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ABSTRACT

Metabolic syndrome (MetS), a constellation of interconnected risk factors including insulin resistance, dyslipidemia,
hypertension, and central obesity, exerts profound effects on reproductive hormone homeostasis. Disruptions in
metabolic pathways not only lead to cardiovascular and endocrine complications but also significantly alter the
regulatory axes of reproductive hormones, particularly prolactin, luteinizing hormone (LH), follicle-stimulating
hormone (FSH), testosterone, and estrogen. These hormonal disturbances contribute to infertility, sexual
dysfunction, and menstrual irregularities. Recent evidence highlights the potential role of nutraceutical extracts in
ameliorating both metabolic and reproductive dysregulations by targeting oxidative stress, inflammation, and
endocrine imbalances. This review elucidates the intricate links between metabolic syndrome, prolactin
dysregulation, and fertility hormones and critically explores how plant-derived bioactives may offer therapeutic
interventions. Emerging trends, mechanistic insights, and future research directions for integrating nutraceutical
strategies into metabolic and reproductive health management are also discussed.
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INTRODUCTION
Metabolic syndrome (MetS) is a multifaceted pathological condition that has garnered increasing global attention
due to its alarming prevalence among adults and adolescents [17. Defined by the coexistence of central obesity,
insulin resistance, hypertension, hyperglycemia, and dyslipidemia, MetS presents not only a major risk factor for
cardiovascular diseases and type 2 diabetes mellitus but also profoundly affects endocrine and reproductive health
[27. Growing evidence demonstrates that the metabolic disturbances inherent in MetS interfere with the finely
tuned mechanisms of reproductive hormone regulation, leading to notable dysfunctions in fertility across both sexes.
At the core of reproductive health lies the hypothalamic-pituitary-gonadal (HPG) axis, a dynamic system responsible
for regulating the production and function of critical fertility hormones, including gonadotropins (LH and FSH),
sex steroids (testosterone and estradiol), and prolactin [37. In the context of MetS, hormonal disturbances become
inevitable, either directly due to metabolic aberrations or indirectly via systemic inflammation, oxidative stress, and
adipokine dysregulation [47]. Recent years have seen a surge in the exploration of alternative therapeutic strategies
to mitigate these interconnected pathologies. Among them, nutraceutical extractslike bioactive compounds derived
from foods or medicinal plants, have attracted substantial interest for their potential in restoring metabolic and
hormonal homeostasis [57. The dual targeting of metabolic abnormalities and reproductive hormone imbalances via
nutraceutical interventions presents a promising integrative approach that addresses the systemic nature of MetS.
This review delves into the intricate intersections between metabolic syndrome, prolactin dysregulation, fertility
hormone alterations, and the role of nutraceutical extracts in therapeutic modulation.
Metabolic Syndrome and Reproductive Hormone Imbalance: An Overview

The pathophysiological underpinnings of MetS intricately link to widespread dysregulation of the endocrine system,
particularly the reproductive hormonal network [17. Chronic insulin resistance, a hallmark of MetS, plays a pivotal
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role in disrupting the HPG axis [67]. In hyperinsulinemic states, insulin acts synergistically with luteinizing
hormone at the ovarian theca cells to stimulate excessive androgen production, particularly in women, contributing
to conditions such as polycystic ovary syndrome (PCOS) [77]. Conversely, in males, insulin resistance and associated
obesity drive reductions in circulating testosterone levels, contributing to the so-called "hypogonadal-obesity cycle,"
wherein diminished testosterone exacerbates fat accumulation, further deepening hormonal imbalance [7]. Obesity,
especially central adiposity, is another critical factor. Adipose tissue is not merely a passive storage depot but an
active endocrine organ producing adipokines (e.g., leptin, adiponectin, resistin) and inflammatory cytokines (e.g.,
TNF-a, IL-6). In MetS, leptin resistance and hypoadiponectinemia further impair hypothalamic sensitivity to
reproductive signals, disrupting GnRH pulsatility and thereby altering LH and FSH secretion patterns [87.
Additionally, aromatase activity within adipose tissue increases the peripheral conversion of testosterone to
estradiol, promoting estrogen dominance in males and relative androgen excess in females, both of which contribute
to reproductive dysfunction [97. Beyond gonadotropins and sex steroids, other hormonal axes are disrupted in
MetS, including thyroid and adrenal hormones, compounding the complexity of reproductive dysfunction [107].
