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Hyperthyroidism is an endocrine disorder characterized by excessive thyroid hormone production, affecting 1.4% of the
global population. Autoimmune thyroid diseases, particularly Grave’s disease, arise from genetic susceptibility and im-
mune dysregulation that disrupts the hypothalamic pituitary thyroid (HPT) axis controlling the thyroid stimulating hormone
(TSH), triiodothyronine (T3), and thyroxine (T4) levels. This review addresses the research question: What genetic factors
contribute to susceptibility to hyperthyroidism, in autoimmune thyroid diseases such as Graves’ disease, and how do they
disrupt normal TSH-thyroid hormone regulation? Susceptibility genes are associated with alterations in immune regulation
that may contribute to the development of autoantibodies and the dysregulation of thyroid hormone production. This paper
demonstrates that hyperthyroidism in Grave’s disease results from the combined effects of genetic variations that promote
autoantibody production and thyroid overstimulation. These factors disrupt TSH regulation and interact with demographic
variables, showing that hyperthyroidism is a multifactorial autoimmune condition rather than a disorder caused by a single
gene. Figures in the paper provide a conceptual summary of how TSH receptor antibodies contribute to thyroid hormone
overproduction in Graves’ disease. Visual diagrams are included for illustrative purposes, but they do not serve as direct
evidence of the mechanisms involved. Furthermore, studying the genetic factors behind hyperthyroidism can reveal why Grave’s
disease develops in some individuals despite similar environmental exposures and help clarify the mechanisms of thyroid
hormone disruption explaining the biological mechanisms driving disease onset and progression. Additionally, current and
emerging therapies targeting both hormone overproduction and autoimmune mechanisms offer new pathways for managing
Graves’ disease, highlighting the translational relevance of genetic and immunological insights. This insight may guide future
studies on autoimmune thyroid disorders and enhance understanding of how genetic and immune factors contribute to the disease.
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Introduction

Hyperthyroidism is a common endocrine disorder charac-
terized by excessive production of thyroid hormones, pri-
marily triiodothyronine (T3) and thyroxine (T4), and is as-
sociated with significant metabolic and cardiovascular ef-
fects!. The thyroid gland plays a central role in maintain-
ing metabolic homeostasis through tightly regulated hormone
synthesis and release, allowing the body to adapt to en-
ergy demands, growth, and developmental processes. Under
normal physiological conditions, thyroid hormone levels are
regulated by the hypothalamic-pituitary-thyroid (HPT) axis
through coordinated signaling involving thyrotropin- releas-
ing hormone (TRH), thyroid-stimulating hormone (TSH), and
negative feedback from circulating T3 and T42. Precise regu-
lation of this system is essential to maintain hormonal balance
and metabolic stability.
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Graves’ disease is the most common cause of hyperthy-
roidism and represents an autoimmune disorder in which im-
mune system dysfunction disrupts normal thyroid hormone
regulation?. In this condition, thyroid-stimulating autoanti-
bodies activate the TSH receptor, canceling normal feedback
control and leading to persistent thyroid hormone overproduc-
tion despite suppressed TSH levels®. This autoimmune over-
stimulation explains the characteristic hormonal imbalance.

Genetic susceptibility plays a central role in the devel-
opment of Graves’ disease. Genetic studies have identified
variations in immune-regulatory and thyroid-specific genes
that predispose individuals to immune dysregulation, autoan-
tibody production, and thyroid overstimulation”. Importantly,
Graves’ disease does not arise from a single genetic mutation
but from the interaction of multiple susceptibility genes with
environmental and biological factors®. Although genetics is a
critical factor, it does not fully account for disease variability
or severity. Epidemiological studies demonstrate that Graves’
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disease occurs more frequently in women, with a female to
male ratio of approximately 5:1 to 10:1, and a global preva-
lence estimated at 1-1.5% of the population and is influenced
by demographic characteristics and environmental exposures,
highlighting the role.

