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Abstract

Introduction. Metabolic syndrome (MS) - a cluster of conditions like central obesity, insulin resistance, hypertension,
dyslipidemia, and hyperglycemia — increases the risk of cardiovascular disease and type 2 diabetes in women of
reproductive age. lts prevalence is rising globally due to poor diets and reduced physical activity. Additionally, ovarian
dysfunction conditions such as PCOS, diminished ovarian reserve (DOR), and premature ovarian insufficiency (POI) are
increasingly linked to metabolic disturbances. Understanding the connection between MS and ovarian dysfunction is critical
to improving reproductive outcomes and reducing long-term health risks.

Aim. This review aims to summarize and critically analyze the current understanding (2020-2025) of the relationship
between MS and ovarian dysfunction, emphasizing shared mechanisms, clinical implications, and future research directions.

Material’s and method. A targeted literature review was performed using PubMed, ScienceDirect, and PMC databases.
Studies published between January 2020 and June 2025, peer-reviewed, and focused on MS and ovarian dysfunction
(PCOS, DOR, POI) were included.

Results and Conclusions. Recent research reveals that MS and ovarian dysfunction share common pathophysiological
mechanisms, including hyperinsulinemia, adipokine imbalance, chronic inflammation, oxidative stress, and altered hepatic
metabolism. Insulin resistance is present even in lean PCOS phenotypes. Mendelian randomization studies suggest a
bidirectional causal link between MS and ovarian dysfunction. The coexistence of these conditions impairs fertility, increases
pregnancy complications, and elevates long-term cardiometabolic risk. Interventions like lifestyle changes, insulin-sensitizing
drugs, and integrated reproductive-metabolic care show promise.
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METABOJIMMECKMXA CUHOPOM U Ero B3AMMOCBA3b C
HAPYWEHUWNEM ®YHKLMU ANYHHUKOB. OB30P JIUTEPATYPbI

Aunnaw T. Cepukbaeral, https:/lorcid.org/0009-0009-5092-4408
3auryHa I'. Xamupaynnunat, https://orcid.org/0000-0002-0902-5269
1HAO «MeguumHcKmi YHuBepcurtet AcTtaHar», ActaHa, Pecnyonuka KasaxcrtaH.

BeepgeHne. Metabonnueckuii  cuHgpom (MC) — coyeTaHWe TakuX COCTOSIHWIA, KaK LEHTpanbHOe —OXMPEHME,
WHCYNUHOPE3UCTEHTHOCTb, TUNEPTOHWS, OWUCTIMMWOEMUS W TUNEPIMIMKEMUS — MOBBILIAET PUCK  CEPAEYHO-COCYAUCTBIX
3aboneBaHui W auabeTta 2 Tuma y XEHWWH PEenpoayKTWBHOTO BO3pacTa. Ero pacnpocTpaHeHHOCTb pacTeT B Mupe u3-3a
HENPaBUMLHOMO MUTAHWA U CHKEHUS PM3MYECKO aKTUBHOCTW. KpoMe TOro, COCTOSHWS OBapuaribHOM AMCHYHKLMK, Takue Kak
CMHOPOM MONMKACTO3HBIX AnuHMKoB (CTIA), cHukeHHbIn oBapuanbHbiii peseps (COP) u npexaeBpemeHHas OBapuarbHas
HegocTaTouHocTb (MHHA), Bee valle cBsi3aHbl ¢ MeTabonmyeckumm HapyLueHnsMu. MoHrmarmue cesav mexay MC v oBapuansHoil
LMCAYHKLMEN KpaiiHe BaXHO ANS YIyulLeHUs penpoayKTUBHbBIX MCXOA0B U CHIKEHWS JONTOCPOYHBIX PUCKOB ANS 300POBbS.

Llens uccnenpoBanus. Llenbio agaHHoro ob3opa sBnsieTcd 0BO6OLEHME W KPUTWYECKWA aHammu3 COBPEMEHHOTO
noHnmanus (2020-2025) cesisn mexay MC v oapuarnbHO AUCHYHKUMEN, C aKLEHTOM Ha 06LLMe MEXaHU3Mbl, KIMHUYECKIE
nocrneacTBNS U HanpaBeHus ByayLmx uccnegoBaHuii.

MeTtoabl. Bbin npoeefeH LeneHanpaBneHHbIn 0030p nuTepaTtypbl C Mcmonb3oBaHueM 0a3 aaHHbIX PubMed,
ScienceDirect n PMC. BkmtoyeHbl wuccnegosanus, onybnukoBaHHble ¢ sHBaps 2020 roga no wioHb 2025 roga,
peLeHanpyemble 1 dokycupytowmecs Ha MC n oBapuansHon gucdyHkummn (CMNA, COP, MHA).

