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Abstract

Multipotent mesenchymal stromal stem cells have captivated the scientific community in
recent years due to their ability to differentiate into multiple adult cell types. Central to
this potential are many members of the nuclear hormone receptor superfamily, comprising
48 ligand-modulated transcription factors involved in key biological processes such as
metabolism, physiology, embryonic development, and reproduction. These transcription
factors influence cellular fate by regulating gene expression networks critical for MSC speci-
fication, commitment, and differentiation. This review explores the role of nuclear receptors
in MSC development, focusing on interactions with chromatin structure, co-regulatory
complexes, and responsiveness to extracellular stimuli such as hormones, metabolic cues,
and endocrine-disrupting chemicals. We conclude with a discussion of the dangers posed
by exogenous and aberrant signaling through nuclear receptors.
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1. Introduction
Multipotent mesenchymal stromal stem cells, also called mesenchymal stem cells

(MSCs), are a unique class of embryonic and adult stem cells that are notable for their
ability to differentiate into multiple adult tissues. MSCs give rise to adipocytes, osteoblasts,
chondrocytes, myoblasts, fibroblasts, and several neural cell types [1]. MSC lineages also
express some of the key markers typical of endothelial cells, neuron-like cells, and cardiomy-
ocytes [1]. Recent research has linked members of the nuclear hormone receptor superfamily
(NR) in processes governing MSC commitment, differentiation, and function [2]. These
ligand-activated transcription factors serve as molecular sensors that translate extracellular
signals into precise gene expression programs, thereby influencing the fate and function
of cells such as MSCs. This review will first explore the integral role of nuclear receptors
within MSCs, beginning with an examination of their structure, followed by a brief discus-
sion of the mechanisms by which nuclear receptors direct gene expression, with a focus
on ligand-binding, dimerization, and chromatin remodeling [1,2]. We next discuss specific
nuclear receptors that are known or thought to be involved in steering MSC differentiation.
Finally, we address how exogenous cell signaling, including the influence of endocrine
disruptors, can impact nuclear receptor activity in MSCs.
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2. NRs and MSC Biology
2.1. MSC Biology

It is important to note that the terminology surrounding MSCs can be convoluted and
inconsistent. The terms “mesenchymal stromal cells”, “multipotent mesenchymal stromal
stem cells”, and “mesenchymal stem cells” are often used interchangeably, although they
refer to distinct cell types that differ in terms of functional specificity and “stemness.”
Mesenchymal stromal cells are heterogeneous populations of adult cells that can be found
in various tissues throughout the body, such as bone marrow, adipose tissue, and umbilical
cord tissue [3]. This grouping of stromal cells is a broader category, including various
mesenchymal cells with self-renewing and immunomodulatory properties. Mesenchymal
stem cells (MSCs) are a specific subset of the larger mesenchymal stromal cell grouping that
retain the ability to act as self-renewing progenitor cells and can differentiate into various
cell types, such as adipocytes, osteoblasts, and chondrocytes [4]. These stem cells are often
isolated and characterized in vitro through their expression of specific surface markers
(e.g., CD73, CD90, and CD105) and their trilineage differentiation potential (adipogenic,
chondrogenic, and osteogenic). However, due to the overlapping functions and phenotypes
of these cells, especially when cultured outside of their native environment, the distinction
between MSC types can become blurred in experimental and clinical contexts. Therefore,
it has been recommended that multipotent MSCs be further identified by their tissue of
origin for the sake of clarity [4]. For example, human bone marrow-derived MSCs would
be designated hBM-MSCs. For the sake of clarity and consistency, the term MSCs in the
remainder of this review will refer broadly to the mesenchymal stromal stem cell population,
which includes both multipotent stem cells akin to bona fide mesenchymal stem cells and
their more lineage-committed counterparts that still retain multilineage potential.

MSC potential is typically restricted by their respective niches via the limited selection
of growth factors and cell signals in their surrounding microenvironment. This enforces
a tissue-specific differentiation pattern to the cells in vivo, although this limitation is not
present in vitro when cells are cultured outside of their normal niches [5,6]. The local
microenvironment exerts a tightly regulated control over MSC fate through a specific array
of extracellular signals, including soluble growth factors, cytokines, and mechanical cues,
that limit cellular access to the full range of lineage options observed in vitro. For example,
MSCs in the bone marrow niche are predominantly involved in maintaining bone home-
ostasis and supporting hematopoietic stem cells, and thus are biased toward osteogenic
and stromal fates. In contrast, when BM-MSCs are removed from these environmental con-
straints and cultured ex vivo, they encounter an artificially permissive milieu that allows for
broader differentiation capacity. Under optimized culture conditions, supplemented with
lineage-specific differentiation cocktails, BM-MSCs can even differentiate into neuron-like
cells. This discrepancy emphasizes that while MSCs may possess inherent multipotency,
their true functional potential is highly dependent on the surrounding context [1].