In this review, genetic factors contributing to hyperthy-
roidism are examined with a focus on autoimmune thyroid
diseases, particularly Graves’ disease, and their effects on
TSH and thyroid hormone regulation. This analysis argues
that genetic variations affecting immune balance and thyroid
function led to the production of autoantibodies that over-
stimulate the TSH receptor, disrupt normal hypothalamic-
pituitary-thyroid axis feedback and that genetic influences in-
teract with sex, family history, and environmental triggers.
Following this introduction, the paper reviews normal thyroid
function and TSH regulation to establish a physiological foun-
dation. It then examines the autoimmune pathophysiology
of Graves’ disease, genetic susceptibility involving immune-
related and thyroid-specific genes, and the influence of de-
mographic and environmental factors on disease development
and severity. By synthesizing findings from genetic, immune,
and endocrine research, this narrative review aims to clarify
the mechanisms underlying thyroid hormone dysregulation in
Graves’ disease. This review was conducted using Google
Scholars to identify relevant peer reviewed articles on Graves
‘disease and hyperthyroidism.

Normal Thyroid Function

The thyroid gland is a vital endocrine organ responsible
for maintaining metabolic homeostasis, in the human body,
through the production of thyroid hormones. Proper thyroid
function depends on tightly regulated hormone synthesis and
release, allowing the body to adapt to daily energy demands,
growth needs, and developmental human processes (Figure 1).
Understanding this normal physiological framework provides
essential context for the understanding of later sections that
examine how autoimmune and genetic factors disrupt thyroid
hormone regulation in Graves’ disease.

Under normal physiological conditions, the thyroid gland
synthesizes and secretes two primaries hormones: thyroxine
(T4) and triiodothyronine (T3)Z. Although T4 is produced
in a bigger amount, T3 represents the more biologically ac-
tive hormone and is generated largely through peripheral con-
version of T4 in target tissues®. Thyroid hormones regulate
basal metabolic rate, thermogenesis, lipid and carbohydrate
metabolism, and oxygen consumption in approximately every
tissue of the body 1. In addition to metabolic control, thy-
roid hormone signaling is critical for normal growth, skeletal
development, and neurological maturation, especially during
fetal development and early life®.

Because these hormones affect multiple organ systems, pre-
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Fig. 1 This figure illustrates the various physiological functions of
thyroid hormones T3 and T4. The hormones are shown to play
crucial roles in cardiovascular regulation, neurological development,
basal metabolic rate energy expansion, and thermogenesis. Each
function is linked to respective organs or systems, highlighting their
importance in maintaining overall metabolic health and energy bal-
ance (BioRender, Enriquez, 2026).

cise regulation of their production is required. Disruption to
this balance, even minor ones, can lead to widespread phys-
iological effects, explaining why excessive thyroid hormone
production results in the characteristic systemic symptom of
hyperthyroidism. The understanding of normal thyroid hor-
mone function provides the foundation for examining how
regulatory mechanisms fail in disease states.

Normal thyroid function relies on the controlled synthesis
and systemic actions of T3 and T4 Hormones. The big effects
of thyroid hormones highlight the importance of precise regu-
latory control and explains the extensive clinical consequences
that arise when this vital system is disrupted: Establishing this
physiological base is critical for understanding how autoim-
mune thyroid diseases, particularly Graves’ disease, lead to
excessive hormone production and metabolic dysregulation.
With this context established, the following section exam-
ines normal TSH regulation and the role of the hypothalamic-
pituitary-thyroid axis in maintaining thyroid hormone balance.

Normal Tsh Regulation And Roles Of T3 And T4 Hor-
mones

Normal thyroid hormone regulation depends on coordinated
signaling between the hypothalamus, pituitary gland, and thy-
roid gland!?. This system ensures that circulatory thyroid
hormone levels remain within a precise physiological range
to maintain metabolic stability. Examining this system un-
der normal body conditions gives an important context for the
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understanding of the disruption in hormonal control seen in
hyperthyroidism Graves’ disease.

