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Abstract
Background  Human chorionic gonadotropin (hCG) is a glycoprotein hormone critical for reproduction, particularly in preg-
nancy maintenance and fertility treatments. Beyond reproduction, hCG may influence immune regulation, cancer biology, 
and neurological processes.
Objective  This review critically examines the current evidence regarding the potential neurological effects of hCG, synthe-
sizing findings from experimental and clinical studies to assess its proposed roles in neuroinflammation, oxidative stress, 
and blood–brain barrier modulation.
Result  Dysregulated hCG levels—arising from pregnancy complications, assisted reproductive technologies (ART), or 
hCG-secreting tumors—have been associated with markers of neurotoxicity, including neuroinflammation, oxidative stress, 
and altered blood–brain barrier integrity. Evidence remains largely associative, and causal mechanisms linking hCG to 
neurobiological vulnerability are not yet established. Proposed pathways include modulation of immune cell activity, neu-
rotransmitter signaling, and endothelial function.
Conclusion  hCG exhibits a dual nature: essential for reproduction and immune adaptation, yet potentially neurotoxic under 
dysregulated conditions. This review synthesizes mechanistic hypotheses, highlights knowledge gaps, and underscores the 
need for rigorous longitudinal and experimental studies to clarify hCG’s impact on the nervous system.
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Graphical abstract

Highlights

1.	 Human chorionic gonadotropin (hCG) plays a critical role in reproduction, but emerging evidence suggests its involve-
ment in neurotoxic processes.

2.	 Dysregulated hCG levels are linked to neuroinflammation, oxidative stress, and disruption of the blood–brain barrier, 
contributing to neurological dysfunction.

3.	 Elevated hCG levels in pregnancy, assisted reproductive technologies (ART), and hCG-secreting tumors may exacerbate 
cognitive impairments and neurological disorders.

4.	 The review synthesizes emerging evidence on pathways through which hCG may be associated with neurotoxic outcomes, 
including neuroinflammation, oxidative imbalance, and alterations in neurotransmitter signaling.

5.	 Clinical implications of hCG exposure in reproductive settings are discussed, highlighting the need for better risk man-
agement strategies in neurological health.

6.	 The dual role of hCG—essential for reproduction yet potentially harmful to neurobiology—underscores the need for 
targeted therapeutic interventions.

7.	 Future research should aim to define neurological biomarkers and investigate therapeutic strategies within the context 
of the hypothesized neurobiological effects associated with hCG exposure.

Keywords  Assisted reproductive technologies · Blood–brain barrier · Cognitive impairments · Human chorionic 
gonadotropin · Neurodegenerative diseases · Neuroinflammation · Oxidative stress
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Introduction

Human chorionic gonadotropin (hCG) is a glycoprotein hor-
mone primarily known for its pivotal role in reproduction, 
particularly in pregnancy and fertility treatments [1, 2]. Pro-
duced by the placenta during pregnancy, hCG is essential for 
maintaining the corpus luteum and stimulating the secretion of 
progesterone, a hormone crucial for sustaining the early stages 
of pregnancy [3, 4]. Beyond its reproductive significance, 
hCG has garnered increasing attention for its involvement in 
immune modulation, cancer biology, and more recently, its 
potential implications in neurological health [5, 6]. The ver-
satility of hCG’s actions, driven by its interaction with lutein-
izing hormone/choriogonadotropin receptors (LHCGR), high-
lights its broader physiological functions, extending beyond 
the reproductive system.

While hCG’s roles in reproduction and immune regulation 
are well-established, emerging research has begun to explore 
its potential effects on the nervous system [7]. In some clini-
cal settings such as pre‑eclampsia, elevated β‑hCG levels have 
been correlated with increased systemic inflammation, oxida-
tive‑stress markers, and in a subset of cases with evidence of 
blood–brain barrier injury and CNS inflammation in mothers 
[8, 9]. However, these observations remain associative, and 
direct causal links between hCG and neuroinflammation, oxi-
dative stress, or blood–brain barrier (BBB) disruption, par-
ticularly in ART or tumor‑related hCG exposure, have not yet 
been demonstrated.

Some epidemiological studies have observed associations 
between maternal serum hCG or hCG‑related pregnancy con-
ditions (e.g., hyperemesis gravidarum) and increased risk of 
ASD in offspring [10]. However, these findings remain obser-
vational, and direct causal mechanisms remain unproven. 
Thus, while the hypothesis that altered hCG exposure may 
influence neurodevelopment remains intriguing, it is currently 
unproven and requires rigorous longitudinal and mechanis-
tic follow-up. These observations remain highly speculative, 
as they are based primarily on associative data subject to 
numerous confounders, including maternal health, genetic 
background, environmental exposures, and ART protocols. 
Consequently, any proposed connection between hCG expo-
sure and neurodevelopmental disorders should be considered 
as an intriguing hypothesis rather than an established causal 
relationship. Rigorous longitudinal and mechanistic studies 
are required to clarify whether and how maternal or pharma-
cological hCG influences neurodevelopment.

This review aims to provide a comprehensive analysis of 
the potential neurobiological effects of hCG, with a focus on 
its signaling pathways and how they may intersect with pro-
cesses such as neuroinflammation, oxidative stress, and neuro-
transmitter regulation. We will examine both physiological and 
pathological contexts of hCG exposure, including pregnancy, 

ART, and hCG-secreting tumors, highlighting where evidence 
is robust and where hypotheses remain untested. By integrat-
ing current experimental and clinical data, this review seeks 
to present a balanced perspective on the dual nature of hCG, 
its neuroprotective roles in some contexts, and its potential 
for contributing to neurological dysfunction in others—while 
clearly delineating speculative associations from established 
findings.