Pe3ynbTatbl 1 BbiBOAbI. [locneaHne nccnesoBaHns nokassisaoT, YTo MC v oBapuanbHas AMchyHKUMS umetoT obLyme
naTouM3NONOrMyeckMe MexaHu3Mbl, BKIOYas TMNEPUHCYNMHEMWO, AucOanaHc afunoKMHOB, XPOHWYECKOE BOCManeHue,
OKCMAATUBHbINA CTPECC W HApyLIEHHBIA MeTabonmam B neveHu. MHCYNMHOPe3nCTEHTHOCTL HabMnioaaeTcs Aaxe Y XeHLWWH ¢
"ToHkummn" cpeHoTunammn CIKA. UccneposaHus MeHzenesckoi paHaoMu3auun npeanonaralT LBYCTOPOHHIO NPUYUHHO-
cneacTBeHHyto ceasb Mexay MC n oBapuansHoit aucyHkumen. COBMECTHOE CyLLECTBOBAHUE 3TUX COCTOSHUIA yXyawaeTt
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(hEpPTUINBLHOCTb,  YBENMYMBAET — KOMMYECTBO  OCMOXHEHWA Mpu  OEPEMEHHOCTM M MOBbIWAET  LONTOCPOYHbIE
kapauomeTabonuueckue pucku. Obellalolme METOAbI BMELLATENLCTBA BKIOYAKT U3MeHeHWe obpasa u3HW, npenapatsl,
MOBbILLAOLLME YYBCTBUTENBHOCTb K MHCYMUHY, @ TakKe MHTErPUPOBaHHOE PENPOAYKTUBHO-METABONMYECKOE NeveHve.

Knroyeebie cnoea: memabonuyeckuli CuHOPOM, CUHOPOM NOMUKUCMO3HBIX SUYHUKOB, CHUXEHHbIU o8apuarnbHbil
pe3eps, npexdespemMeHHasi 0gapuarbHasi He00CMamoYHOCMb, UHCYIUHOPE3UCMEHMHOCMb.

[nsa yumupoeaHusi:

Cepukbaega A.T., Xamudynnuna 3.[. Metabonuyeckuid CMHOPOM W €ro B3aMMOCBS3b C HapyLIEHWEM (YHKLMM
snyHrkoB. O63op nutepartypsl // Hayka n 3opaBooxpaHerue. 2025. Vol.27 (4), C. 166-173. doi 10.34689/SH.2025.27.4.021

Tywingeme
METABOJIMKAJDbIK CUHOPOM >XXoHE OHbIH OBAPUANADbI
ANCOYHKLIMAMEH BAUNAHbICbI. S§AEBUETTIK LUOMY.

AunHaw T. Cepukbaesal, https:/lorcid.org/0009-0009-5092-4408
3auryHa I'. XamumpynnuHai, https://orcid.org/0000-0002-0902-5269
. KeAK «AcTaHa meguuuHa yHuBepcuTeTi», AcTaHa K., KazakctaH Pecny6nukachl.

Kipicne. Metabonukanbik, cuHgpom (MC) - opTanbik Cemisgik, MHCYnMHre TesiMainik, rMnepTeHans, AUCIMMUOEMIS XaHe
MANEPrMVKEMIS CUSIKTbI XKardaitnapablH, XMbIHTbIFbI - PENPOAYKTUBTI KacTarbl aienaepae XKypek-kaH Tamblprapbl aypynapbl MeH
2 TMNTi KAHT amabeTiHiH, JaMy KayniH apTTeipaabl. OHblH, Tapanybl sanemae AypbIC TamaxkTaHbay MeH duankanbik, OenceHainikTin,
asalobiHa GannaHbicTbl ecin kenedi. CoHbIMEH KaTap, OBapuanbabl AMCHYHKUMS XafFgannapbl, Mbicanbl, aHamnblk, OesiHiH,
MOMMKCUTO3ABINbIK CuHAPOMbI (ATC), aHanbik, 6e3 pesepsii, Tomeraeyi (APT) xaHe epte aHanbik, 6e3 xeTkinikciagiri (EAXK)
meTabonukanbik, BysbinbicTapmeH xui 6aiinaHbicTel. MC xaHe OBapuanbabl ANCPYHKUMA apacbiHgarsl BailnaHbICTbl TyCiHY
PEMPOLYKTUBTI HATVXKENEPAi )KaKCapTy KaHe y3ak, Mep3iMai ieHCaybIK KayniH a3aiTy yLLiH MaHbI3ab!.