In a healthy state, the hypothalamus releases thyrotropin-
releasing hormone (TRH), which stimulates the anterior pitu-
itary gland to secrete thyroid-stimulating hormone (TSH)1L,
TSH then acts on thyroid follicular cells, activating intracellu-
lar signaling pathways that promote iodine uptake, thyroglob-
ulin synthesis, and the synthesis and release of thyroid hor-
mones T3 and T4, making TSH the primary physiological
regulator of thyroid function (Figure 2)®. Within the thyroid,
thyroid peroxidase (TPO) catalyzes the iodination of tyrosine
residues on thyroglobulin and the coupling of iodothyronines
to form T4 (thyroxine) and T3 (triiodothyronine). While T4 is
produced in larger amounts, T3 is the more biologically active
hormone, and most T3 is generated in peripheral tissues by the
deiodinase enzymes (D1 and D2), which convert T4 to T3.

As circulating levels of T3 and T4 rise, they give negative
feedback on both the pituitary and hypothalamus, reducing
the release of TSH and TRH to maintain hormonal balance™.
In Graves’ disease, this feedback loop at the pituitary is still
functional, and TSH is appropriately suppressed'2. However,
thyroid stimulation persists because TSH receptor antibodies
bind to thyroid receptors and mimic TSH, bypassing pituitary
control. This results in continuous thyroid hormone produc-
tion despite normal negative feedback. When functioning cor-
rectly, this system maintains stable thyroid hormone levels,
and supports normal metabolic activity between the body and
tissues™ .

Dlsruptlon in this regulatory circle leads to abnormal sup-
pression of TSH and excessive thyroid hormone production,
a highlight of hyperthyroidism. This understanding provides
the context for examining how autoimmune mechanisms in
Graves’ disease interfere with normal TSH regulation with
normal TSH regulation and thyroid hormone feedback. The
following section examines the pathophysiology of Graves’
disease and how autoimmune mechanisms disrupt thyroid hor-
mone control.

Pathophysiology Of Graves’ Disease

The Graves’ disease is the most common cause of hyperthy-
roidism in humans and represents a disorder in which immune
system dysfunction specifically affects thyroid hormone regu-
lation?. Instead of responding to normal regulatory signals,
the thyroid gland becomes overstimulated caused by autoim-
mune activity. Understanding the pathophysiology of Graves’
disease is essential and remarkable for the understanding of
how normal TSH regulation is disrupted.

In Graves’ disease, the immune system produces autoanti-
bodies that bind to and stimulate the thyroid-stimulating hor-
mone receptor (TSHR) on thyroid follicular cells®.

These thyroid-stimulating immunoglobulins bind the TSH
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Fig. 2 This figure illustrates the biological process involved in
Graves’ disease. It depicts the thyroid gland, which produces hor-
mones T3 and T4, alongside lymphocytes that are depicted to interact
with thyroid cells. Antibodies labeled as TSI (thyroid-stimulating im-
munoglobulins) are shown influencing thyroid hormone production.
The role of TSH (thyroid-stimulating hormone) in regulating these
processes is highlighted, showcasing how the immune response can
lead to hyperthyroidism. Enriquez, N. (2026) BioRender.

receptor on thyroid follicular cells, activating G-protein cou-
pled signaling and increasing cAMP levels®.This stimulates
thyroid hormone synthesis via thioperoxides- mediated iodi-
nation of thyroglobulin. The gland produces excess T4, which
is converted to the more active T3 by deiodinase enzymes,
leading to systemic metabolic acceleration despite suppressed
TSH'Y. Autoantibodies targeting the TSH receptor are there-
fore central to disease pathogenesis, as they interfere with the
normal feedback mechanisms of the hypothalamic-pituitary-
thyroid axis' %,

Clinically, this hormonal excess manifests as symptoms
such as weight loss, heath intolerance, tachycardia, nervous-
ness, tremor, and goiter, with some patients also develop-
ing ophthalmopathy characteristics of Graves’ disease®. This
persistent stimulation explains why thyroid hormone produc-
tion remains elevated despite low TSH levels, distinguishing
Graves’ disease from other causes of hyperthyroidism. The
next section examines genetic susceptibility in Graves’ dis-
ease, focusing on immune-related and thyroid specific genes
that increase the disease risk.