hCG: functions and systemic effects

Structure and secretion of hCG

hCG is a glycoprotein hormone primarily secreted by the 
syncytiotrophoblast cells of the placenta during pregnancy 
[11]. Structurally, hCG belongs to the glycoprotein hor-
mone family, sharing a common α-subunit with luteinizing 
hormone (LH), follicle-stimulating hormone (FSH), and 
thyroid-stimulating hormone (TSH), while its β-subunit 
is unique and confers its biological specificity [12–14]. 
This β-subunit contains critical glycosylation sites, which 
influence its stability, receptor binding affinity, and bio-
activity [1].

hCG secretion follows a dynamic pattern during preg-
nancy, with levels rising exponentially in the first trimes-
ter, peaking around 8–12 weeks of gestation, and gradually 
declining thereafter [15]. Beyond pregnancy, low levels 
of hCG are also detectable in non-pregnant individuals, 
as it is produced in small amounts by the pituitary gland 
[16]. In addition, hCG isoforms, including hyperglyco-
sylated hCG (hCG-H) and free β-hCG, play distinct roles 
in trophoblast invasion and tumor progression, highlight-
ing its diverse physiological and pathological significance 
[17, 18].

hCG receptors and signal transduction pathways

The biological effects of hCG are primarily mediated 
through its interaction with the LHCGR, a G protein-
coupled receptor (GPCR) belonging to the rhodopsin-like 
GPCR family [19]. LHCGR is predominantly expressed 
in reproductive tissues, including the ovaries, testes, and 
placenta, where it plays a crucial role in steroidogenesis 
and gametogenesis [20]. However, its expression extends 
beyond classical reproductive sites, being detected in 
immune cells, endothelial cells, and various tumors, sug-
gesting a broader systemic role for hCG [21].

Upon ligand binding, hCG initiates a signaling cascade 
primarily through the cyclic adenosine monophosphate 
(cAMP)-protein kinase A (PKA) pathway [22]. This pathway 
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activates cAMP response element-binding protein (CREB), 
which regulates the transcription of genes involved in cell 
proliferation, differentiation, and survival [23]. In reproduc-
tive tissues, this mechanism supports progesterone synthesis 
in the corpus luteum, sustains early pregnancy, and regulates 
ovarian follicular maturation and spermatogenesis [24, 25].

Beyond the classical cAMP-PKA pathway, hCG engages 
alternative signaling cascades, enabling diverse biological 
responses. The phosphatidylinositol-3-kinase (PI3K)/Akt 
pathway is a key mediator of cell survival and angiogen-
esis, particularly in trophoblast cells, where it facilitates 
placental vascular remodeling [26]. Similarly, the mitogen-
activated protein kinase (MAPK) pathway is implicated in 
cell proliferation, differentiation, and migration, contribut-
ing to trophoblast invasion and tumor progression [27]. In 
addition, the Janus kinase/signal transducer and activator of 
transcription (JAK-STAT) pathway plays a role in immune 
modulation, influencing inflammatory cytokine production 
and immune cell differentiation [28].

The widespread distribution of LHCGR in the brain, 
immune system, and certain malignancies suggests that 
hCG signaling extends beyond reproduction. The receptor’s 
presence in neurons and glial cells raises the possibility of 
hCG-driven neuroendocrine regulation, while its expres-
sion in immune cells implies a role in immunosuppression 
and inflammation control [29, 30]. Furthermore, aberrant 
hCG signaling has been implicated in tumorigenesis, can-
cer metastasis, and immune evasion, highlighting the need 
for further exploration of its systemic effects [31]. Under-
standing the multi-faceted signaling mechanisms of hCG is 
essential for elucidating its physiological roles and potential 
contributions to neurological and immune-related disorders.

Role of hCG in reproduction, immune modulation, 
and cancer

Reproductive functions

hCG plays a pivotal role in pregnancy maintenance by stim-
ulating progesterone production from the corpus luteum, 
essential for endometrial receptivity and fetal development. 
In addition, it supports placental angiogenesis, trophoblast dif-
ferentiation, and maternal immune tolerance [32]. Emerging 
evidence suggests that hCG may also regulate ovarian follicu-
lar dynamics and influence spermatogenesis in males, empha-
sizing its broader impact on reproductive endocrinology.

Immune modulation

Beyond reproduction, hCG exerts profound immunomodu-
latory effects, contributing to maternal–fetal immune tol-
erance. It promotes a Th2-dominant immune response, 
suppresses Th1-mediated inflammation, and enhances 

regulatory T cell (Treg) activity, thereby preventing fetal 
rejection [33]. hCG also modulates macrophage polariza-
tion, shifting them towards an anti-inflammatory M2 phe-
notype, which may have implications in both pregnancy 
and immune-related disorders [34, 35].

Oncogenic potential of hCG

Aberrant hCG expression is observed in various malignan-
cies, including choriocarcinoma, testicular cancer, ovarian 
cancer, and certain gastrointestinal tumors [31, 36]. Can-
cer cells exploit hCG signaling to promote angiogenesis, 
immune evasion, and metastatic progression [37]. Notably, 
hCG-H, a highly glycosylated isoform, is implicated in 
tumor aggressiveness by inhibiting apoptosis and facilitat-
ing immune escape mechanisms [38]. The presence of hCG 
receptors in the nervous system raises concerns about its 
potential neurotoxic effects in oncological settings, warrant-
ing further investigation.

Distinct biological contexts of hCG exposure: 
physiological, pathological, and pharmacological 
differences

hCG exists in multiple biological contexts, defined by distinct 
isoforms, glycosylation patterns, concentrations, and likely 
different receptor engagement and downstream signaling con-
sequences [39]. These differences are essential when inter-
preting potential effects of hCG on the CNS and for avoiding 
inappropriate extrapolation across experimental systems.

