWAS-derived polygenic risk scores), and gut 

microbiome profiling—to guide individualised, 

mechanism-matched therapeutic selection [2,3]. 

Algorithm-driven clinical decision tools integrating 

AMH, HOMA-IR, testosterone, LH:FSH ratio, and 

genetic data may enable phenotype-specific 

treatment allocation (e.g., GLP-1 RA for Phenotype 

A with obesity; inositol for Phenotype B with 

normo-insulinaemia; anti-androgen for Phenotype 

C with dermatological predominance) [3,32]. 

 

7.2 AI-Assisted Drug Discovery 

Machine learning (ML) and artificial 

intelligence (AI) platforms—including deep 

learning-based molecular docking, virtual 

screening, and QSAR modelling—are accelerating 

the identification of novel PCOS drug candidates 

targeting CYP17A1, AMPK, PI3K/mTOR, and 

epigenetic enzymes. AI-assisted analysis of 

electronic health records and multi-omics data from 

large PCOS cohorts may reveal previously 

unrecognised pathophysiological subgroups, 

enabling de novo drug target identification [2]. 

 

7.3 Gene-Based and Epigenomic Therapies 

CRISPR-Cas9-mediated correction of 

DENND1A.V2 overexpression in theca cells, and 

antisense oligonucleotide (ASO)-mediated 

suppression of dysregulated miRNAs (miR-93 

targeting GLUT4; miR-320 targeting E2 synthesis), 

represent emerging gene-level therapeutic 

strategies [1]. Epigenome-editing approaches 

targeting CpG methylation of key PCOS 

susceptibility loci (FSHR, CYP17A1 promoters) 

via dCas9-DNMT3A fusions are at early 

conceptual stages but carry transformative 

therapeutic potential if ovary-targeted delivery can 

be achieved [27]. 

 

7.4 Microbiome-Targeted Therapy 

As mechanistic understanding of the gut-

ovary axis matures, microbiome-targeted 

interventions—including precision probiotic 

formulations, prebiotic dietary modifications, FMT, 

and gut-permeable phytobiotics (berberine, 

resveratrol acting as microbial modifiers)—are 

likely to become integral components of PCOS 

management protocols [6,24]. 

 

7.5 Advanced Nanomedicine Platforms 

Next-generation NDDS for PCOS will 

integrate active ovarian targeting (FSHR antibody, 

LH receptor peptide conjugation), stimuli-

responsive release (follicular fluid pH-responsive 

or ROS-responsive nanoparticles), theranostic 

functionality (diagnostic imaging + therapeutic 

payload in one nanocarrier), and combination 

phytochemical loading to overcome the 

bioavailability and specificity limitations of current 

approaches [27]. Translation from preclinical to 

Phase I/II clinical trials for at least one NDDS in 

PCOS is a critical near-term research priority [27]. 

 

7.6Multi-Target Combination Pharmacotherapy 

The triple combination of metformin + 

berberine + myo-inositol—each acting on 

complementary AMPK/PI3K/insulin signalling 

nodes—represents a scientifically compelling 

multi-target insulin-sensitising approach warranting 

well-powered Phase III RCT evaluation [9,14,15]. 

Similarly, GLP-1 RA + NK3R antagonist co-

therapy targeting both metabolic and 

neuroendocrine axes simultaneously is a 

conceptually attractive dual approach for severe 

reproductive-metabolic PCOS [10]. 
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VIII. CONCLUSION 
This comprehensive review has 

systematically characterised PCOS as a multi-

dimensional endocrine-metabolic syndrome driven 

by interconnected pathophysiological axes: insulin 

resistance (mediated by IRS-1 serine 

phosphorylation and PI3K/Akt signalling 

impairment) [30,35], CYP17A1-driven 

hyperandrogenism (perpetuated by DENND1A 

genetic variants and compensatory 

hyperinsulinaemia) [1], HPO axis dysregulation 

(driven by kisspeptin/GnRH pulse frequency 

elevation) [7], chronic NF-κB-mediated 

inflammation [5], oxidative stress [19], 

mitochondrial bioenergetic failure, epigenetic 

dysregulation [2], and gut microbiota dysbiosis 

[6,24]. 

Among current therapeutic strategies, 

letrozole represents the gold standard for ovulation 

induction (LBR 27.5% vs. clomiphene 19.1%) 

[8,12], metformin remains the cornerstone insulin 

sensitiser for metabolic phenotypes [9,30], and 

GLP-1 receptor agonists (liraglutide, semaglutide) 

constitute a rapidly advancing class for obese-

metabolic PCOS [10,13]. Berberine and myo-

inositol have emerged as evidence-based herbal 

alternatives with comparable insulin-sensitising and 

anti-androgenic efficacy to metformin [14,15], and 

nanotechnology-based delivery systems (PLGA 

nanoparticles, SLNs) demonstrate 2–5-fold 

bioavailability improvements for curcumin and 

metformin in preclinical models [25,26]. 

Despite these advances, fundamental 

therapeutic gaps persist: no approved multi-target 

agent addresses all pathophysiological axes 

simultaneously [3]; nanotechnology PCOS research 

has not advanced beyond preclinical investigation 

[25,26,27]; long-term safety data for emerging 

therapies are insufficient [10,13]; and phenotype-

stratified treatment protocols remain unvalidated in 

large RCTs [11]. Addressing these gaps through 

precision medicine frameworks, AI-assisted drug 

discovery, epigenome editing, microbiome-targeted 

interventions [6,24], and well-powered multi-centre 

clinical trials represents the strategic agenda for 

PCOS research over the next decade. 

As understanding of PCOS’s molecular 

complexity continues to deepen, the transition from 

empirical, symptom-directed management toward 

molecularly targeted, phenotype-stratified, and 

precision-delivered therapeutics will ultimately 

provide PCOS-affected women with the 

individualised, effective, and safe care that this 

prevalent yet incompletely understood syndrome 

demands [2,3,27]. 
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