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Mesenchymal Stem Cell in Thyroid Disorders:  
Hype or Hope?
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Abstract

Thyroid disorders, including hypothyroidism, hyperthyroidism, thy-
roid cancer, and nodular disease, represent a substantial global health 
burden. Current therapeutic options are often inadequate, frequently 
necessitating lifelong hormone replacement or causing irreversible 
tissue damage. Mesenchymal stem cells (MSCs) have emerged as a 
promising therapeutic platform due to their dual capacity to differ-
entiate into thyroid-like cells and modulate immune dysregulation. 
This review provides a critical examination of preclinical evidence 
supporting MSC-based interventions for thyroid disorders. We ana-
lyzed studies demonstrating MSC potential in restoring thyroid hor-
mone production via thyrocyte regeneration, rebalancing T-helper 17 
(Th17)/regulatory T cell (Treg) cell ratios in autoimmune thyroiditis, 
and inhibiting tumor progression through paracrine mechanisms. Key 
challenges, such as tumorigenesis risk from MSC-tumor interactions, 
source variability, regulatory complexities for standardization, and 
unresolved issues in differentiation protocols and safety biomarkers, 
are systematically evaluated. The primary purpose of this review was 
to assess the therapeutic potential and limitations of MSC-based strat-
egies for treating thyroid disorders. The review emphasizes the criti-
cal need for the development of robust translational frameworks that 
address existing obstacles, including the refinement of differentiation 
protocols, establishment of safety biomarkers, and exploration of en-
gineered MSC-derived extracellular vesicles with targeted therapies, 
to bridge the gap between preclinical promise and clinical application.
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Introduction

The thyroid gland, consisting of two connected lobes, is one 
of the largest endocrine glands in the human body, weigh-

ing 20 - 30 g in adults [1]. Thyroid lesions are often found 
on the gland, with a prevalence of 4-7%. Most of them are 
asymptomatic, and thyroid hormone (TH) secretion is normal 
[2]. Thyroid disorders are a common form of endocrine dys-
function, encompassing conditions such as hyperthyroidism 
(1.22%), hypothyroidism (13.95%), autoimmune thyroiditis 
(14.19%), thyroid nodules (20.43%), thyroid eye disease, and 
thyroid cancer [3-6]. Although conventional therapies (such as 
levothyroxine and radioactive iodine) have advanced, they do 
not target the underlying tissue damage or immune dysregula-
tion, underscoring the need for regenerative approaches. Mes-
enchymal stem cells (MSCs), multipotent stromal cells with 
self-renewal and immunomodulatory properties, present a dual 
therapeutic potential by differentiating into thyroid-like cells 
and addressing autoimmune inflammation [7].

Despite the rising prevalence of thyroid disorders and the 
introduction of various pharmacological, non-pharmacological, 
and combined interventions, no comprehensive therapeutic strat-
egy has yet been established to completely alleviate the symp-
toms. Moreover, concerns are increasing about the potential risks 
associated with the simultaneous use of multiple medications. 
Understanding the complex pathology of thyroid disorders is 
crucial to gaining deeper insights that can inform future research 
and improve treatment approaches. Traditional treatments typi-
cally target specific syndromic components of these disorders.

A novel approach has emerged in mesenchymal stem cell-
derived extracellular vesicle (MSC-EV), therapy, offering a 
transformative shift in perspective. Stem cells are found in both 
embryonic and adult forms. The MSCs are multipotent cells that 
differentiate into mesodermal tissues. Initially isolated from bone 
marrow (bone marrow-derived mesenchymal stem cells (BM-
MSCs)), MSCs can also be derived from other sources such as 
adipose tissue, dental pulp, umbilical cord blood, and placenta. 
Their remarkable ability to proliferate and immunosuppressive 
properties make MSCs promising candidates for clinical applica-
tions in treating various diseases. Furthermore, they hold signifi-
cant potential in regenerative medicine [8]. This review focuses 
exclusively on stem cell applications in thyroid disorders.

Mechanisms of Action: Differentiation and 
Functional Restoration

Mechanisms of stem cell therapy for thyroid disease

Stem cell therapy for thyroid disorders leverages the capacity 
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of MSCs to differentiate into thyroid-like cells, promoting tis-
sue repair and functional restoration. This therapeutic process 
involves a series of steps - proliferation, migration, and dif-
ferentiation - regulated by the expression of thyroid-specific 
genes. MSCs from sources such as bone marrow and adipose 
tissue possess a limited differentiation potential but offer re-
markable advantages, including immune compatibility and 
anti-inflammatory effects. The differentiation of MSCs into 
thyroid follicular cells follows a stepwise process involving 
proliferation, migration, and the expression of thyroid-spe-
cific markers such as paired box gene 8 (PAX8), NK2 home-
obox1 (NKX2-1), and thyroid-stimulating hormone receptor 
(TSHR). Although the expression of thyroid-specific markers 
(e.g., PAX8, NKX2-1) is a crucial first step, the ultimate proof 
of function is the production of THs. While direct in vitro 
measurement of T3/T4 secretion is not commonly reported in 
the MSC literature, functional recovery has been convincingly 
demonstrated in animal models. For instance, the restoration 
of normal serum T4 and thyroid-stimulating hormone (TSH) 
levels in hypothyroid rats following transplantation has been 
reported. In one key study, Sca-1+ mesenchymal cells were 
identified as progenitor cells contributing to the proliferation 
of follicular cells during thyroid regeneration [9]. Similarly, 
another study demonstrated that BM-MSCs differentiated into 
thyrocyte-like cells in vitro via TSH stimulation, restoring TH 