Physiological hCG (pregnancy)

In normal pregnancy, hCG is produced by the syncytiotroph-
oblast of the placenta and is secreted in a regulated pattern 
with changing isoform composition over gestation [40]. One 
important variant is hyperglycosylated hCG (hCG-H), pro-
duced by extravillous cytotrophoblasts, which predominates 
early in pregnancy, but declines later in gestation [41]. The 
controlled levels and specific glycoform profile of physi-
ological hCG ensure that receptor activation likely remains 
within physiological limits. Regular pregnancy-derived hCG 
supports maternal–fetal endocrine regulation, immune adap-
tation, and placental function [42]. Because of this regulated 
context, findings based on pregnancy-level hCG should not 
be assumed to represent effects of supraphysiologic exposure 
or pathological isoforms.

Pathological hCG (trophoblastic 
and non‑trophoblastic tumors)

In contrast, in certain malignancies such as trophoblas-
tic disease or germ-cell tumors, aberrant forms of hCG 
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are produced, including hCG-H and free β-subunits, with 
altered glycosylation and structural features compared to 
physiological hCG [43]. These tumor-derived variants 
often reach concentrations substantially higher than those 
observed during normal pregnancy [43]. Functional stud-
ies indicate that hyperglycosylated hCG in these pathologi-
cal settings exhibits distinct biological activities, including 
enhanced invasiveness, proliferation, and immunomodula-
tory capacity, which diverge from the classical endocrine 
role of hCG [17]. Given these structural and functional dif-
ferences, the pathophysiological consequences of tumor-
derived hCG cannot be assumed equivalent to those of 
physiological pregnancy hCG.

Pharmacological hCG (clinical or ART use)

Exogenous administration of hCG, for example in ART or 
other clinical applications, introduces hCG in bolus doses 
that produce supraphysiologic peaks. Depending on the 
preparation, the hCG may include a mixture of isoforms, 
including hyperglycosylated variants or free subunits [44]. 
The pharmacokinetics (dose, timing, half-life) and recep-
tor occupancy in pharmacological scenarios differ substan-
tially from physiological pregnancy, and thus downstream 
signaling and tissue effects may diverge accordingly. As 
a result, observations derived from pharmacologic hCG 
exposure should not be directly equated to effects of 
endogenous placenta-derived hCG or tumor-derived hCG.

Implications for interpreting CNS‑related hCG 
effects

These distinctions underscore that hCG’s influence on 
the CNS is highly context-dependent. When interpreting 
neurobiological outcomes, such as receptor activation, 
signaling pathways, inflammation or neurotoxicity, one 
must carefully consider the source, isoform, glycosylation 
status, dosage, and exposure pattern of hCG. Extrapola-
tions across these biologically distinct categories must be 
made with caution, and only when appropriate controls 
and context-specific data are available.

hCG and the nervous system

Emerging evidence suggests that hCG plays a role in neu-
rodevelopment, neuroprotection, and neuroimmune inter-
actions [45]. The presence of hCG receptors in the central 
nervous system (CNS) supports the hypothesis that this 

hormone has direct regulatory functions in brain physi-
ology [46]. However, dysregulated hCG levels—whether 
excessive or deficient—have been implicated in neurologi-
cal disorders, neuroinflammation, and cognitive dysfunc-
tion, necessitating further exploration of its neurobiologi-
cal significance [7].

Expression of hCG receptors in neural and glial cells

The potential expression of LHCGR in the CNS provides 
a putative molecular basis for hCG’s neurological effects. 
Studies in animal models and in vitro systems have reported 
LHCGR expression in neurons, astrocytes, microglia, and 
oligodendrocytes, suggesting that hCG may influence mul-
tiple neural processes [47, 48]. In rodent models, LHCGR 
has been detected in regions such as the hypothalamus, hip-
pocampus, and cerebral cortex, which are critical for neu-
roendocrine regulation, cognition, and synaptic plasticity 
[49].

Neurons expressing LHCGR in these models respond 
to hCG stimulation by activating intracellular signaling 
pathways, including cAMP/PKA, PI3K/Akt, and MAPK, 
which are involved in neuronal survival, differentiation, 
and synaptic remodeling [50]. Similarly, glial cells, particu-
larly astrocytes and microglia, have been shown to express 
LHCGR in preclinical studies, implicating hCG in potential 
neuroinflammatory modulation [51]. Some preclinical data, 
notably in inflammatory or injury models, suggest that hCG 
may modulate microglial activation toward a less reactive 
phenotype and attenuate neuroinflammation, and that under 
specific conditions, it might influence glial‑mediated neuro-
trophic support [52]. However, to date, there is no robust evi-
dence from adult human CNS tissue showing hCG‑induced 
neurotrophic factor release from astrocytes or sustained 
anti‑inflammatory polarization of microglia. The presence 
of LHCGR in oligodendrocytes suggests a possible role in 
myelination and neural repair, though this remains largely 
unexplored.

Importantly, it must be emphasized that the expression 
and functional significance of LHCGR in the adult human 
CNS remain a subject of ongoing debate. Direct evidence 
from adult human brain tissue is limited, and many find-
ings are extrapolated from rodent models, neonatal tis-
sue, or in vitro systems [53, 54]. Therefore, while these 
data provide a conceptual framework for hCG-mediated 
neuroendocrine and neuroimmune effects, the relevance 
to adult human physiology and pathology remains hypo-
thetical. Future studies using human CNS tissue and physi-
ologically relevant models are required to clarify whether 
LHCGR is expressed functionally in neurons and glial 
cells, and to determine the true impact of hCG signaling 
in the human brain.
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Physiological functions of hCG in brain development 
and neuroprotection

During early brain development, hCG is believed to con-
tribute to neurogenesis, neuronal differentiation, and syn-
aptic maturation. Studies have demonstrated that hCG can 
enhance neuronal survival by activating pro-survival path-
ways such as PI3K/Akt, while also stimulating the release of 
brain-derived neurotrophic factor (BDNF), a key regulator 
of neuroplasticity [55, 56]. In addition, hCG has been impli-
cated in angiogenesis within the CNS, ensuring adequate 
blood supply to developing neuronal networks [57].