3eptTey makcatbl. byn wony makcatel MC neH oBapuanbibl AMCHYHKUMS apacbiHaarsl 6ainaHeIC Typarsl Kasipri
TyciHikTepgi (2020-2025) xuHakTan, CblHM Typae Tanpay xacay, Xanmbl MexaHu3Maep, KNuHUKanblK Canjapniap XsHe
Oonawak, 3epTTeynepiH, 6afbiTTapbiHa Hasap ayoapy.

opictep. PubMed, ScienceDirect xaHe PMC pmepekxkopnapblH nanganaHbin MaxkcaTTbl saebueT Lonybl Xyprisingi.
2020 bingblH, KaHTapbiHaH 2025 XbinablH, MaycbIMbIHA AEViH XapusnaxsaH, peleHsusinaHraH xasHe MC neH osapuanbabl
pucyHKumsiFa (aHanblk, 6e3aiH, NoNMKNCTO3abl CUMHAPOMbI, aHanblK 6e3AiH, PE3UCTEHTTINIK CUHAPOMBI, aHarnblk, 633iHiH,
BipiHLinik xeTicneyLiniri) 6afbiTTanFaH 3epTTeYNep EHrisingi.

Hatwxenep MmeH kKopbiTbiHgbINap. Cowsbl 3epTreynep MC neH oBapuanbfbl  AUMCKHYHKUWSHBIH,  OpTaK
naTou3nonorvsanblk, MexaHuamaepi 6ap ekeHiH KepceTefdi, OfaH TMNEPUHCYNUHEMUS, aRUMOKMHAEp AucbanaHcl,
cosbinmanbl kabblHy, OKCUAATUBTI CTpecC XaHe Oayblp MeTabonuamiHib, Gy3binybl Kipedi. VHCynuHre Te3iMainik TinTi
@KIHiLLKE» MonMKUCTO3Mbl aHanblk, 6e3 cuHopombl eHoTunTepi Oap sienpepae [ne 6Gankanagbl. MeHaenesTik
paHpomu3auus 3eptteynepi MC meH oapuanbabl AMCHYHKLMS apackiHhasbl e3apa GannaHbICTbiH, 6onaTbiHbIH KepceTesi.
byn xarpainapgblH, Gipnecin 6onybl ypnak epbiTy kabineTiHe 3usH KenTipedi, XyKTiNiK KesiHgeri ackblHynapabl
apTTbipagbl XaHe y3ak MepsiMai kapavomeTtabonukanbik KayinTepai xofapbinatagsl. OMIp CanTbiH e3repTy, UHCYMNUHre
cesiMTanablKTbl apTTbipyFa apHanFaH Aapinep XsHe MHTerpauusinaHsaH penpopyKTUBTI-MeTabonukanbik, emaey CUsKTb
apanacy agictepi bonaarbl 6ap.

TyliHdi ce3dep: MemabonukasnbIik CUHOPOM, NOUKUCMO30b! aHasbIK 6e30ep CUHOPOMBI, aHanbiK 6e30epdiH memMeH
pe3epsi, epme aHanbik 6e3 xemkinikcizdiel, uHcynuHee me3imoinik

Joliekcos yuwiH:

Cepukbaesa A.T., Xamudynnuxa 3.I". MeTabonukarnbik CUHLPOM XaHE OHbIH, OBapuangbl ANCHYHKLUMAMEH DainaHbIChI.
2paebvetTik wony // FuinbiM xaHe JeHcaynbik cakray. 2025. Vol.27 (4), b. 166-173. doi 10.34689/SH.2025.27.4.021

Introduction ovarian reserve (DOR) and premature ovarian insufficiency

The global prevalence of metabolic syndrome (MS) is  (POI) [1]. This intersection underscores the need for
estimated at 20-30% and continues to rise, particularly in  integrated approaches that address both metabolic health
low- and middle-income countries, where changing  and reproductive function, as metabolic management
lifestyles contribute to increasing rates of obesity, insulin  strategies may represent an underutilized opportunity to
resistance (IR), and other metabolic disturbances. Among  protect ovarian reserve, extend reproductive lifespan, and
women of reproductive age, this growing metabolic burden  improve overall health outcomes in affected women [2].
is mirrored by a higher incidence of ovarian dysfunction, MS is considered a combination of disorders, the
most notably polycystic ovary syndrome (PCOS), which ~ complex of which is associated with an increased risk of
affects 5-21% of women worldwide. While PCOS has long  cardiovascular disease and diabetes mellitus [3]. Currently,
been recognized as a key reproductive manifestation of MS,  several definitions of MS are used by specialists, including
emerging evidence highlights important links between MS  the World Health Organization (WHO), National Cholesterol
and other forms of ovarian pathology, including diminished ~ Education Program Adult Treatment Panel Il (NCEP ATP
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), and the International Diabetes Federation (IDF).
Although there are slight variations between these
definitions, they share common components.