levels in hypothyroid rats [10]. This key in vivo finding pro-
vides the most direct evidence of functional restoration, prov-
ing that the transplanted cells were not only present but also 
capable of normalizing systemic thyroid function. Figure 1 
highlights the key signaling pathways involved in differenti-
ating MSCs into thyroid-like cells, as supported by findings 
from these studies. The above findings provides strong in vivo 
evidence that the differentiated cells possess hormonal activ-
ity. Future studies should incorporate direct functional assays 
to further validate these findings.

Stem cell differentiation of thyroid-like cells

The differentiation of stem cells into thyroid-like cells involves 
a coordinated sequence of proliferation, migration, and matu-
ration into functionally specialized cells with thyroid-specific 
roles. This complex process requires tightly regulated mecha-
nisms to ensure the proper expression of thyroid-specific genes 
and proteins. While MSCs are constrained to differentiate into 
specialized cell types, they remain a valuable source for re-
generative applications [11]. Moreover, research on the role of 
BM-MSCs in thyroid tissue regeneration remains limited. The 
thyroid gland comprises two primary cell types: follicular and 
parafollicular (C) cells, with most follicular cells forming dur-

Figure 1. The role and potential of mesenchymal stem cells (MSCs) in thyroid disease therapy. MSCs have been shown to 
migrate to damaged thyroid tissue, modulate immune responses, and differentiate into thyroid follicular cells, offering potential 
therapeutic avenues for conditions such as hypothyroidism and autoimmune thyroiditis. In thyroid cancer, MSCs reveal a com-
plex role, with studies suggesting both tumor-promoting activities and therapeutic potential, particularly through gene delivery 
systems. TGF-β1: tumor growth factor-β1; PGE2: prostaglandin E2; Th: T-helper; IL: interleukin; EVs: extracellular vesicles; 
ROS: reactive oxygen species; TSH: thyroid-stimulating hormone; TTF: thyroid transcription factor; CCL5: C-C motif chemokine 
ligand 5; CCR5: C-C motif chemokine receptor 5; OF: orbital fibroblast.
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ing early gland development. However, the origin of the fol-
licular cells that proliferate after partial thyroidectomy is still 
poorly understood. Okamoto et al [12] employed long-label 
retention analysis to trace the genetic lineage of newly prolif-
erating follicular cells. The study demonstrated that these cells 
originate from mesenchymal cells expressing stem cell antigen 
1. Furthermore, epithelial-mesenchymal transition plays a piv-
otal role in developing C-cell-derived carcinoma, particularly 
medullary thyroid carcinoma [13].

In a diabetic model, rat BM-MSCs were found to reduce 
reactive oxygen species (ROSs) levels and help preserve thy-
roid function. Intravenous administration of these MSCs also 
allowed for the investigation of pancreatic abnormalities as-
sociated with hypothyroidism. Although MSCs possess a 
lower regenerative potential compared to embryonic stem 
cells (ESCs), they offer distinct therapeutic advantages. MSCs 
mainly express low levels of major histocompatibility com-
plex (MHC) antigens on their surface, improving their compat-
ibility with the immune system [14]. Thirdly, MSCs can mi-
grate to injured tissues or organs and exert pro-inflammatory 
or anti-inflammatory effects, depending on the local microen-
vironment.

Because of their unique properties, MSCs are regarded as 
highly promising candidates for treating both immune-related 
and non-immune diseases [15]. Stem cells, especially MSCs, 
can differentiate into specific cell types, including thyroid 
follicular cells while demonstrating anti-inflammatory and 
anti-cancer properties. These characteristics highlight their 
therapeutic potential in promoting thyroid cell regeneration, 
regulating thyroid function, suppressing thyroiditis, and com-
bating thyroid cancer. However, a significant limitation of 
these studies is the primary reliance on marker expression, 
while the functional capacity of these differentiated cells to se-
crete THs remains less extensively validated. This is a crucial 
area for future research.

Mechanisms of Action: Immunomodulation and 
Microenvironment Regulation

Autoimmune disorders encompass a range of chronic diseases 
that are typically categorized as organ-specific or systemic 
[16-18]. These conditions primarily result from immune sys-
tem dysfunction, in which immune responses are mistakenly 
directed against the body’s cells and tissues [19, 20]. Stem cell 
therapy has garnered significant attention as a potential treat-
ment for various diseases, including autoimmune disorders. 
MSCs are particularly recognized for their immunomodula-
tory properties, which enable them to restore immune balance 
in allergic individuals and improve outcomes in tissue and 
immune-mediated conditions.