Beyond its role in development, hCG exhibits neuropro-
tective properties in the adult brain. Experimental studies, 
including those in neonatal mouse models, suggest that 
hCG can mitigate neurodegenerative processes by reduc-
ing inflammatory-mediated neuronal loss and apoptosis. 
For instance, in a neonatal hypoxia–ischemia model, hCG 
administration significantly reduced cortical and hippocam-
pal tissue loss, preserved parvalbumin-positive interneurons, 
and attenuated microglial activation, indicating its potential 
in neuroprotection [7, 58]. For instance, hCG has been found 
to reduce β-amyloid accumulation and tau phosphorylation, 
two hallmarks of Alzheimer’s disease (AD) [59]. In addi-
tion, hCG may modulate dopaminergic and serotonergic 
neurotransmission, influencing mood regulation and cogni-
tive function [60]. These findings raise the possibility of 
hCG-based therapeutic strategies for neurodegenerative and 
neuropsychiatric disorders.

Pathological consequences of dysregulated hCG 
levels

While physiological levels of hCG appear to support neu-
ral health, dysregulated hCG expression—either exces-
sive or deficient—has been associated with neurological 
dysfunction and disease states. Elevated hCG levels, often 
observed in gestational trophoblastic diseases and certain 
cancers, have been linked to neuroinflammation and cogni-
tive impairment, possibly due to aberrant activation of glial 
cells and disruption of neuroimmune homeostasis [61]. 
Conversely, insufficient hCG levels during pregnancy have 
been correlated with an increased risk of neurodevelopmen-
tal disorders, including autism spectrum disorder (ASD) and 
schizophrenia, suggesting a critical role for hCG in fetal 
brain maturation [62–64].

In addition, abnormal hCG signaling has been implicated 
in neuro-oncology, particularly in tumors such as glioblas-
toma and medulloblastoma, where it may promote tumor 
growth, angiogenesis, and immune evasion [65]. The ability 
of certain brain tumors to produce hCG autonomously fur-
ther complicates its role in neuropathology, raising concerns 
about its potential as a biomarker for tumor progression.

Mechanistic pathways potentially associated 
with hCG‑related neurotoxicity

Growing evidence suggests that hCG may influence neuro-
immune pathways relevant to neuroinflammatory states. In 
murine microglial cultures, hCG under pro-inflammatory 
conditions enhances nitric oxide and TNF‑α production, 
consistent with a shift toward a pro-inflammatory phenotype 
[66]. Conversely, in a neonatal mouse model of systemic 
inflammation plus hypoxia‑ischemia, hCG administration 
reduced microglial immunoreactivity and mitigated neuro-
degeneration [7]. These findings indicate that hCG exposure 
can modulate microglial activation and neuroimmune tone, 
but direct mechanistic evidence in the human CNS remains 
lacking. Rather than representing a confirmed neurotoxic 
cascade, current data support a conceptual framework in 
which dysregulated or excessive hCG exposure could con-
tribute to oxidative stress, altered neuronal homeostasis, and 
susceptibility to cognitive or neuropsychiatric disturbances 
in specific physiological or pathological contexts (Table 1).

hCG‑mediated modulation of pro‑inflammatory 
cytokines

Aberrant hCG signaling in microglia can upregulate the 
production of pro-inflammatory cytokines, such as tumor 
necrosis factor-alpha (TNF-α), IL-6, and IL-1β, leading to a 
sustained inflammatory environment in the CNS [67]. These 
cytokines can disrupt the BBB, promoting the infiltration of 
peripheral immune cells and further exacerbating neuroin-
flammation [68]. In addition, activated microglia can release 
ROS and nitric oxide (NO), inducing oxidative stress and 
neuronal apoptosis (see Fig. 1) [69].

Moreover, chronic hCG exposure has been linked to 
enhanced NF-κB signaling, a key transcription factor that 
regulates inflammatory gene expression [70, 71]. Persistent 
NF-κB activation sustains microglial priming, making the 
CNS more vulnerable to secondary inflammatory insults, 
such as infections, trauma, or neurodegenerative triggers. 
This mechanism may be particularly relevant in AD, Par-
kinson’s disease (PD), and multiple sclerosis (MS), where 
neuroinflammation is a key pathological feature [72, 73].

Impact of chronic inflammation on neuronal 
function and survival

Chronic neuroinflammation driven by hCG can have pro-
found effects on neuronal function and survival. Pro-inflam-
matory cytokines and oxidative stress can disrupt synaptic 
integrity, impairing neurotransmission and contributing to 
cognitive decline [74]. In addition, excessive inflamma-
tion can interfere with adult neurogenesis, particularly in 
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the hippocampus, a brain region critical for learning and 
memory [75].

Prolonged exposure to elevated hCG levels has been asso-
ciated with neuroinflammatory states that may, in theory, 
contribute to glial reactivity and altered synaptic pruning, 
processes that resemble those described in neurodevelop-
mental conditions such as ASD and schizophrenia, although 
direct mechanistic links remain unproven [76]. Furthermore, 
neuroinflammation has been implicated in dopaminergic 
neurodegeneration, raising concerns about the potential role 
of hCG dysregulation in Parkinsonian syndromes.

Overall, these findings suggest that while hCG can exert 
beneficial effects on the CNS under physiological condi-
tions, chronic or dysregulated hCG exposure may trigger 
harmful neuroinflammatory cascades, contributing to neu-
rotoxicity and neurodegeneration. Further research is needed 
to delineate the precise conditions under which hCG transi-
tions from a neuroprotective to a neurotoxic agent, which 
could have significant implications for neurodegenerative 
disease pathogenesis and therapeutic interventions.