By NCEP ATP Il criteria (2001, updated 2005)
metabolic syndrome is diagnosed when three or more of the
following risk factors are present:

Waist circumference: >102 c¢cm (40 in) in men; >88
cm (35 in) in women (population-specific cutoffs may apply)
Triglycerides (TG): 2150 mg/dL (1.7 mmol/L) or on
treatment for elevated TG

HDL cholesterol: <40 mg/dL (1.03 mmollL) in men; <50
mg/dL (1.29 mmol/L) in women or on treatment for low HDL
Blood pressure: 2130/85 mmHg or
antihypertensive treatment

Fasting plasma glucose: 2100 mg/dL (5.6 mmol/L)
or previously diagnosed type 2 diabetes [4].

According to IDF, central obesity (defined by waist
circumference with ethnicity-specific values) is a required
criterion plus any two of the following:

Triglycerides: 2150 mg/dL (1.7 mmol/L) or specific
treatment

HDL cholesterol: <40 mg/dL (1.03 mmol/L) in men;
<50 mg/dL (1.29 mmol/L) in women or specific treatment
Blood pressure: systolic 2130 mmHg or diastolic
285 mmHg or treatment of previously diagnosed
hypertension

Fasting plasma glucose: =100 mg/dL (5.6 mmol/L)
or previously diagnosed type 2 diabetes [5].

The WHO criteria (1999) place greater emphasis on
insulin resistance, requiring evidence of insulin resistance
(e.g., impaired glucose tolerance, impaired fasting glucose,
type 2 diabetes, or elevated insulin levels) plus at least two
of the following: obesity (BMI >30 kg/m? or high waist-hip
ratio), dyslipidemia, hypertension, or microalbuminuria [6].

Despite slight differences among criteria, the core
components of MS remain consistent: abdominal obesity,
dyslipidemia, elevated blood pressure, and impaired
glucose metabolism [7]. Early identification using
standardized diagnostic criteria allows timely lifestyle and
pharmacological interventions to reduce the risk of future
cardiovascular and metabolic disease [8].

Ovarian Dysfunction

PCOS is the most prevalent cause of anovulatory
infertility and metabolic disturbances in women of
reproductive age [9]. According to the Rotterdam criteria
(2003), PCOS is diagnosed when at least two of the
following three features are present, after exclusion of other
etiologies (such as thyroid disease, hyperprolactinemia, or
congenital adrenal hyperplasia):

Oligo- or anovulation: Infrequent or absent
ovulation, typically manifesting as irregular menstrual
cycles.

[ ]

on

Clinical ~ and/or  biochemical  signs  of
hyperandrogenism: This includes hirsutism, acne, alopecia,
and/or elevated serum androgen levels.
Polycystic ovarian morphology on ultrasound:
Presence of =12 antral follicles (2-9 mm) in each ovary
and/or increased ovarian volume (>10 mL) [10].

PCOS is a heterogeneous condition, with phenotypes
that may or may not exhibit all features, making thorough
clinical and laboratory assessment critical [11].
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DOR refers to a reduction in the quantity and often
quality of oocytes available in the ovaries, leading to
reduced fertility potential. Diagnostic markers include low
levels of Anti-Mllerian hormone (AMH), elevated levels of
Follicle-stimulating hormone (FSH) and low Antral follicle
count (AFC) on transvaginal ultrasound (typically <5-7
follicles in total) which are indicative of a decreased
follicular pool. DOR may be age-related or occur
prematurely due to genetic factors, surgery, chemotherapy,
or autoimmune conditions [12].

POI is characterized by early loss of ovarian function
before the age of 40, leading to hypoestrogenism and
infertility. Diagnostic criteria include elevated gonadotropins
(FSH =25-40 IU/L on at least two occasions, typically 4
weeks apart), low estradiol levels reflecting ovarian failure
to produce estrogen, and amenorrhea or oligomenorrhea
(absence of menstruation or irregular cycles for at least 4-6
months). POl may have genetic, autoimmune, or idiopathic
causes, and is distinct from natural menopause in its earlier
onset and potential for intermittent ovarian activity [13].
PCOS, DOR, and POI represent key forms of ovarian
dysfunction, each with unique diagnostic features and
clinical implications [14]. Early and accurate diagnosis using
validated criteria is crucial for personalized management
aimed at preserving fertility, preventing long-term
complications, and improving quality of life [15].