Genetic Susceptibility In Graves’ Disease (Immune Re-
lated Genes And Thyroid Specific Genes)

Graves’ disease arises from the interaction of multiple suscep-
tibility genes and environmental triggers rather than a single
genetic mutation. Variants in HLA class II genes increase the
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presentation of thyroid antigens to helper T cells, promoting
autoantibody production. Similarly, CD40 polymorphisms en-
hance B-cell activation, further amplifying the production of
TSH receptor-stimulating antibodies®. These genetic factors
contribute to immune dysregulation and the disruption of nor-
mal TSH-thyroid hormone regulation, ultimately promoting
abnormal thyroid stimulation and sustained hormone overpro-
duction.

Body Immune-Related Genes

Immune-related susceptibility genes play an important and
critical role on Graves’ disease by disrupting immune regu-
lation and promoting the development of thyroid-stimulation
autoantibodies'?. Variants in human leukocyte antigen (HLA)
genes, particularly HLA-DR3, HLA-BS, and HLA-DQAI1, are
among the strongest genetic risk factors for Graves ‘disease,
as they influence antigen presentation and T-cell activation,
increasing the probability that the immune system will rec-
ognize thyroid antigens as foreign, leading to thyroid dysreg-
ulation®. In addition, polymorphisms in immune regulatory
genes such as CD40 contribute to Graves’ disease by influ-
encing its expression on antigen-presenting cells. These vari-
ants enhance B-cell activation and promote the production of
thyroid-stimulating autoantibodies, thereby increasing suscep-
tibility to autoimmune responses against the thyroid gland>.
CDA40 risk variants are relatively common in the general pop-
ulation, but Graves’ disease develops in only a subset of in-
dividuals, most often during adolescence or early to middle
adulthood, indicating that genetic susceptibility alone is in-
sufficient for disease onset!®. Together with HLA variants
that impair antigen presentation and immune tolerance, these
immune-related genes promote immune dysregulation rather
than direct thyroid dysfunction.

Body Thyroid-Specific Genes

Thyroid-specific genes, particularly those encoding the
thyroid-stimulating hormone receptor (TSHR), influence the
severity and the course of hyperthyroidism in Graves’ dis-
ease!®. Genetic variations and activating mutations in the
TSHR gene increase the sensitivity of thyroid follicular cells
to stimulation, leading to excessive hormone production 7 In
Graves’ disease, thyroid-stimulation is primarily driven by au-
toantibodies that activate the TSH receptor (TSHR). In con-
trast, genetic alterations in the TSHR gene, such as activat-
ing mutations, can also result in persistent receptor activation
and hyperthyroidism; however, this represents a distinct non-
autoimmune condition®. These thyroid-specific genetic fac-
tors demonstrate and explain why thyroid overstimulation per-
sists despite normal negative feedback natural mechanisms are
still working. When combined with immune-related suscepti-

bility genes, TSHR variations contribute to the elevation of
T3 and T4 and the clinical consequences of hyperthyroidism.
In combination, immune-related and thyroid-specific genes
demonstrate that Graves’ disease results from genetic inter-
actions that affect both immune regulation and thyroid activ-
ity. Genetic susceptibility in Graves’ disease arises from com-
bined effects of immune-related and thyroid-specific genes
that disrupt normal immune tolerance and thyroid hormone
balance. Immune genes such as HLA and CD40 promote
autoantibody production, while thyroid-specific genes like
TSHR increase thyroid gland response and overstimulation“Z.
These genetic factors explain why Graves’ disease develops
only in certain individuals and why hyperthyroidism persists
despite suppressed TSH levels. Future research should further
investigate how these genetic pathways interact, add and align
with environmental triggers to influence disease development
and severity. The next section discusses how demographic and
environmental factors, including sex, family history, and envi-
ronmental exposures, modify genetic risk in Graves’ disease
Hyperthyroidism.