Oxidative stress and mitochondrial dysfunction

Excessive or dysregulated hCG signaling has been associ-
ated with mitochondrial dysfunction and increased oxida-
tive stress in placental models of fetal growth restriction 
and pre-eclampsia [77]. While these findings highlight a 
potential mechanism by which hCG may influence cellular 
homeostasis, direct mechanistic evidence linking hCG to 
mitochondrial dysfunction in neurons or the human CNS 
remains speculative. This raises the hypothesis that simi-
lar pathways could, under specific pathological conditions, 
affect neurodevelopment or contribute to neurological dis-
orders, but further studies are needed to test this connec-
tion. This oxidative burden can compromise mitochondrial 
function, resulting in cellular damage, energy deficits, and 
accelerated neurodegeneration [7]. As discussed, the inter-
play between hCG, oxidative stress, and mitochondrial dis-
turbances has been proposed to influence neurobiological 
pathways relevant to conditions such as AD and PD. Current 
evidence supports potential associations, but further studies 
are needed to determine whether these interactions contrib-
ute to neuronal vulnerability or disease progression.

Fig. 1   Hypothetical mechanisms of hCG-associated neurobiological 
effects. This figure presents a conceptual model of how altered hCG 
levels may influence neurobiological processes. Based on preclinical 
and associative clinical studies, elevated or dysregulated hCG could 
potentially modulate immune cell activity and microglial responses, 
contribute to oxidative stress and mitochondrial dysfunction, and 

influence neuronal survival. These interactions are presented as pro-
posed pathways rather than established causal relationships. The 
figure is intended to summarize current hypotheses and guide future 
research into the neurobiological effects of hCG. ROS, reactive oxy-
gen species; hCG, human chorionic gonadotropin
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Disruption of antioxidant defense and redox imbalance 
in neurodegeneration

The disruption of redox homeostasis due to excessive ROS 
production not only inflicts direct oxidative damage, but also 
undermines the brain’s intrinsic antioxidant defense mecha-
nisms. Key enzymes such as superoxide dismutase (SOD) 
and glutathione peroxidase (GPx), which play crucial roles 
in neutralizing ROS, become overwhelmed, leading to sus-
tained oxidative injury [78]. This persistent oxidative stress 
accelerates neuronal dysfunction and is a hallmark feature 
in the pathogenesis of chronic neurodegenerative disorders, 
including Alzheimer’s and Parkinson’s disease [79, 80].

Mitochondrial bioenergetics and neurodegeneration

Mitochondria, as the powerhouses of the cell, are essential 
for maintaining cellular energy metabolism [81]. In neurons, 
mitochondria play an integral role in maintaining synaptic 
function, neurotransmission, and overall cellular homeo-
stasis [82]. However, excessive hCG signaling can impair 
mitochondrial bioenergetics, leading to decreased ATP 
production, mitochondrial membrane depolarization, and 
alterations in mitochondrial dynamics, including impaired 
fusion and fission processes [77, 83]. These mitochondrial 
dysfunctions contribute to energy deficits and increased vul-
nerability to neurodegeneration.

Mitochondria are both sources and targets of ROS, and 
in neurodegenerative conditions, the cumulative oxida-
tive damage can compromise mitochondrial integrity [84]. 
Findings from indirect and in vitro models indicate that 
hCG has been associated with alterations in mitochondrial 
homeostasis [85]. These changes may create a milieu that 
favors mitochondrial permeability transition (MPT), which 
in turn could allow release of cytochrome c and activation 
of caspase-dependent apoptotic pathways [85]. In addition, 
evidence from experimental models and patient studies links 
neuronal mitochondrial dysfunction to synaptic deficits and 
features of neurodegenerative progression in disorders such 
as AD, PD, and HD [86].

Emerging evidence suggests that mitochondrial dysfunc-
tion induced by hCG may also contribute to neuroinflamma-
tion, as damaged mitochondria release damage-associated 
molecular patterns (DAMPs), which activate microglial cells 
and promote further oxidative stress [87]. This results in a 
self-perpetuating cycle of mitochondrial damage, ROS pro-
duction, and neuroinflammation, driving the pathogenesis 
of neurodegenerative diseases.

BBB disruption

The BBB plays a critical role in maintaining the homeosta-
sis of the CNS by selectively regulating the entry of ions, 

nutrients, and other molecules into the brain [88]. Disrup-
tion of the BBB is a common feature of many neurological 
disorders and has been implicated in neuroinflammation, 
neurodegeneration, and neurovascular dysfunction [89]. 
Increasing evidence suggests that hCG, a hormone typically 
associated with reproductive processes, may also influence 
BBB integrity, contributing to BBB permeability changes 
and increased susceptibility to neurotoxicant entry [90]. 
Dysregulated or excessive hCG signaling may have signifi-
cant implications for the pathogenesis of neurodegenerative 
diseases by facilitating the entry of neurotoxic substances, 
immune cells, and inflammatory mediators into the brain.

hCG receptors in brain endothelium and permeability 
alterations

The LHCGR, which mediates the biological effects of hCG, 
is expressed not only in reproductive tissues but also in the 
brain vasculature, particularly in brain endothelial cells [91]. 
Studies have shown that LHCGR is present in endothelial 
cells forming the BBB, suggesting that hCG may directly 
interact with the vascular endothelium, influencing barrier 
function [92]. The activation of LHCGR on these endothe-
lial cells may trigger intracellular signaling pathways that 
affect tight junction proteins such as claudins, occludins, 
and zonula occludens, which are critical for maintaining the 
structural integrity of the BBB.

Upon hCG binding to LHCGR, signaling pathways—
including cAMP/PKA, PI3K/Akt, and MAPK—may lead 
to the disruption of endothelial tight junctions and increased 
paracellular permeability [93]. As described in the previous 
section, LHCGR enhances these signaling pathways, which, 
in endothelial cells, may contribute to BBB permeability 
changes. This enhanced permeability allows the passage of 
macromolecules, inflammatory cytokines, and potentially 
neurotoxic agents from the bloodstream into the brain, which 
can contribute to neuroinflammation and neurodegeneration 
[94].