Pathophysiological Mechanisms

Insulin resistance, a core feature in up to 80% of PCOS
cases, affects both obese and lean women [16].
Compensatory hyperinsulinemia stimulates ovarian theca
cells to produce excess androgens and suppresses Sex
Hormone-Binding Globulin (SHBG) synthesis, leading to
hyperandrogenism and disrupted folliculogenesis [17].
Insulin resistance is defined as the diminished ability of cells
in peripheral tissues - such as skeletal muscle, liver, and
adipose tissue - to respond effectively to insulin. This leads
to compensatory hyperinsulinemia as pancreatic B-cells
increase insulin secretion to maintain normoglycemia [18].
In women with MS, IR is not only a driver of hyperglycemia
and dyslipidemia, but also a critical factor in disrupting
ovarian function. Even in the absence of overt obesity, IR is
prevalent among women with PCOS and contributes to the
characteristic features of the syndrome [16].

Hyperinsulinemia exerts direct and indirect effects on
ovarian steroidogenesis by synergizing with LH on theca
cells to stimulate excessive androgen production via
upregulation of androgen  biosynthesis enzymes,
suppressing hepatic SHBG synthesis and thereby
increasing free androgens, and impairing granulosa cell
function and follicular maturation, which leads to
anovulation and accumulation of small antral follicles
characteristic of PCOS [19].

While the role of IR is well established in PCOS,
emerging evidence suggests its involvement in DOR and
POI.  Chronic hyperinsulinemia and metabolic stress
contribute to oxidative stress and low-grade inflammation,
accelerating follicular atresia. Disrupted intraovarian insulin
signaling may impair oocyte quality and the survival of
primordial follicles, potentially shortening reproductive
lifespan. Additionally, IR-associated endothelial dysfunction
can impair ovarian blood flow, further compromising
follicular health. Although further research is needed, IR
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and its metabolic consequences are increasingly
recognized as significant factors in early ovarian aging [20].

The coexistence of insulin resistance, hyperinsulinemia,
and ovarian dysfunction places women at risk for infertility,
pregnancy complications (e.g., gestational diabetes,
preeclampsia), and long-term cardiometabolic disease.
Early detection and management of insulin resistance are
crucial [21, 22].

Interventions targeting insulin  sensitivity, including
lifestyle modification (weight loss, dietary changes, physical
activity) and pharmacotherapy (e.g., metformin), have
shown efficacy in improving ovulatory function, reducing
androgen levels, and enhancing fertility outcomes,
particularly in PCOS [20].

Insulin resistance and compensatory hyperinsulinemia
are key pathophysiological mechanisms linking metabolic
syndrome and ovarian dysfunction. Understanding these
mechanisms is essential for developing effective strategies
to preserve reproductive function and prevent long-term
metabolic complications in women.

Adipokines play a critical role in the pathophysiology of
ovarian dysfunction associated with metabolic syndrome.
Leptin, secreted by adipocytes, regulates energy balance
and reproductive function, but in obesity and MS,
hyperleptinemia and leptin  resistance impair the
hypothalamic-pituitary-gonadal axis, disrupt granulosa cell
steroidogenesis, and reduce oocyte quality [23].
Adiponectin, an anti-inflammatory and insulin-sensitizing
adipokine, is reduced in MS, contributing to systemic and
ovarian insulin resistance, androgen excess, and
anovulation in PCOS. Elevated resistin and visfatin levels in
obesity further promote insulin resistance, inflammation,
and disrupted ovarian steroidogenesis, while the precise
role of visfatin in follicular development remains under
study. Additionally, pro-inflammatory cytokines like TNF-a
and IL-6 produced by adipose tissue impair insulin
signaling, contribute to ovarian stromal fibrosis, and disturb
the follicular microenvironment and endometrial receptivity,
exacerbating reproductive dysfunction [24].

Studies show that even modest weight loss (5-10% of
body weight) in overweight or obese women with PCOS
improves menstrual regularity, ovulation, and fertility
potential. Adiposity and altered adipokine secretion form a
critical mechanistic link between metabolic syndrome and
ovarian dysfunction. Recognizing the endocrine role of
adipose tissue highlights the importance of comprehensive
metabolic management in women with reproductive
disorders to optimize both reproductive and long-term
health outcomes [25].

Abnormal lipid profiles in MS increase oxidative stress
and endothelial dysfunction, potentially reducing ovarian
blood flow and follicular health. Additionally, dysregulated
liver metabolism - notably nonalcohalic fatty liver disease -
is prevalent in PCOS and may exacerbate systemic
metabolic disturbances [26]. Dyslipidemia is a common
feature of MS, typically characterized by elevated
triglycerides, increased low-density lipoprotein  (LDL)
cholesterol, and decreased high-density lipoprotein (HDL)
cholesterol. This abnormal lipid profile contributes to:

o Lipotoxicity, where excessive circulating free fatty
acids accumulate in non-adipose tissues, including the
ovaries, leading to cellular dysfunction and apoptosis.

o Disruption of steroidogenesis, as altered lipid
availability impairs the synthesis of sex steroids essential
for normal follicular development.

o Endothelial dysfunction, reducing ovarian blood
flow and impairing the follicular environment, further
compromising oocyte quality and ovulation [27].