MSCs exert both local and systemic immunomodulatory 
effects. Locally within the thyroid, they reduce lymphocytic 
infiltration and calm the inflammatory microenvironment. 
Systemically, they can rebalance immune cell populations by 
increasing regulatory T cells (Tregs) and decreasing T-helper 
17 (Th17) cells in the periphery. MSCs modulate autoimmune 
responses by secreting paracrine factors such as tumor growth 

factor-β1 (TGF-β1), interleukin-10 (IL-10), and prostaglan-
din E2 (PGE2). In models (in vivo) of Hashimoto’s thyroiditis 
(HT), MSC infusion reduces Th17 cell populations and in-
creases Treg levels, which is associated with a decrease in anti-
thyroglobulin antibodies [21]. An increasing number of studies 
indicate that MSCs impact immune cells through the secre-
tion of factors like TGF-β1, IL-10, and PGE2. Furthermore, 
MSCs demonstrate unique multi-differentiation capabilities 
following transplantation [22-24]. The MSCs demonstrate a 
fibroblast-like spindle morphology. They can be sourced from 
various tissues, including the umbilical cord, Wharton’s jelly, 
adipose tissue, bone marrow, dental tissues, and menstrual flu-
id [25, 26]. In 1966, Friedenstein et al first characterized MSCs 
as bone-forming cells within bone marrow. However, they are 
called MSCs due to their pluripotent capabilities as adult stem 
cells [27]. In vitro studies at the single-cell level have shown 
that MSCs can differentiate into various cell types, including 
endothelial cells, cardiomyocytes, and connective tissues such 
as cartilage and bone [28-30]. MSCs demonstrate immunosup-
pressive properties mainly through their paracrine effects and 
interactions with various immune cells. They show low ex-
pression of human leukocyte antigen (HLA) class I and rarely 
express HLA class II. Furthermore, MSCs lack co-stimulatory 
molecules such as CD40, CD40L, CD80, and CD86, which 
helps them evade recognition by T cells [31-33]. Furthermore, 
MSCs have been shown to modulate their local microenviron-
ment, facilitate cellular communication, and release multiple 
factors that contribute to tissue injury regeneration [34-38]. 
In a recent preliminary study, individuals with type 1 diabetes 
mellitus (T1DM) were treated with allogeneic adipose tissue-
derived stromal/stem cells (ASCs) at a dose of 1 × 106 cells/kg, 
along with cholecalciferol 2,000 IU/day for 6 months. Their 
outcomes were compared to those of a control group [39]. The 
findings revealed a significant improvement in glycated hemo-
globin (HbA1c) levels, with no substantial increase in insulin 
dosage per kilogram, suggesting a potential upregulation of 
basal insulin release, as reported by the patients. In summary, 
ASC therapy is considered safe, with only minimal or transient 
adverse events. Carlsson et al demonstrated that autologous 
MSC therapy is both effective and safe for halting the pro-
gression of T1DM and for preserving or restoring pancreatic 
β-cell function in patients with newly diagnosed T1DM [40]. 
The study reported significant improvements in HbA1c lev-
els and C-peptide concentrations during the follow-up period, 
with no adverse events observed. These findings suggest that 
Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs) 
infusion is a safe and viable treatment for T1DM. Furthermore, 
MSCs can benefit rheumatoid arthritis (RA) by inhibiting 
Th17 cells, reducing inflammatory cytokines, and promoting 
the upregulation of Treg cells [41].

Furthermore, the low tumorigenicity and minimal im-
munogenicity of MSCs make them a promising candidate for 
clinical applications in treating a wide range of diseases and 
regenerative therapies. MSCs can differentiate from mesoder-
mal origins into various cell types for tissue repair and possess 
a unique immunomodulatory function. This function involves 
regulating the release of various anti-inflammatory factors at 
the immunological level through indirect interactions with 
soluble cytokines. As a result, MSCs play a crucial role in pro-
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moting immune tolerance and maintaining immune homeosta-
sis within the body. It is important to critically note that these 
compelling immunomodulatory effects are predominantly ob-
served in rodent models of autoimmune thyroiditis, and their 
translation to human patients necessitates validation through 
rigorous clinical trials

Application in Thyroid Nodules and Cancer

Stem cells are a group of undifferentiated cells with the in-
trinsic ability to self-renew and, under specific conditions, dif-
ferentiate into various cell types that form different tissues and 
organs, therefore aiding in tissue repair. Recent advances have 
been made in utilizing MSCs and hematopoietic stem cells, 
which have been induced into thyroid precursor cells, to po-
tentially treat thyroid diseases (Table 1) [10, 21, 42-47]. The 
development of thyroid cancer in patients is often initially in-
dicated by the presence of a thyroid nodule. Recent progress 
in stem cell technology has deepened our understanding of the 
biological and molecular mechanisms driving disease process-
es. The origin of stem cells and their distinct roles in thyroid 
cancer remain key areas of ongoing academic research.