Recent studies suggest that excessive hCG levels, as 
seen in gestational trophoblastic diseases or hCG-secreting 
tumors, may further exacerbate BBB dysfunction, increas-
ing its permeability and potentially enabling neurotoxicant 
entry that could accelerate neurodegenerative processes [95]. 
In contrast, insufficient hCG signaling during pregnancy 
has been associated with the development of neurodevel-
opmental disorders, indicating that optimal levels of hCG 
are crucial for maintaining BBB integrity during fetal brain 
development [96].

Neurotransmitter dysregulation

Neurotransmitter systems play a critical role in regulating 
brain function, mood, and behavior [97]. Dysregulation of 
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neurotransmitter pathways is a hallmark feature of several 
psychiatric and neurodegenerative disorders [98]. Emerging 
evidence suggests that hCG may influence neurotransmitter 
systems, contributing to both dopaminergic and serotonergic/
GABAergic dysfunction [1]. These disruptions are implicated 
in various neuropsychiatric conditions, including schizo-
phrenia, anxiety, depression, and Parkinson’s disease [99]. 
Understanding how hCG impacts neurotransmitter regulation 
is essential for elucidating its potential role in neurotoxic pro-
cesses and the development of psychiatric disorders.

hCG, dopaminergic dysfunction, and psychiatric disorders

The dopaminergic system, which regulates mood, reward, 
and motor control, is highly sensitive to hormonal fluctua-
tions, including those induced by hCG [100]. In particular, 
dopamine receptors and dopamine transporter expression 
have been found to be modulated by hCG signaling in both 
the CNS and peripheral tissues [101]. Dysregulated hCG 
signaling has been linked to alterations in dopamine metabo-
lism, leading to dopaminergic dysfunction that may contrib-
ute to the pathophysiology of psychiatric disorders such as 
schizophrenia, bipolar disorder, and drug addiction [102].

Studies have shown that excessive hCG levels, as seen in 
gestational trophoblastic diseases, hCG-secreting tumors, or 
hCG-induced medication protocols, can lead to increased 
dopaminergic activity, potentially disrupting normal dopa-
minergic balance [103]. This disruption may contribute to 
symptoms of mania, psychosis, and impulsivity, which are 
common in psychiatric conditions such as schizophrenia and 
bipolar disorder [104]. Furthermore, hCG-induced dopamin-
ergic alterations may be involved in PD, where dopamine 
depletion leads to motor and cognitive deficits. In PD, ele-
vated hCG levels may accelerate dopaminergic neurodegen-
eration by altering the delicate balance of dopamine release 
and reuptake in the brain [105].

Research also suggests that hCG-induced stimulation of 
the dopamine D2 receptor can lead to dopaminergic over-
activation, which is associated with the development of 
psychotic symptoms [106]. This overactivation is particu-
larly concerning in patients undergoing fertility treatments 
involving hCG, where dopamine receptor dysregulation 
may increase the risk of developing psychiatric disturbances 
[107]. Furthermore, dopaminergic dysregulation in the pre-
frontal cortex and striatum, regions critical for cognitive and 
emotional regulation, may contribute to impulsivity, aggres-
sion, and irritability in affected individuals [108, 109].

Serotonin and GABAergic alterations: links to anxiety 
and depression

In addition to its impact on dopamine signaling, hCG 
has been implicated in the modulation of other critical 

neurotransmitter systems, including [110]. The serotoner-
gic system regulates mood, anxiety, and emotional stability, 
while the GABAergic system is central to inhibitory neuro-
transmission and anxiolytic effects [111]. Dysregulation in 
either of these systems can lead to anxiety, depression, and 
other mood disorders, conditions that are increasingly being 
linked to altered hCG levels.

Serotonin is a key neurotransmitter in the regulation of 
mood and anxiety. Recent studies have highlighted that 
elevated hCG levels, often observed in pregnancy or hCG-
producing tumors, can modulate the serotonin receptor sys-
tem, particularly 5-HT1A and 5-HT2A receptors [112, 113]. 
These receptors are involved in regulating serotonin release 
and receptor sensitivity in the brain, with alterations leading 
to anxiety-like behaviors and depressive symptoms. Specifi-
cally, excess hCG may interfere with serotoninergic tone, 
contributing to dysphoria, irritability, and increased suscep-
tibility to depression [114]. This link is particularly relevant 
in gestational depression, where altered hCG fluctuations 
correlate with mood disturbances and emotional regulation.

Similarly, GABA, the primary inhibitory neurotransmit-
ter in the brain, plays a crucial role in maintaining anxiety 
regulation and emotional stability [115]. GABAergic dys-
function has been implicated in various anxiety disorders 
and depression, with GABA receptor alterations contribut-
ing to the pathogenesis of these conditions [115]. Evidence 
suggests that hCG-induced changes in GABAergic signaling 
may contribute to the development of anxiety disorders by 
modulating the expression of GABA receptors in the CNS 
[116]. Disruptions in GABA receptor functionality can lead 
to heightened neural excitability and increased anxiety, as 
seen in clinical studies involving individuals with elevated 
hCG levels during pregnancy or fertility treatments [117].

Clinical and translational relevance 
of hCG‑induced neurotoxicity

While hCG is classically recognized for its role in preg-
nancy, emerging research has begun to explore its potential 
impact on the nervous system. Some studies have observed 
associations between altered maternal hCG levels, whether 
elevated, reduced, or aberrantly glycosylated, and markers 
of neurodevelopment in offspring [118]. These observations 
have led to hypotheses suggesting that dysregulated hCG 
exposure could influence neurodevelopmental trajectories, 
potentially contributing to conditions such as ASD, ADHD, 
or schizophrenia [119].

However, it is important to emphasize that these links 
remain highly speculative. A large population‑based study 
using discordant sibling and paternal negative controls failed 
to establish a clear causal link between maternal prenatal 
diagnoses and offspring autism, underscoring the influence 



Archives of Gynecology and Obstetrics          (2026) 313:94 	 Page 11 of 18     94 

of familial and sociodemographic confounders [120]. Direct 
causal mechanisms connecting maternal or pharmacological 
hCG exposure to neurodevelopmental disorders in humans 
have not been established.