Dyslipidemia, a common component of metabolic
syndrome, is typically characterized by elevated
triglycerides, increased low-density lipoprotein  (LDL)
cholesterol, and decreased high-density lipoprotein (HDL)
cholesterol, and it plays a significant role in ovarian
dysfunction. The abnormal lipid profile contributes to
lipotoxicity, where excess free fatty acids accumulate in the
ovaries, leading to cellular dysfunction and apoptosis. It
also disrupts steroidogenesis by impairing the synthesis of
sex steroids necessary for normal follicular development,
and causes endothelial dysfunction, which reduces ovarian
blood flow and compromises the follicular environment,
ultimately impairing oocyte quality and ovulation [28].

Oxidative stress results from an imbalance between the
production of reactive oxygen species (ROS) and the
body's antioxidant defenses. Women with MS exhibit
elevated oxidative stress due to chronic inflammation,
hyperglycemia, and dyslipidemia.

Key consequences for ovarian function include:

o Damage to oocytes and granulosa cells, leading
to impaired folliculogenesis and anovulation.

o Acceleration of follicular atresia, contributing to
diminished ovarian reserve and potentially earlier onset of POI.

e Altered endometrial receptivity, reducing fertility
potential even if ovulation occurs [29].

Studies in women with PCOS have consistently shown
increased markers of oxidative stress, which correlate with
hyperandrogenism and insulin  resistance, further
perpetuating ovarian dysfunction [30].

Oxidative stress, resulting from an imbalance between
reactive oxygen species (ROS) production and antioxidant
defenses, is elevated in women with metabolic syndrome due
to chronic inflammation, hyperglycemia, and dyslipidemia, and
it has significant consequences for ovarian function. This stress
damages oocytes and granulosa cells, impairing
folliculogenesis and leading to anowvulation, accelerates
follicular atresia, contributing to diminished ovarian reserve and
potentially earlier onset of premature ovarian insufficiency
(PQI), and alters endometrial receptivity, thereby reducing
fertility potential even when ovulation occurs. Studies in women
with PCOS consistently demonstrate increased oxidative stress
markers that correlate with hyperandrogenism and insulin
resistance, creating a vicious cycle that exacerbates ovarian
dysfunction [31].

Non-alcoholic fatty liver disease (NAFLD) is considered the
hepatic manifestation of MS and is frequently observed in
women with PCOS and other forms of ovarian dysfunction.

o Altered hepatic metabolism of sex hormones:
The liver is essential for the clearance and binding of sex
steroids. NAFLD is associated with reduced SHBG
production, increasing free androgens and exacerbating
hyperandrogenic states in PCOS.

o Contribution to systemic insulin resistance:
Liver dysfunction aggravates insulin resistance, further
impacting ovarian function.
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e Pro-inflammatory cytokine production: The fatty
liver contributes to systemic low-grade inflammation,
amplifying oxidative stress and ovarian damage [32].

Non-alcoholic fatty liver disease (NAFLD), often considered
the hepatic manifestation of metabolic syndrome, is frequently
observed in women with PCOS and other forms of ovarian
dysfunction and contributes to reproductive disturbances
through several mechanisms. Altered hepatic metabolism of
sex hormones in NAFLD leads to reduced production of sex
hormone-binding globulin (SHBG), increasing levels of free
androgens and  worsening  hyperandrogenic  states
characteristic of PCOS. Additionally, liver dysfunction
exacerbates systemic insulin resistance, further impairing
ovarian function, while the fatty liver's production of pro-
inflammatory cytokines amplifies low-grade inflammation,
oxidative stress, and subsequent ovarian damage [33].

The interplay of dyslipidemia, oxidative stress, and liver
dysfunction not only contributes to infertility through impaired
oocyte development and ovulatory dysfunction but also
increases the risk of pregnancy complications (e.g., gestational
diabetes, preeclampsia) and long-term cardiovascular disease
[34]. Management strategies targeting lipid abnormalities,
reducing oxidative stress through antioxidant supplementation,
and improving liver health (via lifestyle change or
pharmacotherapy) have shown promise in improving
reproductive outcomes in affected women [35].

Dyslipidemia, oxidative stress, and liver dysfunction are
central components linking MS to ovarian dysfunction. Their
combined effects disrupt steroidogenesis, folliculogenesis,
and oocyte quality, highlighting the need for integrated
metabolic and reproductive care in women at risk [36]. Early
intervention targeting these mechanisms is essential for
preserving fertility and preventing long-term complications.