To the best of our knowledge, the exact mechanisms by 
which MSCs adhere to tumor cells remain unclear. It is sug-
gested that TGF-β1 may play a role in recruiting MSCs to the 
breast cancer tumor microenvironment. Using neutralizing an-
tibodies against TGF-β1 has been shown to reduce MSCs mi-
gration significantly. Moreover, BM-MSCs can be classified 
as pro-inflammatory or anti-inflammatory, depending on the 
nature of the surrounding microenvironment. In the cancer mi-
croenvironment, these cells differentiate into tumor-like phe-
notypes. MSCs show paradoxical roles: TGF-β1 secretion may 
promote anaplastic thyroid cancer invasion [42], while engi-

neered MSC-EVs delivering miR-146b inhibit tumor growth 
via BRAF/NF-κB targeting [48].

This raises the question: how can BM-MSCs be effec-
tively used in cancer treatment? Given their natural ability to 
home to tumor sites, bone marrow MSCs are being explored 
as vehicles for delivering specific therapeutic genes in anti-
cancer strategies. The interleukin-4 receptor (IL-4R) binding 
peptide, IL4RPep-1, can act as a targeting moiety for extracel-
lular vesicles (EVs) in the treatment of mesenchymal thyroid 
tumors that express the IL-4R [49]. Veschi et al used human 
embryonic stem cells (hESCs) as a model to study their abil-
ity to self-renew and differentiate into mature cell types. By 
inducing the differentiation of hESCs into thyroid epithelial 
cells and performing genetic editing with the CRISPR-Cas9 
system, they demonstrated that the hierarchical organization 
of stem cells plays a crucial role in slowing the aging process, 
aiding in injury recovery, and ultimately protecting cells from 
the accumulated damage that can lead to cancer [50].

Furthermore, the clinical translation of our findings must 
be contextualized within existing diagnostic frameworks, such 
as the Bethesda System for Reporting Thyroid Cytopathology 
(TBSRTC), which is pivotal for risk stratification and man-
agement of thyroid nodules. According to the literature, ap-
proximately 70% of all fine-needle aspirations (FNAs) are 
categorized as Bethesda II [51].While conventional TBSRTC 
estimates the risk of malignancy (ROM) for Bethesda II (be-
nign) nodules at 1.53% [52] and III (atypia of undetermined 
significance/follicular lesion of undetermined significance 
(AUS/FLUS)) at 15%, and the most common histological 
subtype is the follicular variant of papillary thyroid carcinoma 
[53]. These data collectively emphasize that the integration of 
molecular profiling and refined cytopathological subtyping 
can significantly optimize patient management, potentially re-
ducing unnecessary surgeries for benign nodules while ensur-

Table 1.  Summary of Preclinical Studies on Stem Cell Therapy for Thyroid Disorders

Stem cell type Disease Key findings Reference
Bone marrow MSCs 
(BM-MSCs)

Hypothyroidism (rat) Differentiated into thyrocyte-like cells via 
TSH; restored serum T3/T4 levels

[10]

Human umbilical cord 
MSCs (hUC-MSCs)

Hashimoto's thyroiditis (rat) Reduced anti-Tg antibodies; restored Th17/
Treg balance; decreased thyroid inflammation

[21]

iPSC-derived thyrocytes Congenital hypothyroidism (mouse) Generated functional thyroid follicular 
organoids; rescued hypothyroidism

[44]

Embryonic stem 
cells (ESCs)

Thyroid agenesis (mouse) Generated thyroid follicles in vitro; 
integrated into host tissue post-transplant

[45]

Dental pulp MSCs 
(DP-MSCs)

Autoimmune thyroiditis (rat) Reduced lymphocytic infiltration; downregulated 
IL-17/IFN-γ; upregulated IL-10

[46]

Placental MSCs (PMSCs) Thyroid nodules (human cell line) Inhibited proliferation of thyroid nodule-derived 
cells via Wnt/β-catenin pathway suppression

[42]

Neural crest stem 
cells (NCSCs)

Thyroid development (zebrafish) Differentiated into parafollicular C-cells; 
restored calcitonin secretion

[43]

Induced thyrocytes 
(iPSC-derived)

Radiation-induced 
hypothyroidism (mouse)

Repopulated damaged thyroid tissue; 
normalized TSH levels

[47]

MSCs: mesenchymal stem cells; iPSC: induced pluripotent stem cell; TSH: thyroid-stimulating hormone; Th17: T-helper 17; Treg: regulatory T cell; 
IL: interleukin; IFN: interferon.
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ing timely intervention for malignant ones. In the future, our 
proposed MSC-based therapies could be integrated into such a 
nuanced diagnostic-therapeutic algorithm, particularly for pa-
tients with indeterminate nodules who opt against immediate 
diagnostic surgery.