2.2. Nuclear Receptor-Directed Gene Regulation

Nuclear receptors are a specialized superfamily of ligand-modulated transcription
factors that translate extracellular cues into gene expression. NRs operate through a
complex multi-step mechanism. In their unliganded state, many nuclear receptors are
already bound to chromatin, where they may associate with co-repressor proteins [7,8].
Upon ligand binding, NRs experience a conformational change within their ligand-binding
domains [8]. This change involves a reorientation of alpha-helices, including those that
form the activation function-2 (AF-2) region [9,10]. This repositioning displaces present
co-repressors and creates a binding surface environment favorable to the recruitment
of co-activators [10]. Co-activator proteins such as CBP/p300 typically possess histone
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acetyltransferase (HAT) activity [11]. Acetylation reduces the positive charge on histone
tails, loosening their hold on DNA and opening the chromatin structure to facilitate tran-
scription. Conversely, positioning of AF-2 can also recruit corepressors and associated
histone deacetylases to blunt gene expression [10]. Various nuclear receptors (e.g., VDR,
RARs, and TRs) are often associated with corepressor proteins such as NCoR or SMRT [12].
Corepressors recruit histone deacetylases (HDACs), which keep the chromatin in a largely
inactive state [9]. This regulation of gene expression through varying chromatin interac-
tions is a recurring theme within the NR superfamily. Maintaining balance between the
association of co-repressors/histone deacetylases and recruitment of co-activators allows
NRs to integrate hormonal and metabolic signals within the local chromatin environment.
This functions to maintain controlled gene expression patterns in response to changing
extracellular conditions.

NR signaling is also intricately balanced by post-translational modifications such as
phosphorylation and ubiquitination [13]. These post-translational modifications impact
receptor stability, localization, and interaction with co-regulatory complexes [13]. This
mosaic of chromatin interactions ensures that the receptors integrate extracellular signals
such as hormonal fluctuations or metabolic changes with intracellular transcriptional
responses. The ligand-induced conformational shift dictates the switch between repression
and activation [10] and also defines the broader framework of chromatin remodeling and
transcription factor assembly.

3. NRs and MSC Commitment and Differentiation
Figure 1 shows a schematic overview of which NRs function in MSC differentiation

to specific mature cell types, and Table 1 highlights the essential roles of each NR in MSC
differentiation together with the standard and common names. Because NRs are regulators
of gene expression, much has been learned via transcriptomic studies of gene expression in
response to stimulation or blockade of receptor action with specific ligands, together with
gain- and loss-of-function studies in cultured cells and in transgenic animal models.

Figure 1. Mesenchymal stem cell differentiation and corresponding nuclear receptor signaling
pathways. Black arrows correspond to nuclear receptors that positively control MSC differentiation,
and red inhibitory arrows indicate nuclear receptors that negatively impact MSC differentiation into
their respective cell types.
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Table 1. Major functions of NHRs in MSC differentiation.

Standard Name Common Name Role in MSCs

NR3C4 AR Inhibits adipogenesis, promotes myogenesis, blocks chondrogenesis and
suppression enhances MSC self-renewal

NR3A1,2 ERα,β Suppresses adipogenesis, promotes osteogenesis, enhances MSC proliferation

NR3B1,2,3 ERRα,β,γ
ERRγ antagonizes osteogenis, ERRα increases brown fat differentiation, ERRα
overexpression increases osteoblastic differentiation, while silencing led to less

osteoblastic differentiation. ERRα also mitigates senescence in MSCs

NR1H FXR Positive regulator of osteogenesis in MSCs by increasing Wnt/β-catenin
signaling at the expense of adipogenesis

NR3C1 GR Promotes adipogenesis in MSCs at the expense of osteogenesis

NR2A1, 2 HNF4α, β Directs MSCs toward hepatocyte fate

NR1H1,2 LXRα,β
Overexpression of LXRα in mouse BM-MSCs increased Wnt signaling and
bone marker expression while inhibiting expression of adipogenic markers.

Also led to differentiation of juxtaglomerular cells in mouse BM-MSCs

NR1F1,2,3 RORα,β,γ
RORα up-regulation in MSCs led to increased osteogenic differentiation.

RORγ expression in MSCs could influence inflammatory phenotypes
depending on context, may regulate immunomodulation.

NR2F1, 2 COUP-TFI, COUP-TFII

NR2F1 knockdown inhibited osteogenesis. Overexpression of NR2F2
increased PPARγ expression and decreased bone marker genes. Silencing

diminished lipid accumulation and adipogenic gene expression while
promoting osteogenic markers.

NR4A1,2,3 Nur77, Nurr1, NOR1

Nur77 acts as a negative regulator of osteogenic differentiation, knockdown
increased expression of osteogenic markers in MSCs and reduced adipogenic

differentiation. Nurr1 overexpression in MSCs led to expression of
dopaminergic neuron markers

NR5A1,2 SF-1, LRH-1 Forced expression of SF-1 or SF-1+LRH-1 produced steroidogenic cells after
implantation into adrenal-insufficient mice.

NR1C1,2,3 PPARα,β/δ, γ
PPARγ expression and activation in MSCs leads to adipogenic differentiation
and suppression of osteogenic pathways. PPARβ/δ can promote osteogenesis

in MSCs.

NR3C3 PR Actively restrains osteogenic differentiation while promoting osteoclast
recruitment and bone resorption.

NR1B1,2,3 RARα,β,γ
RA signaling promotes neural identity, increases osteogenesis and inhibits

adipogenesis in MSCs. RARγ activation in MSCs promotes chondrogenesis
and inhibition inhibits chondrogenesis, and increases ossification

NR2B1,2,3 RXRα,β,γ
Partner for FXR, LXR, PPARs, RARs, TR, VDR and other NHRs. Can also act
as homodimers. RXR activation in MSCs promotes adipogenic commitment at

the expense of bone.