Oxidative stress and chronic low-grade inflammation exacerbate endothelial dysfunction and microvascular
impairments in gonadal tissues, further hindering gametogenesis and steroidogenesis [117]. Therefore,
understanding the comprehensive hormonal and metabolic alterations in MetS is essential for identifying effective
therapeutic interventions aimed at restoring not only metabolic health but also reproductive competence.

Prolactin Dysregulation in Metabolic Syndrome
Prolactin, classically known for its role in lactation, has emerged as a multifaceted hormone implicated in metabolic
regulation, immune modulation, and reproductive function [127. Produced primarily by lactotroph cells of the
anterior pituitary gland, prolactin secretion is tightly regulated by hypothalamic dopamine, which exerts an
inhibitory effect, and by various stimuli such as stress, sleep, and estrogen levels [127]. In MetS, prolactin regulation
becomes aberrant, though its exact role appears context-dependent and somewhat paradoxical. Some studies report
hyperprolactinemia associated with insulin resistance, obesity, and increased cardiovascular risk factors, suggesting
a maladaptive response to metabolic stress [137]. Elevated prolactin levels can suppress hypothalamic GnRH
secretion, thereby reducing LH and FSH secretion, resulting in secondary hypogonadism [147]. This hormonal
suppression manifests clinically as menstrual irregularities, anovulation, infertility in women, and reduced libido,
erectile dysfunction, and infertility in men.
Conversely, emerging data also indicate that relative prolactin deficiency may occur in certain MetS contexts,
leading to impaired pancreatic B-cell function, diminished adipocyte proliferation control, and exacerbated insulin
resistance [157]. This dichotomy suggests that prolactin operates within a narrow physiological window for
maintaining metabolic and reproductive health, where both excess and deficiency are pathological [167.
Mechanistically, prolactin influences metabolic tissues by modulating adipose tissue metabolism, B-cell proliferation,
hepatic gluconeogenesis, and systemic inflammatory responses [17]. In reproductive tissues, prolactin receptors
mediate effects on ovarian folliculogenesis, luteal function, and spermatogenesis [187]. Hence, prolactin
dysregulation not only reflects the metabolic derangements of MetS but also actively contributes to the hormonal
and reproductive dysfunctions observed 187 Targeting prolactin pathways through pharmacological agents (e.g.,
dopamine agonists) or emerging nutraceutical strategies offers a promising therapeutic avenue for managing
reproductive and metabolic abnormalities in MetS patients [197].

Fertility Hormones and Metabolic Perturbations
The intricate relationship between metabolic syndrome (MetS) and fertility hormone imbalance is increasingly
recognized as a critical area of concern. Metabolic dysfunction significantly alters the homeostasis of key
reproductive hormones, namely testosterone, estradiol, luteinizing hormone (LH), follicle-stimulating hormone
(FSH), and progesterone, undermining reproductive capacity across genders [207] In females, hyperinsulinemia and
insulin resistance is a defining hallmark of MetS stimulate androgen overproduction by ovarian theca cells,
predominantly via the upregulation of the insulin-like growth factor-1 (IGF-1) receptor pathways [217. This
androgen excess disrupts follicular maturation, leading to chronic anovulation, menstrual irregularities, and
conditions such as polycystic ovary syndrome (PCOS), a leading cause of infertility [227]. Furthermore, insulin
resistance impairs hepatic production of sex hormone-binding globulin (SHBG), increasing the bioavailability of free
androgens and exacerbating endocrine disturbances [237].
In males, MetS induces a progressive decline in total and free testosterone levels, a phenomenon frequently termed
metabolic hypogonadism. Adiposity, particularly visceral fat accumulation, promotes aromatization of testosterone
to estradiol via increased aromatase enzyme activity, resulting in estrogen dominance that negatively feeds back on
the hypothalamic-pituitary axis [247]. The resultant decline in GnRH pulsatility reduces LH and FSH secretion,
diminishing Leydig cell stimulation, spermatogenesis, and overall fertility potential [257. Clinical manifestations
include decreased libido, erectile dysfunction, reduced sperm quality, and infertility [267]. Moreover, dysregulated
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secretion patterns of LH and FSH impair the normal gonadal steroidogenic response, while altered progesterone
and estradiol dynamics affect uterine receptivity and endometrial maturation in women [27]. Chronic low-grade
inflammation and oxidative stress inherent in MetS further damage gonadal microenvironments, contributing to
impaired gametogenesis and embryonic development [287. These multifactorial disruptions underscore the
importance of addressing metabolic perturbations as part of fertility management strategies.