Looking forward, the therapeutic potential of MSC-EVs 
could be enhanced by engineering them to specifically target 
cancer stem cells (CSCs), a key population driving recurrence 
and therapy resistance. Concurrently, critical safety strategies 
must be employed, such as pre-screening MSC donors for 
oncogenic miRNAs and utilizing advanced EV purification 
methods to ensure the exclusion of potentially harmful cargo.

Application in Autoimmune Thyroid Disorders

Stem cell therapy for thyroiditis

Autoimmune thyroid diseases (AITDs) typically target nor-
mally functioning follicular cells, involving numerous cy-
tokines and immune cells [54]. This pathological process often 
results in hypothyroidism. HT is a key AITD, marked by lym-
phocytic infiltration, fibrotic changes, and parenchymal atro-
phy [55]. Recent research suggests that MSCs derived from 
human fetal umbilical cord tissue hold therapeutic potential for 
treating Hashimoto’s disease in a rat model, where thyroid le-
sions and lymphoid infiltration are relatively uncommon. The 
primary mechanism involves the regulation of Th17/Treg cel-
lular homeostasis [56]. Cao et al conducted a study using 24 
female rats with HT to develop a disease model, evaluating the 
effect of stem cell transplantation on Th17/Treg cellular inter-
actions. In a thyroglobulin-induced experimental autoimmune 
thyroiditis (EAT) rat model, it was found that stem cell trans-
plantation significantly reduced thyroid lesions compared to 
the HT model rats. The study demonstrated improved thyroid 
tissue integrity and a significant reduction in lymphoid infiltra-
tion in the thyroid gland, as observed in the EAT model [56]. 
In rats that received four tail vein injections of either phar-
macological agents or human umbilical cord mesenchymal 
stem cells (hUCMSCs), the hUCMSC treatment significantly 
decreased inflammation, serum thyroid antibody levels, and 
TH concentrations. hUCMSC therapy reduced serum thyroid 
antibody levels, alleviated thyroid inflammation, and balanced 
CD4+ T cells, highlighting its potential as an effective treat-
ment for autoimmune thyroiditis [57].

Choi et al [58] used both human adipose tissue-derived mes-
enchymal stem cells (hATMSCs) and genetically engineered 
hATMSCs expressing mouse cytotoxic T-lymphocyte-associat-
ed antigen-4 immunoglobulin (CTLA4Ig) to treat murine mod-
els of autoimmune thyroiditis. Both hATMSCs and genetically 
modified hATMSCs effectively reduced pro-inflammatory cy-
tokine production and restored the Th1/Th2 cell balance in their 
study. The therapeutic efficacy of adipose tissue-derived mesen-
chymal stem cells (ATMSCs) from various mouse species was 
consistent, regardless of whether homograft or allograft trans-
plantation was used [59]. The intercellular adhesion molecule-1 
(ICAM-1) plays a role in the homing of MSCs after intravenous 
administration and influences the release of immune cytokines 

once MSCs have homed. In a rat model of HT, MSCs reduce 
thyroid lesions by modulating lymphatic infiltration through 
regulating Th17/Treg cell interactions [60]. Graves’ disease 
(GD), a form of AITD, often leads to Graves’ ophthalmopathy. 
Research suggests that human placental MSCs can suppress or-
bital fibroblast activation and reduce adipose tissue formation in 
the orbital region [61, 62].

Stem cell therapy for hyperthyroidism or hypothyroidism

Hypothyroidism is a common endocrine disorder affecting 
roughly 1-5% of the global population. TH deficiency can re-
sult from insufficient synthesis or secretion caused by factors 
such as external irradiation, genetic defects, congenital hypo-
thyroidism, or treatments like thyroid ablation for hyperthy-
roidism or thyroid cancer. Clinically, this condition is marked 
by TH deficiency [6, 63, 64]. In clinical practice, thyroxine 
tablets are commonly used for replacement therapy; however, 
long-term use of this medication is associated with several ad-
verse reactions. Recent studies suggest that stem cell therapy 
could offer an effective therapeutic alternative for managing 
thyroid disorders, particularly hypothyroidism. Stem cells are 
multipotent cells with significant differentiation potential, al-
lowing them to be induced into thyroid or thyroid follicular 
cells or transplanted to treat thyroid conditions like hypothy-
roidism. Recent advancements in human cell-based models 
for biological research and disease modeling have been made. 
Human ESC programs have successfully generated various 
human organoids, including those of the brain, intestine, stom-
ach, liver, kidney, lung, endometrium, prostate, pancreas, and 
retina [65, 66]. Organoids derived from ESCs can replicate 
thyroid gland development and produce THs both in vitro and 
after transplantation into thyroid-ablated mice. These human 
ESC-derived thyroid organoids effectively restored plasma TH 
levels in hypothyroid mice. This demonstrates that the orga-
noids achieved not just structural differentiation but also the 
essential endocrine function of hormone secretion. In a study, 
human adipose-derived mesenchymal stem cells (hAMSCs) 
were administered via tail vein injection into aged female mice 
with subclinical hypothyroidism (SCH). The results showed 
that hAMSCs transplantation in AR-SCH mice led to apopto-
sis of initial thyroid follicular cells and significant improve-
ments in thyroid function, lipid profiles, and cardiac function 
indices. This suggests that hAMSCs could be a safe and effec-
tive treatment for senescent skin changes, potentially reduc-
ing complications through immunomodulation and apoptosis 
inhibition [67]. Moreover, MSC cultures have proven effective 
in promoting regeneration and healing at fracture sites in the 
context of hypothyroidism. MSCs retain their multidirectional 
differentiation potential even after multiple passages, reinforc-
ing their potential for regulating hypothyroidism through MSC 
therapy [68]. Similarly, studies have shown that bone marrow 
MSC-derived conditioned medium, in combination with low-
level laser therapy, improves fracture regeneration and acceler-
ates bone healing in hypothyroid rats [69].