NR1A1,2 TRα,β
Early TR activation in MSCs enhances osteogenic differentiation and inhibits

adipocyte proliferation while later activation promotes expression of
adipogenic genes and later the differentiation of thermogenic adipocytes

NR1I1 VDR Activation promotes expression of bone markers and substrate adhesion and
also reduces senescence in MSCs

AhR
AhR activation suppresses adipogenesis and osteogenesis, while increasing

inflammation. Also supports MSC multipotency by inhibiting lineage
commitment

3.1. Androgen Receptor (AR, NR3C4)

The androgen receptor (AR, NR3C4) [8] is a steroid receptor that acts as a homodimer to
regulate gene expression. Like other steroid receptors discussed below, AR has non-genomic
actions on gene regulation that are less well-studied than its genomic actions as a transcription
factor. AR is largely sequestered in the cytoplasm until ligand binding stimulates its nuclear
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transport [8]. AR plays a critical role in MSC lineage commitment by inhibiting adipogen-
esis and promoting myogenic differentiation in males. AR signaling suppresses adipocyte
formation by downregulating adipogenic regulators such as PPARγ and C/EBPα [14,15].
In contrast, AR activation facilitates skeletal muscle differentiation through transcriptional
induction of myogenic factors, including MyoD and Myf5, installing AR as a necessary en-
hancer of myogenesis in MSC populations [16,17]. In harmony with these sentiments, genetic
ablation of AR led to increased adiposity and concurrent reductions in bone and muscle
mass [18,19]. These findings are consistent with an important role for AR as a balancing factor
in MSC lineage determination, at least in males. Emerging evidence also suggests that AR
antagonism may enhance chondrogenic potential, positioning AR as a negative regulator
of cartilage formation in male rabbits [20]. Somewhat paradoxically, AR suppression has
also been associated with enhanced MSC self-renewal [14]. This may result from AR action
relieving constraints on stemness-associated transcriptional programs. AR signaling clearly
plays a larger role in MSC fate, regulating musculoskeletal homeostasis and self-renewal.

3.2. The Estrogen Receptors (ERs, NR3A)

The estrogen receptors (ERα, NR3A1 and Erβ, as well as NR3A2) [8] are activated by
several endogenous estrogens, notably 17β-estradiol, as well as 17α-estradiol, estrone, and
estriol [21,22]. ERs remain largely in the cytoplasm where, similar to GR, ligand binding
results in the release of a multiprotein complex and translocation into the nucleus [22,23].
ERs then dimerize and bind to estrogen response elements (EREs) in the DNA. However, ER
has an alternate repressive binding pathway, one where the homodimer exists in the nucleus
prior to ligand binding. Upon ligand binding in the nucleus, the ER releases coactivators
(CBP/P300, etc.) and recruits corepressors SMRT and NcoR1 to inhibit transcription [23].
It is one of the few steroid-binding receptors to interact with co-repressors [24]. ERs also
have a non-genomic pathway of action where they are tethered to the cell membrane and
act via G-protein coupled mechanisms [25].

ERs are primary mediators of estrogen’s effects on MSCs, particularly in bone forma-
tion and skeletal homeostasis. ERα and ERβ polymorphisms have been shown to correlate
with bone mass in humans [22]. ERα and ERβ are also expressed in immune cells, such as
T cells and monocytes [26], which are important in bone regulation. Simultaneously, ER sig-
naling suppresses adipogenic differentiation by downregulating transcriptional regulators
of adipogenesis, including PPARγ and C/EBPα. This shows a pattern of shifting MSC lin-
eage commitment away from adipogenesis and towards more osteogenic fates. Activation
of ERs by xenoestrogens such as bisphenol S [27] or dichlorodiphenyltrichloroethane [28]
was shown to inhibit MSC self-renewal. Estrogen receptor signaling also interacts with
other signaling pathways, including those involved in metabolic and growth factor re-
sponses [29]. ER activation has also been associated with enhanced MSC proliferation,
suggesting a broader role in maintaining progenitor cell pools.

3.3. The Estrogen-Related Receptors (ERRs, NR3B)

The estrogen-related receptors (ERRs, NR3B) comprise a family of three members:
ERRα (NR3B1), ERRβ (NR3B2), and ERRβγ (NR3B3) [8]. ERRs are key players in osteogen-
esis, although their specific roles depend on the presence of coactivator proteins. In contrast
to ERs, members of the estrogen-related receptor (ERR) family, particularly ERRγ (NR3B3),
have been shown to antagonize osteogenic differentiation under certain conditions [30].
ERRγ may exert these effects by interfering with Wnt/β-catenin signaling and/or by re-
pressing osteogenic transcriptional networks. ERRα targeted deletion in adipocytes was
also shown to promote osteogenesis and vascular formation in mouse bone marrow [31].
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Similarly, knockdown of ERRα in BM-MSCs abolished the anti-senescence effects of the
phytoestrogen genistein in rats, establishing a role for ERRα in MSC senescence [32].

ERRα increases brown fat differentiation from MSCs [33]. ERRα silencing in hMSCs
led to increased osteoblastic differentiation in one study [34], whereas in another, BM-
MSCs from ERRα knockout mice showed reduced proliferation as well as less osteoblastic
differentiation [35]. In contrast, overexpression of ERRα in MC3T3-E1 pre-osteoblast cells
increased expression of osteoblastic markers and accumulation of calcium. These results
could be at least partly resolved by showing that the presence of coactivator proteins
such as PGC-1α led to increased Wnt signaling and bone differentiation, whereas ERRα
knockout also enhanced Wnt signaling and increased osteoblastic differentiation [36].