Therapeutic Potential of Nutraceutical Extracts in Modulating Reproductive Hormones
The limitations of conventional pharmacotherapy in fully addressing the endocrine and reproductive disturbances
associated with MetS have prompted a surge of interest in nutraceutical interventions. Nutraceuticals, bioactive
compounds derived from natural sources, offer multifaceted benefits by targeting the metabolic, oxidative, and
hormonal derangements central to MetS-associated reproductive dysfunction [297. One notable class includes
polyphenols, such as resveratrol and curcumin, which possess potent antioxidant and anti-inflammatory properties.
Resveratrol, for example, improves insulin sensitivity, reduces ovarian oxidative stress, and restores estrous cyclicity
in PCOS models [807]. Flavonoids like quercetin and kaempferol have demonstrated abilities to modulate
steroidogenesis, reduce androgen excess, and enhance ovarian folliculogenesis [317]. Saponins, abundant in plants
like Tribulus terrestris and Fenugreek (Trigonella foenum-graecum), stimulate testosterone production and
improve spermatogenic parameters in males [ 327]. Clinical studies on Maca (Lepidium meyenii) reveal enhancements
in libido, semen quality, and fertility outcomes without significantly altering systemic hormone levels, suggesting a
modulatory effect rather than overt endocrine disruption (337 Additionally, ashwagandha (Withania somnifera),
classified as an adaptogen, exerts stress-reducing effects that lower cortisol and indirectly benefit reproductive
hormone profiles by restoring HPG axis function [34]. Emerging botanical agents such as Nigella sativa and Panax
ginseng also show promising benefits in restoring hormonal balance and improving fertility metrics in MetS-affected
individuals [857 Mechanistically, nutraceuticals act via multiple pathways, including modulation of AMP-activated
protein kinase (AMPK) signaling, suppression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB)-mediated inflammation, and enhancement of mitochondrial function, thereby restoring both metabolic and
reproductive health [367. Integration of these natural compounds offers a safe, accessible, and often synergistic
adjunct to conventional therapies in managing MetS-related hormonal and reproductive dysfunctions.
Emerging Mechanisms and Future Directions
The therapeutic landscape of nutraceuticals in reproductive endocrinology is rapidly evolving, fueled by advances
in molecular biology, nanotechnology, and systems medicine. Emerging mechanisms suggest that, beyond simple
antioxidant effects, many nutraceuticals exert epigenetic modifications, influencing gene expression patterns critical
for metabolic and reproductive function. For instance, resveratrol and curcumin have been shown to modulate
histone acetylation and DNA methylation, thereby affecting pathways regulating insulin sensitivity, steroidogenesis,
and inflammation [877]. Another frontier is the modulation of the gut microbiome, an increasingly recognized player
in the regulation of metabolic and hormonal health. Polyphenol-rich extracts enhance microbial diversity, increase
short-chain fatty acid production, and reduce endotoxemia, all of which positively influence systemic inflammation,
insulin sensitivity, and ultimately reproductive hormone balance [387]. Moreover, innovative delivery systems such
as nano-formulated nutraceuticals (e.g., nano-curcumin, nano-resveratrol) are being developed to overcome
bioavailability limitations, ensuring higher systemic absorption and targeted action at reproductive organs [397].
Future directions should prioritize well-designed randomized controlled trials to establish standardized dosing
regimens, identify specific bioactive components responsible for clinical effects, and elucidate potential long-term
safety profiles. Personalized nutraceutical approaches, integrating individual metabolic and hormonal profiling,
microbiome status, and genetic predispositions, represent an exciting new horizon in managing MetS-associated
reproductive dysfunction. Thus, combining nutraceutical therapies with lifestyle interventions and conventional
medical treatments holds promise for a comprehensive, patient-centered approach to restoring metabolic and
reproductive health in MetS populations.
CONCLUSION
Metabolic syndrome profoundly disrupts reproductive hormone homeostasis, with significant consequences for
fertility and sexual health. Prolactin and fertility hormones are critically implicated in this interplay. Nutraceutical
extracts offer promising avenues for modulating metabolic and reproductive axes, restoring hormonal balance, and
improving reproductive outcomes. However, more rigorous research is needed to integrate nutraceutical strategies
into mainstream reproductive medicine for MetS patients. A holistic approach combining nutraceuticals, lifestyle
modification, and medical therapy holds the key to optimizing reproductive and metabolic health.
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