Stem cells play a crucial role in the treatment of hyper-
thyroidism by offering potential regenerative therapies that 
address the root causes of the condition. Hyperthyroidism, 
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commonly known as an overactive thyroid, is characterized 
by the excessive production and release of THs from the thy-
roid gland. This overproduction accelerates metabolism and 
increases sympathetic nervous system activity, leading to 
symptoms such as palpitations, sweating, increased appetite, 
frequent bowel movements, and weight loss. Many patients 
also experience ophthalmic symptoms, such as exophthalmos, 
eyelid swelling, and vision impairment. The causes of hyper-
thyroidism include conditions like diffuse toxic goiter (GD), 
nodular goiter, and autonomously functioning thyroid adeno-
mas [70]. GD, an autoimmune disorder affecting the thyroid 
gland, accounts for over 80% of hyperthyroidism cases. The 
exact cause of GD remains largely unknown, though it may be 
linked to factors such as fever, sleep deprivation, and stress. 
While current conventional treatments can effectively manage 
disease progression and alleviate symptoms, individuals with 
abnormal or refractory thyroid function continue to experience 
discomfort and require ongoing medication. Graves’ ophthal-
moplegia (GO) is a potentially vision-threatening complication 
of GD, characterized by fibrosis of the extraocular muscles, 
upper eyelid retraction, and proptosis due to the expansion of 
orbital adipose tissue [71-74].

The therapeutic strategy for managing hyperthyroidism 
through stem cells is based on leveraging their ability to dif-
ferentiate into thyroid follicular epithelial cells, adrenal epithe-
lial cells, adrenergic cells, and other functional cells within the 
endocrine system. This approach seeks to replace damaged or 
diseased cells, thus restoring the normal secretion of thyroid, 
adrenal, and pituitary hormones. As a result, this restoration 
helps to re-establish the complex regulatory interactions be-
tween the endocrine, nervous, and immune systems, ultimate-
ly supporting the body’s homeostasis and normal functioning 
[75]. Replacement therapy involves differentiating human em-
bryonic, induced pluripotent, or MSCs into functional thyroid 
follicular cells in vitro, followed by transplantation into the 
body. Our previous study suggests that the dual phenotype ob-
served may result from a heterogeneous cell population, partly 
attributed to the expression of the MSC marker CD90. Be-
tween 45% and 70% of the cells show low levels of CD34 pro-
tein expression, with significantly reduced expression in GO 
cells. In GD affecting the fovea, fibroblasts display osteogenic 
activity, as evidenced by calcium deposition and the expres-
sion of osteocalcin (bone gamma-carboxyglutamic acid-con-
taining protein (BGLAP)) and bone connexin (secreted protein 
acidic and rich in cysteine (SPARC)). They also demonstrate 
chondrogenic features, indicated by glycosaminoglycan pro-
duction and SOX9 and aggrecan protein expression. These fi-
broblasts show post-differentiation myogenesis through alpha-
smooth muscle actin expression and neurogenic activity via 
beta-III tubulin expression, suggesting that orbital fibroblasts 
qualify as MSCs. This subpopulation may be increased in GO 
and could contribute to the disease’s complex differentiation 
phenotype [76]. In 2011, Zhang et al [76] investigated the in 
vitro differentiation of human BM-MSCs into thyroid follicu-
lar cells under controlled conditions. Their study found that by 
the third day of induced culture, BM-MSCs underwent mor-
phological changes, transitioning from an elongated, pike-like 
shape to a more elliptical, round, or triangular form. By the 
eighth day of differentiation, the formation of walled, flattened 

embryoid bodies was observed.
Furthermore, the expression of the TSHr gene was noted 

on day 7, while the TTF-1 gene expression appeared on day 9 
of differentiation. These findings suggest that BM-MSCs pos-
sess the potential to differentiate into thyroid follicular cells 
in vitro, offering promising seed cells for tissue engineering 
research aimed at treating thyroid disorders [76]. In 2018, da 
Silva et al [77] conducted research in Brazil to examine the ef-
fects of MSC therapy on thyroid function and ROS production 
in diabetic rats. The researchers focused on the thyroid cell 
line PCCL3 in rats exposed to high glucose levels. The study 
involved administering either MSCs or secreted EVs over 4 
weeks, following an initial 4-week treatment phase in a pas-
saged diabetic rat model.