3.4. The Farnesoid X Receptor (FXRs, NR1H4,5)

The farnesoid X receptors (FXRα, NR1H4 and FXRβ, as well as NR1H5) [8] are
receptors for bile acids and lanosterols, respectively. While NR1H5 is a pseudogene in
primates, it is a lanosterol receptor in rodents [37]. It has no described role in MSCs. FXRα
was shown to be a positive regulator of osteogenic differentiation in MSCs [38]. Bone tissue
contains bile acid, accumulated from serum and released into the bone microenvironment.
FXR activation in bone enhances osteogenesis by promoting the expression of osteogenic
transcription factors RUNX2 and osterix, as well as matrix mineralization genes osteocalcin
and alkaline phosphatase [39,40]. The mechanism by which FXR influences osteogenesis
is through pressure on Wnt/β-catenin signaling pathways. Activation of FXR not only
increases nuclear β-catenin accumulation but also upregulates Wnt target genes, thus
driving osteoblast differentiation at the expense of adipogenesis [38]. These findings are
particularly relevant in the context of age-related bone loss and osteoporosis, as FXR
signaling may be harnessed to maintain bone homeostasis. FXR remains an emerging NR
in the direction of lineage specification in MSCs.

3.5. The Glucocorticoid Receptor (GR, NR3C1)

The glucocorticoid receptor (GR, NR3C1) is a high-affinity receptor for endogenous
glucocorticoids such as cortisol in humans and corticosterone in rodents [8]. In its native
state, GR resides in the cytoplasm bound to heat shock proteins [41]. GR remains in the
cytoplasm held in its inactive state by a multiprotein complex composed of Hsp90, Hsp70,
and P23 [41]. Upon binding its ligand, GR dissociates from this complex and undergoes a
conformational change that allows it to dimerize and translocate to the nucleus [41]. Once in
the nucleus, GR binds to glucocorticoid response elements (GREs) [41], and this interaction
recruits transcriptional coactivators, resulting in regulation of gene expression [41]. The
effects of GR signaling are highly context-dependent, with evidence that GR signaling tilts
the differentiation balance of MSCs away from osteogenesis toward adipogenesis [42]. GR
has been implicated in the loss of regulation of bone density during the aging process and
contributes to pathological conditions like osteoporosis and marrow adiposity. In one study,
GR conditional knockout mice demonstrated a significant reduction in both cortical and
trabecular bone as compared to GR-wild type controls [43]. This phenotype was even more
pronounced at 21 weeks of age, indicating the importance of GR in maintenance during
development and also throughout aging [43]. Similarly, it was previously reported that
conditional deletion of the GR in Runx2-expressing osteoblasts reduced trabecular bone
mass in the spine of young mice [44]. GR-mediated transcriptional networks also interact
with signaling pathways such as Wnt and BMP, contributing to the strong effects of GR on
the balance between osteogenesis and adipogenesis.
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3.6. Hepatocyte Nuclear Factor 4 (HNF4, NR2A)

Hepatocyte nuclear factor 4 comprises a family of two genes, HNF4α (NR2A1) and
HNF4γ (NR2A2) [8]. Both have apparent constitutive activity that results from tight binding
of 14-18 carbon fatty acids [45]. HNF4 comprises a family of regulators of fatty acid oxida-
tion and storage in the liver. HNF4α is a regulator of hepatic differentiation [46] and directs
MSCs toward a hepatocyte-like fate. Ectopic expression of HNF4α in adipose-derived
MSCs initiates a transcriptional cascade that activates liver-enriched genes, including albu-
min, α-fetoprotein, and cytochrome P450 enzymes. This cascade and following activation
promote the acquisition of hepatocytic morphology and function [47]. The mechanism
by which HNF4α carries out this process is through its function as a transcriptional hub.
HNF4α cooperates with other hepatic transcription factors such as HNF1α and C/EBPα to
remodel chromatin and establish a hepatic gene expression program [48]. In recent studies,
integrative epigenomic analyses have revealed that HNF4α activation in adipose-derived
MSCs leads to widespread enhancer reprogramming and histone modification changes
that parallel those observed during normal liver development [49]. Thus, HNF4α is the
most notable inducer of hepatogenic differentiation in MSCs.

3.7. The Liver X Receptors (LXR, NR1H)

The Liver X Receptor (LXR) is another emerging NR in the context of MSC differentia-
tion and cell identity. There are two LXR genes, LXRα (NR1H3) and LXRβ (NR1H2) [8].
These two receptors share a high degree of amino acid similarity and are activated by
similar oxysterol and synthetic ligands, but differ in their localization [50]. LXRα was first
identified in the liver and other metabolically active tissues such as the kidney, intestine,
adipose tissue, and macrophages [34]. Conversely, LXRβ is ubiquitously expressed [50].
Both receptors operate through the classic heterodimer nuclear receptor mechanism with
RXR [51]. LXR plays a variety of roles in metabolic and immune health, and most research
on the receptor has been primarily implicated in atherosclerosis and cardiovascular disease.

Recent studies have investigated LXRs in metabolic disorders [52,53]. Its identified role
as a cholesterol regulator directed much of this research toward adipogenesis and obesity
related disorders [54]. LXR contributions to lipogenesis also implicated the receptor in the
regulation of MSC fate. LXRα overexpression in mouse BM-MSCs led to increased Wnt
signaling and expression of Wnt1, Wnt5a, and Wnt 10b, together with blunted expression
of adipogenic markers such as PPARγ and fatty acid synthase [55]. In contrast, knockout
of LXRα in MSCs led to decreased Wnt signaling and expression of Wnts 1, 5a, and 10b
and correspondingly increased expression of PPARγ, fatty acid synthase, lipid droplet
accumulation, and adipocyte differentiation [55].