MS associates with elevated pro-inflammatory cytokines
(e.g., CRP, IL-6, TNF-a, CXCL12, MIF, Serpin E1) that
disrupt insulin signaling and ovarian steroidogenesis [37].

MS is characterized by a state of persistent low-grade
systemic inflammation. Adipose tissue, especially visceral fat,
plays a key role in this process by:

e Producing pro-inflammatory cytokines such as tumor
necrosis factor-a (TNF-a), interleukin-6 (IL-6), and monocyte
chemoattractant protein-1 (MCP-1).

e Recruiting and activating immune cells
macrophages) that amplify inflammatory signaling.

e Promoting oxidative stress and endothelial dysfunction,
contributing to metabolic and vascular complications [38].

This inflammatory milieu is closely tied to the progression
of insulin resistance and other metabolic abnormalities
characteristic of MS.

Chronic inflammation adversely affects ovarian physiology
through multiple mechanisms:

o Disruption of folliculogenesis: Pro-inflammatory
cytokines impair granulosa and theca cell function, inhibiting
normal follicular development and promoting atresia.

e Promotion of hyperandrogenism: TNF-a and IL-6
can enhance androgen production by theca cells, contributing
to the hyperandrogenic state observed in PCOS.

e Oocyte damage: Elevated levels of inflammatory
mediators and associated oxidative stress compromise
oocyte quality, leading to reduced fertility potential.

(e,

o Endometrial effects: Systemic inflammation alters
endometrial receptivity, increasing the risk of implantation
failure and pregnancy loss [39].

Chronic inflammation adversely affects ovarian
physiology by disrupting folliculogenesis through impaired
granulosa and theca cell function [40], promoting
hyperandrogenism via increased androgen production by
theca cells [41], compromising oocyte quality through
elevated inflammatory mediators and oxidative stress [42],
and altering endometrial receptivity, which increases the
risk of implantation failure and pregnancy loss [43].

In women with PCOS, markers of chronic
inflammation—including elevated C-reactive protein (CRP),
TNF-0, and IL-6—are consistently reported and correlate
with  disease  severity, insulin  resistance, and
hyperandrogenism [44].

Role in DOR and POI

Emerging evidence suggests that chronic inflammation
may contribute to the accelerated loss of ovarian follicles,
leading to diminished ovarian reserve and premature
ovarian insufficiency [45].

o Persistent low-grade inflammation can damage
ovarian stromal and follicular tissue, accelerating follicular
apoptosis [46].

o Autoimmune mechanisms, often linked to inflammatory
pathways, are implicated in some cases of POI [47].

Although the exact causal relationships require further
study, inflammation appears to be a common thread
connecting metabolic dysfunction and early ovarian aging [46].

Emerging evidence suggests that chronic inflammation
plays a role in the accelerated loss of ovarian follicles,
contributing to diminished ovarian reserve (DOR) and
premature ovarian insufficiency (POI). Persistent low-grade
inflammation can damage ovarian stromal and follicular tissue,
promoting follicular apoptosis and reducing the ovarian follicular
pool, while autoimmune mechanisms linked to inflammatory
pathways are implicated in certain cases of POI [1]. Although
the precise causal relationships remain to be fully clarified,
inflammation appears to be a unifying factor that connects
metabolic dysfunction with early ovarian aging.

Genetic and Epigenetic Factors

Bidirectional Mendelian randomization studies (2024)
support a causal interplay between MS components- waist
circumference, triglycerides, HDL, insulin resistance-and
ovarian dysfunction [48]. Epigenetic changes in glucose
transporters (e.g., GLUT4) and steroidogenic enzymes
further link systemic metabolism to ovarian pathology [1].

Genetic susceptibility underlies both metabolic and
reproductive traits, and certain genes appear to influence
both MS and ovarian dysfunction [49].

ePCOS and MS shared loci: Genome-wide
association studies (GWAS) have identified genetic variants
in loci such as DENND1A, THADA, FSHR, and INSR that
are implicated in both PCOS and metabolic traits, including
insulin resistance and obesity [50].

o Genes regulating insulin signaling: Mutations and
polymorphisms in genes involved in insulin receptor function
and post-receptor pathways (e.g., INSR, IRS-1, IRS-2) are
linked to both MS and ovarian hyperandrogenism [51].

o Lipid metabolism genes: Variants in genes involved
in lipid handling (e.g., APOE, CETP) may contribute to the
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dyslipidemia seen in MS and its association with ovarian
dysfunction [1].