The findings indicated that treatment with either MSCs 
or MSC-EV effectively reversed the increased production of 
thyroid H2O2 in diabetic rat PCCL3 cells, which was linked 
to a significant upregulation of DuOx1 expression levels [78, 
79]. MSC treatment normalized thyroid ROS production, but 
serum TH levels remained low, and serum TSH concentra-
tions were elevated. MSC treatment did not restore thyroid 
peroxidase (TPO) levels in the model rats. The research un-
derscores the importance of preclinical and clinical studies on 
MSCs, exosomes, and related components in treating thyroid 
dysfunction [80, 81]. Therefore, the researcher concluded that 
MSC treatment effectively reversed the elevated production of 
thyroid H2O2 in diabetic animals and PCCL3 cells exposed to 
high glucose levels. This effect is likely mediated by the parac-
rine action of MSC-derived EVs in co-culture [81-83].

The research emphasizes the critical need for preclinical 
and clinical studies on MSCs, exosomes, and related compo-
nents to explore their potential in treating thyroid dysfunction 
[84]. In 2017, Sheng et al reviewed the progress in differentiat-
ing induced pluripotent stem cells into thyroid follicular cells 
[84]. The study provided a comprehensive analysis and future 
perspectives on identifying functionally differentiated cells 
while addressing safety concerns and various challenges as-
sociated with their clinical translational applications.

The results of stem cell therapy for hyperthyroidism are 
generally significant [85]. At the same time, thyroid function 
gradually returns to normal, substantially improving overall 
physiological health. Importantly, stem cell therapy shows a 
higher safety profile and greater efficacy than traditional treat-
ment methods.

While MSC-based therapies present a promising alterna-
tive to traditional thyroid treatments by avoiding the adverse 
effects of anti-thyroid drugs and radioactive iodine, their clini-
cal application faces three major challenges. First, the risk of 
tumorigenicity associated with MSC-derived EVs remains a 
significant concern. Preclinical studies suggest that EVs may 
transfer oncogenic microRNAs (e.g., miR-155) to thyroid can-
cer cells, potentially promoting tumor progression through the 
activation of the PI3K/Akt pathway [43]. Secondly, the hetero-
geneity of MSC sources such as bone marrow, adipose tissue, 
or umbilical cord results in inconsistent therapeutic outcomes. 
For instance, adipose-derived MSCs show higher efficiency in 
thyrocyte differentiation compared to bone marrow-derived 
populations, yet there is a lack of standardized protocols for 
large-scale production [86]. Thirdly, regulatory frameworks 
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have not kept pace with technological advancements. Current 
regulatory frameworks, including those from the US Food 
and Drug Administration (FDA) and the European Medicines 
Agency (EMA), do not fully address the complexity of MSC-
EV characterization for advanced therapy medicinal products 
(ATMPs) [87].

To address these challenges, future research should fo-
cus on biomarker-driven safety profiling to identify high-risk 
MSC subpopulations and explore CRISPR-engineered EVs 
for the targeted delivery of anti-inflammatory miRNAs or thy-
rocyte-specific growth factors. Similarly, ethical frameworks 
should shift from relying on fetal tissue-derived MSCs to us-
ing induced pluripotent stem cell (iPSC)-derived alternatives, 
necessitating rigorous genomic stability testing. Collaborative 
efforts between biologists, clinicians, and regulators are cru-
cial to standardizing MSC characterization, validating long-
term safety through multicenter trials, and developing scalable 
manufacturing processes. Only through such interdisciplinary 
collaboration can MSC therapies transition from experimental 
potential to clinically viable solutions for thyroid disorders.

Therapeutic outcomes may not meet expectations for all 
patients. Moreover, the high cost of stem cell therapy may 
place a considerable financial strain on patients. However, 
with continuous technological advancements and in-depth re-
search, there is a reasonable expectation that the full potential 
of stem cell therapy for treating endocrine disorders, such as 
hyperthyroidism, will be better realized in the future.