Influence Of Demographic And Environmental Factors

Although genetic susceptibility plays a crucial role in the de-
velopment of Graves’ disease, genetics alone doesn’t fully ex-
plain disease development or variability in severity. Epidemi-
ological studies consistently demonstrate that Graves’ disease
occurs more frequently in specific demographic groups and
is often triggered or worsened by environmental exposures.
Understanding how these factors interact with genetic and im-
mune mechanisms is essential for explaining why some genet-
ically susceptible individuals develop hyperthyroidism while
others remain unaffected. This section explores how demo-
graphic and environmental influences contribute to immune
dysregulation and disruption of normal thyroid hormone reg-
ulation to cause hyperthyroidism.

Demographic Factors: Sex And Family History

Graves’ disease shows a strong demographic pattern, specif-
ically with sex and familial prevalence. Thyroid disorders,
including hyperthyroidism, are significantly more common in
women than in men, with prevalence estimates suggesting a
five to ten times higher risk in females®. This sex pattern is
thought to be influenced by hormonal and immunological dif-
ferences, as estrogen has been shown to enhance immune re-
activity and autoantibody production, increasing susceptibility
to autoimmune diseases. In addition, family history is a strong
risk factor for Graves’ disease, reinforcing the role of herita-
ble genetic susceptibility”. Twin studies further demonstrate
higher rates for autoimmune thyroid diseases in monozygotic
twins compared to dizygotic twins, meaning identical twins
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compared to fraternal twins, showing that shared biological
traits significantly influence disease risk while still requiring
environmental triggers for development!®, Together, sex and
family history influence immune responsiveness and modify
genetic risk, helping explain patterns of disease prevalence
and severity 2.

Environmental Factors: Triggers And Immune Activation

Environmental factors play a critical role in initiating or trig-
gering Graves’ disease in genetically susceptible individuals.
For example, excessive iodine intake has been associated with
increased incidence of autoimmune hyperthyroidism by en-
hancing thyroid antigenicity?. Smoking has been shown to
increase the risk of graves’ disease and is particularly linked to
the development of Graves” ophthalmopathy?!. Additionally,
psychological stress can modulate immune function, poten-
tially precipitating disease onset in predisposed individuals“!,
Finally, viral and bacterial infections may act as environmental
triggers by promoting autoimmune responses through molec-
ular mimicry'l. These environmental modifiers interact with
genetic susceptibility to influence both the cause and sever-
ity of disease expression. This gene environment interaction
model explains why exposure to similar environmental factors
do not lead to disease in all individuals.

Integration Of Demographic, Enviormental, And Genetic
Risk

The interaction between demographic characteristics, envi-
ronmental exposures, and genetic susceptibility highlights
Graves® disease as a multifactorial autoimmune disorder!.
Environmental factors may act as initiating events that trig-
ger immune dysregulation in genetically predisposed individ-
uals, while demographic variables such as sex influence, im-
mune responsiveness and disease expression®. These com-
bined influences lead to the production of thyroid-stimulating
immunoglobulins, persistent activation of the TSH receptor,
and disruption of normal hypothalamic-pituitary-thyroid axis
regulation. This integrated framework emphasizes that hyper-
thyroidism in Graves’ disease cannot be caused by a single
cause but instead arises from complex interactions between
genetic, immune, and environmental factors.

Demographic and environmental factors significantly influ-
ence the risk and severity of Graves’ disease by working and
interacting with genetic susceptibility and immune regulation.
Female sex and family history increase vulnerability to au-
toimmune thyroid disease, while environmental triggers such
as iodine intake, smoking, stress, and infections can initiate or
intensify hyperthyroidism in susceptible individuals“!. These
factors collectively contribute to immune activation, autoanti-
body production, and persistent thyroid overstimulation®. Fu-

ture research should focus on identifying how specific envi-
ronmental exposures interact and influence individual genetic
backgrounds to influence disease progression and develop-
ment. Understanding these interactions may improve risk pre-
diction and avoid specific environmental exposures and trig-
gers to take preventative strategies for autoimmune thyroid
diseases.