LXRα activation in mouse BM-MSCs or human BM-MBCs was also shown to induce
differentiation into a juxtaglomerular cell type that could express marker genes such as
renin and smooth muscle actin [56]. While it is unclear whether this type of differentiation
occurs in vivo, it could be related to increased renin production in the context of obesity.

3.8. Retinoic Acid Receptor-Related Orphan Receptor (RORs, NR1F)

RORs comprise a family of three genes: the NR1F family RORα (NR1F1), RORβ (NR1F2),
and RORγ (NR1F3) [8]. RORα was shown to play important roles in chondrogenic differenti-
ation of MSCs, in vitro [57]. Up-regulation of RORα promoter activity after depletion of DNA
methyltransferase 1 increased expression of osteogenic genes in MSCs [58].

RORγ is best known for its role in the development and function of Th17 cells through
the regulation and expression of pro-inflammatory cytokines IL-17A and IL-22 [59]. In the
context of MSCs, RORγ may utilize its influence over proinflammatory cytokines to control
cytokine secretion and shape T cell responses. MSCs can express RORγ under inflamma-
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tory stimuli, possibly contributing to their context-dependent pro- or anti-inflammatory
phenotypes [60]. Inhibition of RORγ has been shown to attenuate Th17-mediated immune
responses, which could be leveraged to enhance immunosuppressive properties of MSCs
in a therapeutic setting [61]. Currently, the direct mechanisms by which RORγ functions in
the context of MSCs remain uncertain; however, there is some evidence that it may serve as
a transcriptional node that links NR signaling and MSC-mediated immunomodulation [62].

3.9. The COUP-TF Family (NR2F)

The NR2F family comprises a family of three genes: COUP-TFI (NR2F1), COUP-
TFII (NR2F2), and EAR1 (NR2F3) [8]. The NR2F family member COUP-TFI (Chicken
Ovalbumen Upstream Promoter-Transcription Factor I, NR2F1) was shown to be highly
expressed in osteoblast differentiation from MSCs, and knockdown of NR2F1 mRNA
expression inhibited osteogenesis [63]. Overexpression of COUP-TFII in hMSCs led to
increased PPARγ expression and decreased levels of osteocalcin [64]. In contrast, knock-
down of COUP-TFII significantly reduced adipocyte formation and enhanced osteoblast
differentiation, revealing a repressive influence on osteogenic programming [63]. Silencing
COUP-TFII in bone marrow-derived MSCs not only diminished lipid accumulation and
adipogenic gene expression but also upregulated osteogenic markers such as RUNX2 and
ALP [63]. This suggests a reciprocal regulatory mechanism. Beyond adipogenesis and
osteogenesis, COUP-TFII may also contribute to MSC chondrogenesis. Gao et al. (2017)
showed that COUP-TFII is expressed during early chondrogenic differentiation [65]. COUP-
TFII enhances the expression of cartilage-specific genes, including SOX9, COL2A1, and
ACAN, furthering chondrogenic maturation [65]. These studies establish COUP-TFII as a
lineage-instructive nuclear receptor in MSCs.

3.10. The NR4A Family

The NR4A family of orphan nuclear receptors is composed of NR4A1 (Nur77), NR4A2
(Nurr1), and NR4A3 (NOR1) [8]. As a family, these receptors have been implicated in
balancing osteogenic, adipogenic, and neurogenic potential. NR4A1 acts as a negative
regulator of osteogenic differentiation; knockdowns of NR4A1 in MSCs led to increased
expression of SLP (secreted phosphoprotein 1/osteopontin) and elevated calcium depo-
sition [66]. These changes indicate enhanced calcification and osteogenesis. The same
study demonstrated that NR4A1 knockdown reduced adipogenic differentiation, while
overexpression enhanced lipid accumulation and upregulated adipogenic markers such
as PPARγ and C/EBPα [66]. This adipogenic effect was found to be mediated, at least in
part, through modulation of Notch signaling. This implicates NR4A1 as a pro-adipogenic
and anti-osteogenic factor in MSC lineage fate. However, other recent data support a more
context-dependent impact; NR4A1 may under some conditions promote osteogenesis and
bone healing while suppressing adipogenesis [67].

NR4A family members are not entirely limited to differentiation into bone, fat, or
cartilage. Beyond its role in skeletal tissues, NR4A2 (Nurr1) has been implicated as a
key regulator of dopaminergic neuron production [68] as well as promoting neurogenic
differentiation of umbilical cord-derived MSCs [69]. It was also reported that ectopic
expression of NR4A2 in human MSCs induced dopaminergic characteristics, including
elevated expression of tyrosine hydroxylase and dopamine transporter [70].