Consequently, any proposed association between hCG 
exposure and neurodevelopmental outcomes should be con-
sidered an intriguing hypothesis rather than an established 
effect. Future research, particularly rigorous longitudinal and 
mechanistic studies, is required to clarify whether and how 
maternal or pharmacological hCG may influence fetal brain 
development. Understanding these potential effects could 
provide a framework for identifying interventions, but cur-
rent clinical relevance remains uncertain.

Neurological consequences of hCG in pregnancy 
and fetal development

During pregnancy, hCG levels rise significantly and exert 
a range of physiological effects, primarily related to main-
taining pregnancy and supporting fetal development [121]. 
However, an increasing body of research suggests that altera-
tions in hCG secretion, especially maternal dysregulation, 
can have profound effects on neurodevelopment [122]. As 
previously discussed, excessive maternal hCG levels, such 
as those observed in gestational trophoblastic diseases or 
hCG-secreting tumors, may increase the risk of neurologi-
cal disorders in offspring, including autism, ADHD, and 
schizophrenia.

Maternal hCG dysregulation can influence fetal brain 
development via multiple mechanisms, including altered 
neurotransmitter systems, disrupted placental function, and 
increased neuroinflammatory processes [63]. These altera-
tions may disrupt the normal formation of brain regions 
involved in cognitive function, social behavior, and emo-
tional regulation, potentially leading to long-term neurode-
velopmental deficits [123]. For instance, disrupted seroto-
ninergic, dopaminergic, and GABAergic signaling systems 
due to abnormal hCG exposure can impair synaptic pruning 
and neurogenesis, contributing to the development of autistic 
traits and behavioral issues in children [124, 125].

Moreover, increased hCG levels in early pregnancy have 
been correlated with a higher risk of preterm birth, which is 
another known risk factor for neurodevelopmental disorders 
[126, 127]. Preterm infants often experience neurological 
complications, including cerebral palsy, cognitive delays, 
and learning disabilities, which may be linked to early dis-
ruptions in brain development associated with maternal hCG 
abnormalities [128].

hCG in ART and neurological risks

ART, particularly IVF, have revolutionized the manage-
ment of infertility and have become standard treatments for 

couples struggling to conceive [129, 130]. However, the 
hormonal protocols employed during ART, including the 
use of high-dose hCG, have raised concerns about poten-
tial neurological risks for both mothers and offspring [131]. 
While hCG is essential for the success of IVF by support-
ing ovarian function and inducing ovulation, its potential 
neurotoxic effects and long-term impact on cognitive and 
neurobehavioral development in offspring remain an area 
of significant scientific inquiry [132]. Emerging studies sug-
gest that elevated levels of hCG, often employed in ART 
regimens, may interfere with normal neurological function 
and development [133].

Impact of high‑dose hCG in IVF on cognitive function

High-dose hCG is widely used in ART to induce ovulation 
and support implantation, but emerging evidence suggests 
potential neurological risks for both mothers and offspring 
[134]. In mothers, elevated hCG levels may disrupt dopa-
mine and serotonin signaling, contributing to mood disor-
ders, memory deficits, and anxiety, while also being linked 
to gestational hypertension and pre-eclampsia, which can 
impair cerebral perfusion and promote neuroinflammation 
[135]. In offspring, excessive hCG exposure during critical 
neurodevelopmental stages may disrupt synaptic plasticity, 
impair neurogenesis, and alter cognitive function, increas-
ing the risk of learning disabilities, attention deficits, and 
delayed language development [136, 137]. In addition, hCG-
induced neuroendocrine dysregulation may affect the hypo-
thalamic–pituitary–gonadal axis, further influencing long-
term neurological outcomes in ART-conceived children.

Long‑term neurobehavioral effects in offspring conceived 
via ART​

The long-term neurobehavioral effects of high-dose hCG 
and other ART-related factors on offspring are increasingly 
recognized [138]. While ART has enabled successful preg-
nancies, concerns are growing about its impact on neurode-
velopment, influenced by maternal hormonal treatments, 
embryo culture conditions, and procedural interventions 
[139, 140]. Children conceived through ART, particularly 
those exposed to high-dose hCG, may face an elevated risk 
of neurodevelopmental disorders such as ASD, ADHD, lan-
guage delays, and cognitive deficits [141, 142]. Contributing 
factors include elevated hCG levels, higher rates of preterm 
birth, and multiple pregnancies, all of which may disrupt 
fetal brain development [77, 143]. Preterm birth, a common 
ART outcome, further exacerbates the risk of motor, learn-
ing, and behavioral impairments [144]. However, the full 
extent of these effects remains unclear, necessitating further 
longitudinal studies to assess ART’s neurological impact and 
inform safer clinical practices.
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hCG‑secreting tumors and paraneoplastic 
neurological syndromes

The presence of hCG is not only a marker of pregnancy 
but also of several tumor types, particularly hCG-secreting 
tumors. These malignancies, including choriocarcinoma, 
testicular cancer, and other hCG-producing tumors, can lead 
to a variety of neurological symptoms [145, 146]. These 
symptoms are often associated with paraneoplastic neuro-
logical syndromes (PNS), in which the immune response 
to the tumor leads to widespread neurological dysfunction 
[147]. The production of hCG by these tumors may contrib-
ute to neuroimmune dysregulation, influencing both the CNS 
and peripheral nervous system (PNS).