Clinical Translation Challenges and Future 
Directions

Several translational challenges temper the therapeutic potential 
of MSCs in treating thyroid disorders. First, the tumorigenic-
ity risks linked to MSC-derived EVs require thorough safety 
validation. Research suggests that EVs may transfer oncogenic 
miRNAs, such as miR-155, within thyroid cancer microenvi-
ronments, potentially accelerating tumor progression [43]. To 
mitigate potential risks, such as oncogenic miRNA transfer, 
practical strategies include the pre-screening of MSC donors 
and the purification of EVs products. Furthermore, future ther-
apies could be enhanced by engineering these EVs to specifi-
cally target therapy-resistant CSCs. Second, the heterogeneity 
in MSC sources stemming from bone marrow, adipose tissue, 
or umbilical cord results in inconsistent therapeutic outcomes, 
highlighting the need for standardized differentiation protocols 
[47]. Third, regulatory hurdles hinder clinical adoption, as cur-
rent regulatory frameworks, including those from the US FDA 
and the EMA, do not fully address the complexity of MSC-EV 
characterization for ATMPs [88]. To address these challenges, 
future research should focus on biomarker-driven approaches. 
Multi-omics profiling of patient-specific MSC populations 
could help identify tumorigenicity and immunomodulatory ef-
ficacy predictive markers. Furthermore, CRISPR-engineered 
EVs, loaded with thyroid-specific miRNAs (e.g., miR-146b) 
or anti-inflammatory cytokines (e.g., IL-10), could improve 
therapeutic precision while reducing off-target effects. At the 
same time, ethical frameworks should shift away from reliance 

on fetal MSC sources and promote iPSC-derived alternatives, 
which would require rigorous genomic stability evaluations. It 
is important to note that the shift to iPSCs is not without risk, 
as the reprogramming process can induce genomic instability 
and mutations, requiring thorough genetic and functional vali-
dation of any clinical-grade iPSC line.

Finally, successfully translating MSC-based therapies 
from research to clinical practice requires collaborative inno-
vation. Interdisciplinary collaboration among biologists, cli-
nicians, and regulators is crucial to developing standardized 
protocols, ensuring long-term safety, and addressing ethical 
concerns. By overcoming these obstacles, MSC therapies have 
the potential to move from theoretical promise to clinically 
validated treatments for thyroid disorders.

THs play a crucial role in various physiological functions, 
and hypothyroidism can lead to numerous health complica-
tions. Research suggests that remaining thyroid tissue cannot 
regenerate and restore normal function after surgical interven-
tion due to the slow conversion rate of thyroid glands and the 
possible involvement of resident stem cells in adult thyroid 
tissue regeneration. Thyroid organ transplantation offers a 
promising approach to restoring thyroid function. Researchers 
have successfully derived thyroid organs from various sources, 
such as ESCs, iPSCs, and fetal and adult thyroid tissues, dem-
onstrating their functionality in both in vitro and in vivo animal 
models. iPSCs, created to mimic ESCs, and MSCs, which have 
broader applications in life sciences, are pivotal in reducing 
lymphocytic infiltration in autoimmune thyroiditis and lim-
iting epithelial cell proliferation in orbital tissues associated 
with GD. Furthermore, stem cells within the thyroid gland act 
as precursors to mature thyroid follicular cells and are believed 
to play a role in renewing senescent cells and maintaining thy-
roxine homeostasis. CSCs are often considered the primary 
drivers of carcinogenesis, making their precise identification 
and inhibition essential for reversing the carcinogenic process.

The pluripotent capabilities of stem cells offer numerous 
research and therapeutic intervention opportunities. Future 
studies are essential to deepen our understanding of the cel-
lular mechanisms involved in thyroid regeneration and to re-
fine protocols for the differentiation and maturation of human 
thyroid tissues. These investigations provide valuable insights 
into potential treatments for thyroid disorders and lay a solid 
scientific foundation for progress in regenerative medicine. 
Ongoing research into the differentiation of stem cells into 
thyroid-like cells may pave the way for innovative treatments 
for thyroid diseases.

Although MSCs offer a transformative approach to man-
aging thyroid disorders, their clinical application depends on 
addressing three key challenges: 1) Standardizing cell prod-
ucts; 2) Ensuring long-term safety; and 3) Balancing inno-
vation with ethical considerations. Achieving success in the 
future will require close collaboration between biologists, cli-
nicians, and regulators.

Besides these challenges, our study has several limita-
tions. First, as a comprehensive review, the conclusions drawn 
are synthesized from existing preclinical (primarily animal 
studies) and limited early-stage clinical trials. The therapeu-
tic efficacy and safety profiles of MSCs and MSC-EVs docu-
mented herein require further validation through large-scale, 
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randomized controlled clinical trials in human patients. Sec-
ond, substantial heterogeneity in MSC sources, isolation pro-
tocols, expansion conditions, and administration doses across 
the cited studies makes it challenging to directly compare re-
sults or establish a standardized therapeutic regimen. Finally, 
our discussion on the potential of MSCs in treating thyroid 
disorders is primarily based on mechanistic insights and ef-
ficacy data from model systems; the specific impact of these 
therapies on the diagnostic and risk stratification landscape 
of thyroid nodules, particularly in the context of challenging 
Bethesda categories, is yet to be explored and represents an 
important avenue for future research.

The clinical translation of MSC-based therapies for thy-
roid disorders necessitates a focused strategy. Future priorities 
must include: 1) Functional validation of hormone secretion 
in vivo; 2) Standardization of manufacturing and safety proto-
cols; 3) Initiation of pilot clinical trials; and 4) Early engage-
ment with regulatory agencies (e.g., FDA, EMA). Addressing 
these steps is crucial to harnessing the full therapeutic potential 
of MSCs.
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