3.11. The NR5A Family

The NR5A comprises two members, steroidogenic factor-1 (SF-1; NR5A1) and liver
receptor homolog 1 (LRH-1, NR5A2) [8]. NR5A1/SF-1 was identified for its steroidogenic
lineage specification from mesenchymal stem cells (MSCs), primarily in the context of
adrenal and gonadal cell fate. SF-1 functions as a transcriptional regulator of steroidogenic
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gene expression, including CYP11A1, STAR, and CYP17A1. All of these are essential
for the biosynthesis of steroid hormones. Forced expression of SF-1, or SF-1 together
with LRH-1 in human MSCs was sufficient to induce a steroidogenic program, leading
to upregulation of steroid biosynthetic enzymes and accumulation of cortisol and other
steroid metabolites in vitro [71,72]. Furthermore, overexpression of SF-1 in MSCs and their
subsequent implantation into adrenal insufficient mice led to steroid synthesis, in vivo [73].
Umbilical cord-derived MSCs were superior to BM-MSCs in their steroidogenic response to
SF-1 overexpression as measured by production of steroidogenic genes [74]. Taken together,
these results indicate that overexpression of NR5A genes is sufficient to reprogram MSCs
into functional steroidogenic-like cells.

3.12. The Peroxisome Proliferator-Activated Receptors (PPARs, NR1C)

The peroxisome proliferator-activated receptor (PPAR) family includes PPARα (NR1C1),
PPARβ/δ (NR1C2), and PPARγ (NR1C3) [8,29]. PPARγ, in particular, is an integral player
in the receptor family and serves as an important regulator in both stem cell differentiation
and endocrine signaling [75]. Indeed, it is considered to be the “master regulator” of adi-
pogenesis [75]. Structurally, PPARγ is composed of distinct modular domains that provide
isoform-specific functions [75–77]. PPARγ1 primarily directs the function of MSCs toward
an adipogenic lineage and away from the osteogenic lineage [78]. Loss-of-function studies
revealed that sclerostin production downstream of PPARγ mediated this phenotype [79].
PPARγ2 activation drives the commitment of MSCs toward adipocytes by inducing a tran-
scriptional program favoring lipid metabolism, insulin sensitivity, and terminal adipocyte
differentiation [75]. This process is interwoven with the suppression of alternative differentia-
tion pathways such as osteogenesis. PPARγ acts as an integrative node that links extracellular
cues to gene regulation in MSC lineage commitment. Circulating ligands, from dietary fatty
acids to hormonally regulated lipid mediators, bind to PPARγ and attune its activity in re-
sponse to changes in metabolic state [80]. Most critically, PPARγ engages in crosstalk with
other nuclear receptors and transcription factors, including the glucocorticoid and estrogen
receptors in multiple tissues and physiological processes [81]. This allows cells to integrate
multiple hormonal inputs to regulate multiple metabolic programs in a cohesive manner.
PPARγ is involved in the recruitment of co-activators and chromatin remodeling to influence
longer-term adipogenic-osteogenic balances. Co-activators such as CBP/p300, SRC-1, and
PGC-1α, acetylate histones and open chromatin at adipogenic loci [82]. PPARγ can also recruit
chromatin remodeling complexes to repress osteogenic targets.

PPARβ/δ is primarily involved in metabolic regulation and promotes fatty acid oxidation
and mitochondrial biogenesis in progenitor cells [83]. PPARβ/δ can promote osteogenesis
in MSCs by modulating both cell fate and their immunosuppressive properties [84]. Some
evidence also supports a role for PPARβ/δ ligands in alleviating diabetic osteoporosis [85].
PPARβ/δ has also been shown to support myogenic lineage differentiation and prolifera-
tion of progenitor cells in satellite cells, although this capacity has not yet been tested in
MSCs [86,87]. PPARα remains relatively uninfluential with regard to direct modulation of
MSC differentiation. PPARα functions largely in lipid metabolism and immune function,
although its effects on inflammatory processes may influence MSC fate indirectly.

3.13. The Progesterone Receptor (PR, NR3C3)

The progesterone receptor (PR, NR3C3) [8] is a specific receptor for progesterone, but, like
other steroid receptors, it has some non-genomic activities that are not yet well understood.
PR is most well-studied in reproductive tissues, but also plays a significant role in influencing
both mesenchymal stem cell (MSC) differentiation and bone remodeling dynamics. Global [88]
or osteoprogenitor-specific [89] PR knockout (PRKO) mice exhibited increased trabecular
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bone mass and bone formation rates, accompanied by reduced osteoclast number and surface
area. This suggests that PR signaling contributes to bone loss, potentially by enhancing
osteoclastogenesis. This osteoprotective phenotype in PR-deficient mice was observed across
both sexes, although it was more pronounced in females. Transcriptomal and epigenetic
evidence revealed that PR modulated osteoprogenitor function through direct chromatin
binding and regulation of gene networks associated with osteogenesis and inflammation [90].
PR deletion in osterix-expressing osteoprogenitors altered the expression of genes involved in
osteoblast maturation and organization of extracellular matrices [90]. PR appears to actively
restrain osteogenic differentiation while indirectly promoting osteoclast recruitment. This
highlights a dual role for PR in skeletal tissue as both a modulator of the osteoblast lineage
and as an upstream regulator of bone-resorptive activity.