Choriocarcinoma and hCG‑driven neurological symptoms

Choriocarcinoma, a rare and aggressive gestational tropho-
blastic disease, is a potent hCG-secreting tumor with sig-
nificant neurological implications [148]. Excessive hCG 
levels drive neuroinflammation, oxidative stress, and neu-
rotransmitter dysregulation, manifesting as headaches, visual 
disturbances, seizures, and, in severe cases, coma [149]. 
Beyond direct neurotoxicity, hCG can induce paraneoplas-
tic immune responses, leading to neural tissue damage and 
worsening neurological dysfunction [150, 151]. Moreover, 
high hCG concentrations are strongly associated with tumor 
metastasis, particularly to the brain, liver, and lungs, compli-
cating disease management [152, 153]. Cerebral metastases 
exacerbate neurological deficits, highlighting the urgency of 
early recognition and intervention. Understanding the neu-
rotoxic and metastatic roles of hCG in choriocarcinoma is 
crucial for improving patient outcomes.

Future directions and therapeutic strategies

The ongoing research into hCG-induced neurotoxicity has 
highlighted the complexity of its impact on the nervous sys-
tem. Future studies should focus on refining experimental 
models and clinical studies to better understand the under-
lying pathophysiological mechanisms. Moreover, targeted 
therapeutic strategies are critical to mitigate the neurotoxic 
effects of hCG, particularly in populations at risk, such as 
pregnant women, those undergoing ART, and individuals 
with hCG-secreting tumors.

Targeting hCG pathways for neuroprotection

Targeting the molecular pathways affected by hCG provides 
a promising strategy for neuroprotection. By inhibiting the 
LHCGR signaling pathway, it may be possible to reduce the 

neuroinflammatory and oxidative stress responses triggered 
by hCG.

Anti‑hCG antibodies and hormonal modulation

One potential therapeutic approach involves the use of anti-
hCG antibodies to neutralize the toxic effects of hCG. These 
antibodies could be designed to block the binding of hCG to 
its receptor, preventing the activation of harmful signaling 
pathways. Hormonal modulation may also provide a thera-
peutic avenue by reducing excessive hCG levels in individu-
als with hCG-secreting tumors or those undergoing fertility 
treatments.

Potential use of anti‑inflammatory and antioxidant 
therapies

Given the central role of neuroinflammation and oxidative 
stress in hCG-induced neurotoxicity, anti-inflammatory 
and antioxidant therapies could serve as potential treat-
ments. Nonsteroidal anti-inflammatory drugs (NSAIDs), 
corticosteroids, and natural antioxidants may help alleviate 
the inflammatory and oxidative damage induced by hCG. In 
addition, neuroprotective agents that target mitochondrial 
dysfunction could be explored for their potential in protect-
ing the nervous system from hCG-related damage.

Clinical implications for neurological disease 
prevention

As the research into hCG-induced neurotoxicity progresses, 
it is crucial to identify early biomarkers of neurotoxicity and 
develop risk stratification models to prevent neurological 
diseases in populations with high hCG exposure.

Risk stratification in fertility treatments and pregnancy

Risk stratification in individuals undergoing fertility treat-
ments or pregnancy could be pivotal in identifying those at 
high risk of neurotoxic effects from hCG. Monitoring hCG 
levels and using biomarkers of neuroinflammation and oxi-
dative stress could help identify individuals who may be 
susceptible to cognitive or behavioral disorders later in life.

Biomarkers for early detection of hCG‑associated 
neurotoxicity

The identification of reliable biomarkers for early detection 
of hCG-induced neurotoxicity is essential. These biomark-
ers could include neuroinflammatory cytokines, oxidative 
stress markers, and altered gene/protein expression profiles, 
enabling clinicians to diagnose neurotoxicity early and take 
appropriate action.
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Conclusion

The exploration of hCG-induced neurotoxicity presents an 
exciting and rapidly evolving field. Understanding the dual 
role of hCG in neurobiology is critical, as its neuroprotec-
tive effects in some contexts may be overshadowed by its 
potential for neurotoxicity in others. Bridging experimental 
insights with clinical applications will require multidiscipli-
nary research and collaboration among experts in neurotoxi-
cology, endocrinology, reproductive health, and neurology 
(Fig. 2).

Revisiting the dual role of hCG in neurobiology

It is important to recognize that hCG has a dual role in neu-
robiology—while it may support neuroprotection under 
certain conditions, dysregulated hCG levels can lead to 

neurotoxic effects. A deeper understanding of this balance 
is essential for developing targeted therapeutic strategies.

Bridging experimental insights to clinical 
applications

The integration of experimental models and clinical research 
will help bridge the gap between basic science and real-
world applications. By developing biomarkers for early 
detection and therapeutic strategies, clinicians can more 
effectively manage hCG-related neurotoxicity in vulnerable 
populations.

Need for rigorous investigation 
and multidisciplinary research

Given the complex nature of hCG-induced neurotoxicity, it 
is crucial to conduct rigorous research that spans multiple 

Fig. 2   The dual role of hCG in neurobiology: protective vs. patho-
logical effects. This figure illustrates the contrasting effects of hCG 
on brain health, emphasizing its potential neurotoxic effects when 
excessively elevated versus its physiological role in maintaining neu-
rological function. On the left, an individual with an inflamed brain 
is depicted, with a zoomed-in section highlighting immune cell 
infiltration and neuroinflammation. Excessive hCG levels are shown 
as a contributing factor to neurodegeneration, potentially through 
increased microglial activation, cytokine release (e.g., TNF-α, IL-6, 

IL-1β), and oxidative stress. In the middle, the figure illustrates how 
dysregulated, high hCG levels facilitate neurodegeneration by dis-
rupting neuronal homeostasis, impairing blood–brain barrier integ-
rity, and altering neurotransmitter balance. On the right, a healthy 
individual with normal hCG levels is shown, representing a balanced 
neurobiological state where cognitive function and neuronal integrity 
are maintained hCG, human chorionic gonadotrophin; TNF, tumor 
necrosis factor
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disciplines. Only through multidisciplinary collaboration 
will we fully understand the neurological implications of 
hCG and develop effective therapeutic interventions for indi-
viduals affected by hCG-associated neurotoxicity.
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