While genetic factors do not act in isolation, they set the
foundation upon which environmental influences exert their
effects, shaping individual susceptibility to both metabolic
and reproductive disorders [53].

Genetic factors play a significant role in linking metabolic
syndrome (MS) and ovarian dysfunction, as certain genes
influence both metabolic and reproductive traits. Genome-wide
association studies (GWAS) have identified shared genetic loci
such as DENND1A, THADA, FSHR, and INSR, which are
implicated in both PCOS and metabolic abnormalities like
insulin resistance and obesity. Mutations in genes regulating
insulin signaling (e.g., INSR, IRS-1, IRS-2) contribute to both
MS and ovarian hyperandrogenism, while variants in lipid
metabolism genes (e.g, APOE, CETP) may underlie
dyslipidemia and its reproductive consequences [54]. Although
these genetic predispositions do not act alone, they provide the
basis upon which environmental factors influence individual
susceptibility to both metabolic and ovarian dysfunction [55].

Women with DOR exhibit higher rates of hypertension,
dyslipidemia, elevated TyG index, and serum homocysteine
compared to those with normal reserve. Narrative reviews also
highlight adipose dysfunction in PO, including hyperlipidemia
and insulin resistance, and underline the potentiating effect of
DNA repair gene variants (e.g, BRCA1, MCM8/9) in
reproductive age [54].

Ovarian reserve refers to the quantity and quality of a
woman’s remaining follicles and oocytes, which determine
reproductive potential. Key biomarkers of ovarian reserve
include serum levels of anti-Miillerian hormone (AMH), follicle-
stimulating hormone (FSH), and the antral follicle count (AFC)
assessed via ultrasound [55]. In women with MS, these
markers are increasingly being studied, with evidence
suggesting that metabolic dysfunction may accelerate ovarian
aging and deplete the follicular pool [54].

Ovarian reserve, reflecting the quantity and quality of a
woman’s remaining follicles, is increasingly recognized as
vulnerable to the effects of MS, with studies showing that
women with MS often have lower AMH levels, higher FSH, and
reduced antral follicle count independent of age and BMI [56].
MS contributes to diminished ovarian reserve through insulin
resistance and hyperinsulinemia that disrupt folliculogenesis
and promote early atresia, chronic inflammation and oxidative
stress that damage ovarian tissue, dyslipidemia causing
lipotoxicity and mitochondrial dysfunction, and adipokine
imbalances that impair oocyte competence [1]. These same
mechanisms, along with endothelial dysfunction and epigenetic
alterations, may accelerate ovarian aging and contribute to
POI, while women with POI often display features of MS,
suggesting a bidirectional link. Clinically, these associations
underscore the need for early metabolic screening and lifestyle
interventions in women with menstrual irregularities or
subfertility to protect ovarian reserve and delay ovarian aging.
An integrated approach addressing both reproductive and
metabolic health is essential to optimize long-term outcomes in
this population [57].

Conclusion

Advances in biomarker development, including genetic,
epigenetic, metabolomic, proteomic, and imaging markers,
offer great potential for early identification and monitoring of
metabolic syndrome (MS)-associated ovarian dysfunction,

enabling personalized risk assessment and more precise
diagnostics. There is an urgent need for large longitudinal and
interventional studies to elucidate the natural history of MS-
related reproductive disorders and to evaluate the long-term
impact of lifestyle, pharmacologic, and reproductive therapies
on both fertility and cardiometabolic outcomes. Mechanistic and
genetic research focusing on insulin signaling, oxidative stress,
adipokines, and androgen pathways, as well as Mendelian
randomization and polygenic risk analyses, will help clarify
causal links and inform targeted prevention. Finally, integrated
care models - combining multidisciplinary teams, digital health
tools, and personalized management strategies—are essential
to address the complex interplay between reproductive and
metabolic health and to optimize outcomes for affected women.

Future progress in addressing MS-associated ovarian
dysfunction requires integration of biomarker discovery,
rigorous clinical research, and innovative care delivery
models. Such strategies will enable earlier detection, better
prevention, and more effective treatment of this complex
intersection of reproductive and metabolic health.

The evidence points to a robust, bidirectional relationship
between metabolic syndrome and ovarian dysfunction,
spanning PCOS, DOR, and POIl. Underlying mechanisms
include insulin  resistance,  adipokine  dysregulation,
inflammation, ~oxidative stress, liver metabolism, and
genetic/epigenetic drivers. Clinically, this interplay exacerbates
infertility and long-term metabolic risk. Effective care requires
integrated metabolic and reproductive strategies emphasizing
lifestyle change, targeted pharmacotherapy, fertility monitoring,
and cardiovascular risk management. Future discovery hinges
on refined biomarkers, targeted interventions, and integrated
clinical care pathways.
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