3.14. The Retinoic Acid Receptors (RARs, NR1B)

Retinoic acid receptors (RARs) are another main point of interest in NR influence on
MSC fate. RARS comprise a family of three genes: RARα (NR1B1), RARβ (NR1B2), and
RARγ (NR1B3) [8]. RAR is well-studied for its extensive role in embryonic development.
RA and RARs have been associated with the differentiation of various cell types. In the
developing nervous system, for example, RA signaling is vital for the induction of neuronal
phenotypes [91]. It drives the expression of genes that promote neuronal identity and
other transcription factors, including NeuroD and Pax6 [91], both of which are key in
neuronal lineage specification and the maturation of neural precursors. Similarly, in MSCs,
RA/RARs regulate gene networks that balance stem cell lineage commitment. For instance,
RA signaling impacts the expression of transcription factors such as Runx2 as well as genes
linked to adipogenesis like PPARγ and C/EBP family members; however, its specific role
can vary with cellular context and differentiation stage [92,93]. Ligand binding to RAR
triggers a displacement of corepressors and a recruitment of coactivators to the already
chromatin-bound receptor heterodimer [94]. This mechanism is essential in directing stem
cell differentiation for processes such as osteogenesis and chondrogenesis.

Activation of RARγ has been shown to influence osteoblast differentiation [92]. Studies
involving RARγ-deficient mice demonstrated alterations in bone structure, suggesting that
RARγ is essential for normal osteoblast function and skeletal homeostasis [95]. During
early chondrogenic differentiation, suppression of RAR activity is crucial for the expression
of pro-chondrogenic genes like SOX9 [96]. Interestingly, in an opposite fashion, activation
of RARs by ligands such as all-trans retinoic acid can inhibit chondrogenesis and promote
hypertrophic differentiation, leading to ossification [97]. Pharmacological inhibition of
RARs using inverse agonists (e.g., BMS204493) was shown to attenuate hypertrophy in
chondrogenically differentiated MSCs, stabilizing engineered cartilage tissues [98].

3.15. The Retinoid X Receptors (RXRs, NR2B)

Retinoid X Receptors (RXR) comprise a family of three genes encoding RXRα (NR2B1),
RXRβ (NR2B2), and RXRγ (NR2B3) [8]. RXRs play a key role in nuclear receptor signaling
since they are obligate heterodimeric partners for a large group of receptors, including RARs,
TRs, VDR, PPARs, PXR, FXR, and LXR [99]. RXRs can also signal as homodimers. RXR
can form permissive heterodimers in which the RXR half can be activated by ligand and
non-permissive heterodimers wherein the RXR is silent [99]. RXR homodimers allow for the
integration of signals from different ligands and pathways, giving them a broad role in physi-
ology [99]. In MSCs, RXR-containing heterodimers integrate signals that drive lineage-specific
differentiation [100]. RXR activation in MSCs promotes de-repression of genes required
for adipogenic commitment, pushing the MSCs to the adipogenic lineage at the expense of
bone [100]. Intriguingly, activation of RXR during MSC differentiation into adipocytes leads
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to the production of dysfunctional adipocytes with impaired glucose uptake, blunted expres-
sion of the antidiabetic hormone adiponectin, and elevated expression of proinflammatory
and profibrotic genes [101]. Loss of RXR signaling in hematopoietic stem cells leads to the
production of dysfunctional osteoclasts, which results in increased bone mass in male and
female mice [102]. Overall, it is now clear that RXR plays a key role in bone remodeling both
via its action in RXR homodimers and through a variety of heterodimers [103].

3.16. The Thyroid Hormone Receptors (TR, NR1A)

The thyroid hormone receptors TRα (NR1A1) and TRβ (NR1A2) [8] are important
regulators of metabolism [104]. The thyroid hormone, through TRs, has multiple functions
in MSC biology. Early TR activation enhances osteogenic differentiation by upregulating
Runx2 and osterix to promote bone formation and mineralization [105]. Thyroid hormone
also potentiates the action of bone morphogenetic protein 9 on the induction of BM-
MSCs into osteocytes [106]. TR signaling exerts an inhibitory effect on the proliferation of
adipocytes while at the same time being an important factor in the expression of adipogenic
genes [107]. Thyroid hormone is also an important factor in the differentiation and function
of thermogenic brown and beige adipocytes [107,108].

3.17. The Vitamin D Receptor (VDR, NR1I1)

The Vitamin D Receptor (VDR, NR1I1) [8] finds its place in MSC differentiation in the
regulation of osteogenesis [109]. VDR is activated by the ligand 1,25-dihydroxyvitamin D3,
a hormonal form of vitamin D3, and functions as a heterodimer with RXR to bind DNA
and regulate gene expression [8]. The liganded VDR up-regulates expression of osteocyte
marker genes such as alkaline phosphatase, osteopontin, and osteocalcin [109]. Vitamin D3
also stimulates adhesion of MSCs to the substrate, which is a key factor in commitment to the
osteogenic lineage [110]. VDR is also important for bone remodeling after differentiation [111].
Lastly, vitamin D3 was recently shown to reduce senescence in BM-MSCs by stimulating
pluripotency markers, as well as those important for osteogenic differentiation potential [112].

3.18. Aryl Hydrocarbon Receptor (AhR)

The aryl hydrocarbon receptor (AhR) is not a canonical nuclear receptor but is often
grouped with NRs when discussing gene regulation because it functions as a ligand-
modulated transcription factor in response to exogenous signals. AhR plays a complex
regulatory role in MSC fate. AhR exerts pro-inflammatory effects, promoting the mainte-
nance of multipotency, and activation of AhR by endogenous or exogenous ligands was
shown to inhibit both adipogenesis and osteogenesis. This is accomplished by suppression
of lineage-specific transcription factors such as PPARγ and RUNX2, which are essential
for adipocyte and osteoblast differentiation, respectively [113,114]. These inhibitions have
been investigated using multiple AhR ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), resulting in disruption of osteogenic differentiation in human bone-derived MSCs
(hBM-MSCs) in vitro [113]. There have been reports of AhR influencing chondrogenic dif-
ferentiation as well, although this has been discordant in the scientific literature [115,116].
Additionally, AhR is heavily implicated in immune function and specifically macrophage
differentiation. AhR activation elicits increased expression of inflammatory cytokines IL-6
and TNF-α, creating an inflammatory microenvironment likely to influence MSC immune
responsiveness [114]. AhR signaling also supports preservation of MSC multipotency by
blocking lineage commitment. This helps to maintain stemness and allows cells to remain
in an undifferentiated state.
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4. The Danger of Exogenous Signaling
As ligand-modulated transcription factors that bind small molecules, nuclear receptors