Current And Emerging Treatments For Graves’ Disease

Treatment of Graves’ disease focuses on reducing thyroid hor-
mone overproduction and managing the directly autoimmune
process. The three primary treatment approaches include an-
tithyroid medications, radioactive iodine therapy, and surgical
thyroidectomy. Antithyroid drugs such as methimazole and
propylthiouracil inhibit thyroid hormone synthesis by block-
ing thyroid peroxidase activity, thereby reducing T3 and T4
production'’. Radioactive iodine therapy works by selectively
destroying overactive thyroid tissue, leading to a gradual re-
duction in hormone production, while thyroidectomy provides
a definitive treatment option in severe cases in different organ-
isms©.

In addition to these conventional treatments, recent ad-
vances in therapeutic approaches are targeting the immune
mechanisms underlying Graves’ disease. Because the disease
is driven by TSH receptor autoantibodies, emerging strategies
aim to reduce autoantibody production or in some cases to
modulate immune system activity. Therapies targeting B-cell
activation and immune signaling pathways are being investi-
gates as potential methods to decrease autoantibody levels and
restore the normal immune tolerance®. These approaches re-
flect an improvement toward the treatments that address the
autoimmune mechanisms rather than only controlling hor-
mone excess.

Understanding current and emerging treatments highlights
how advances in genetic and immunological research are con-
tributing to improved managements for autoimmune diseases
like in Graves’ disease and reinforces the importance of tar-
geting both hormonal dysregulation and immune dysfunction
in this condition.

Conclusion

This review demonstrates that hyperthyroidism in Graves’ dis-
ease arises from complex interactions between genetic suscep-
tibility, immune dysregulation, altered thyroid hormone regu-
lation, and different demographic and environmental factors.
Rather than resulting from a single genetic defect or isolated
trigger, Graves’ disease reflects a multifactorial autoimmune
process in which inherited variations affecting immune toler-
ance and thyroid responsiveness disrupt normal hypothalamic-
pituitary-thyroid axis control, leading to persistent thyroid
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overstimulation and excessive hormone production>.

By integrating from thyroid physiology, autoimmune patho-
physiology, and genetic research, this review highlights the
role of immune-related genes in promoting autoantibody for-
mation in Graves’ disease. Variants in genes such as HLA,
CD40, and CTLA4 can alter immune cell activation and toler-
ance, leading B-cells to produce TSH receptor autoantibodies
that continuously stimulate thyroid hormone production. Un-
derstanding these mechanisms clarifies how genetic suscepti-
bility contributes to persistent thyroid overstimulation.

Demographic and environmental factors further modify this
risk. Female sex, family history, and environmental exposures
such as iodine intake and smoking act as influencing variables
that influence immune activation and disease severity, rein-
forcing the concept that genetic predisposition alone is insuf-
ficient to cause disease®!. Together, these findings support
a gene environment interaction model as the most accurate
explanation for Graves’ disease development. However, cur-
rent research often addresses these factors superficially. Key
gaps remain in understanding how specific genetic variants in-
teract with environmental triggers at the molecular level and
how these interactions influence disease onset, progression,
and severity.

Current and emerging treatments for Graves’ disease tar-
get both hormone overproduction and underlying autoimmu-
nity. Conventional therapies like antithyroid drugs, radioac-
tive iodine, and thyroidectomy control excess thyroid hor-
mone, while newer approaches focus on reducing TSH recep-
tor autoantibodies by modulating B-cell activity and immune
responses®. Integrating knowledge of genetic susceptibility
and immune dysregulation into treatments strategies may im-
prove outcomes, reduce recurrence, and guide personalized
therapy.

Integrating population-based genetic studies with endocrine
and epidemiological data may improve estimating risk, early
identification of susceptible individuals, and the development
of preventive strategies for autoimmune thyroid disorders.

Overall, this review emphasizes that understanding Graves’
disease requires a comprehensive approach that considers ge-
netic, immune, endocrine, and environmental influences to-
gether while highlighting and thinking about the critical gaps
that future research must address to fully clarify autoimmune
hyperthyroidism while other autoimmune diseases. Advanc-
ing knowledge in this area is essential for improving predic-
tion, prevention, and management of autoimmune hyperthy-
roidism.
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