are susceptible to their signaling being disrupted by small molecules with similar proper-
ties to their ligands, such as dietary and xenobiotic chemicals [117]. Endocrine-disrupting
chemicals (EDCs) were first defined as those that could disrupt signaling through estrogen-,
androgen-, or thyroid hormone-related pathways. This definition was formalized to include
nuclear receptor signaling in general, and the effects of such EDCs have been discussed
in numerous review articles. Of particular note are an exhaustive report by the United
Nations Environmental Program/World Health Organization [118], two by the Endocrine
Society [119,120], and another by an expert working group that delineated the key char-
acteristics (KCs) of EDCs [117]. KCs are particularly useful in discussing the effects of
chemicals and other agents that may disrupt various physiological pathways because they
are agnostic toward a particular pathway of action, and most EDCs and other types of
disruptive chemicals target multiple pathways. EDCs mimic endogenous ligands and can
derail endocrine signaling in a variety of ways, including increasing activity, decreasing ac-
tivity, and/or exerting effects at the wrong time or place during development or physiology.
These disturbances endanger both tissue homeostasis and various functional developmen-
tal processes. Recent years have seen an increase in studies about the epigenetic effects
of EDCs [121,122] and that their effects may be transmitted to future generations without
further exposure [123]. The fact that the effects of EDC exposure can be passed down the
generations to unexposed offspring presents a particularly difficult public health concern.

Before considering the effects of EDCs on MSCs, it is useful to consider the concept
that EDCs and other agents can influence metabolism in a variety of ways that may be
detrimental to the organism. These were termed “metabolism disrupting agents”, and a
recent position paper delineated the key characteristics of these metabolism-disrupting
agents [124]. Metabolism-disrupting agents disrupt various aspects of metabolism, and
an important subset of these, the obesogens, are pertinent to our discussion. Obesogens
are agents (mostly EDCs) that elicit obesity, or a predisposition to obesity in exposed
individuals or their offspring [125–127]. One obesogen that has been well-studied with
respect to its effects in vitro and in vivo is tributyltin (TBT), a common environmental
contaminant. TBT disrupts nuclear receptor signaling by aberrantly activating both PPARγ
and RXR [128–131]. When pregnant mouse dams were exposed to low, environmentally
relevant doses of TBT throughout pregnancy or pregnancy and lactation, male descendants
through at least the F4 generation were predisposed to obesity and insulin intolerance
when dietary fat was increased modestly (13% to 21% Kcal from fat) [132–134]. When TBT
enters the cell, it diffuses into the nucleus and binds directly to the ligand-binding domains
of RXR and PPARγ [128,135]. This misdirected activation forces MSCs to favor adipogenic
differentiation over osteogenic differentiation [100,136]. Therefore, TBT exposure alters
MSC fate by diverting cells toward the adipogenic pathway at the expense of bone. As noted
above, RXR activation in MSCs promotes de-repression of genes required for adipogenic
commitment [100] and favors the development of dysfunctional adipocytes with impaired
glucose uptake, blunted expression of the antidiabetic hormone adiponectin, and elevated
expression of proinflammatory and profibrotic genes [101]. Male mice whose ancestral
dams were exposed to TBT throughout pregnancy and lactation show gene expression
pathways indicative of similar alterations in MSC fate and do not respond to fasting by
mobilizing stored fat compared with controls [132]. A variety of cell-based assays are being
developed to test the effects of obesogens on MSCs and other cells [126], but we argue that
future studies directed toward identifying other agents that alter MSC lineage commitment,
specification, and differentiation are warranted and will be important.
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5. Conclusions and Future Directions
In this review, we have defined a central role for nuclear receptors in steering MSC

differentiation and touched on how these factors coordinate the complex process of MSC
lineage commitment and differentiation. Together, these findings emphasize the importance
of understanding nuclear receptor function in both normal physiology and in the context
of external perturbations. While the concept of endocrine disruption is important, the
endocrine system has many signaling pathways not mediated by nuclear receptors (e.g.,
insulin and other peptide hormones), and any disruption of endocrine disruption should
also consider these other pathways. Beyond the endocrine system, in principle, any ligand-
mediated signaling pathway (e.g., growth factor signaling) is susceptible to disruption by
agents that alter the signaling pathway. This has been termed “signal toxicity” and is a
widely underappreciated field of study [137]. There are hundreds of “druggable” receptors
that are targets for clinically useful drugs, and drugs are nothing more than chemicals that
have been identified as being useful to treat a particular medical condition. Studies aiming
at identifying the effects of drugs, natural and xenobiotic chemicals on MSC potential will
have broad implications for understanding disease and for efforts in regenerative medicine
to exploit the multi-lineage potential of MSCs for tissue engineering.
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FXR Farnesoid X receptor
GR Glucocorticoid Receptor
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