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Abstract
Obesity and osteoporosis are interrelated global health challenges, both characterized by dysregulated bone metabolism and 
adipose tissue dynamics, contributing to increased fracture risk and systemic complications. Emerging evidence underscores 
the pivotal role of microRNAs (miRNAs) as regulatory molecules governing the intricate balance between adipogenesis and 
osteogenesis, thereby providing a molecular link between these two conditions. Both disorders are characterized by intricate 
alterations in bone metabolism and adipose tissue dynamics, which increase the risk of fractures and systemic complications. 
Recent advancements in molecular biology have identified miRNAs as crucial regulators of these disorders, influencing the 
differentiation of bone marrow mesenchymal stem cells (BMSCs) into osteoblasts (bone-forming cells) and adipocytes (fat-
storing cells). This review provides a comprehensive analysis of the dual role of miRNAs in modulating osteogenesis and 
adipogenesis, with a particular focus on their implications in disease progression and therapeutic strategies. It first explores 
how specific miRNAs regulate critical energy metabolism, inflammation, and bone remodeling pathways. By integrating 
insights from molecular biology, endocrinology, and clinical practice, the review highlights the therapeutic potential of 
miRNA-based interventions. Targeting specific miRNAs could restore the balance between adipogenesis and osteogenesis, 
offering innovative approaches to simultaneously address obesity and osteoporosis. These proposed strategies hold promise 
for improving patient outcomes by mitigating fracture risk, enhancing bone density, and addressing metabolic dysfunctions 
associated with obesity. Ultimately, future research should focus on translating these molecular insights into clinical applica-
tions to develop effective therapies that tackle the complex interplay between these prevalent conditions.

Keywords  Adipogenesis · Bone Metabolism · MicroRNAs · Molecular Therapy · BMSCs Differentiation · Obesity · 
Osteogenesis · Osteoporosis

Introduction

Obesity and osteoporosis are two prevalent global health 
issues significantly affecting morbidity and mortality rates, 
creating a substantial burden on healthcare systems world-
wide [1]. Both conditions are characterized by notable 
alterations in bone metabolism and adipose tissue dynam-
ics, which together lead to an increased risk of fractures and 
a range of systemic complications [2]. Recent research has 
accentuated the critical role of microRNAs (miRNAs) as key 
regulators in the pathogenesis of these diseases, suggesting 
their significance as valuable biomarkers and therapeutic 
targets [3].

miRNAs are small, non-coding RNA molecules playing 
a fundamental role in the post-transcriptional regulation of 
gene expression [4]. They are involved in various biologi-
cal processes, including the differentiation of bone marrow 
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mesenchymal stem cells (BMSCs) into osteoblasts, the cells 
responsible for bone formation, and adipocytes, the cells that 
store fat [5]. The interplay between obesity and osteoporosis 
is particularly concerning, as the accumulation of visceral 
fat can significantly exacerbate the progression of osteopo-
rosis through the promotion of adipogenesis, the process 
by which pre-adipocytes develop into mature adipocytes, at 
the expense of osteogenesis, the formation of new bone tis-
sue [6]. Such a shift impairs bone mineralization and alters 
the bone microenvironment, rendering it less conducive to 
regeneration and repair [7].

The relationship between obesity and osteoporosis is 
further complicated by the inflammatory environment asso-
ciated with excess adipose tissue [8]. Adipose tissue, far 
from being a passive fat storage depot, functions as an active 
endocrine organ that secretes pro-inflammatory cytokines 
and adipokines [9] which negatively affect bone health 
by promoting osteoclastogenesis, thereby increasing bone 
resorption and decreasing bone density [10]. Therefore, the 
dual burden of obesity and osteoporosis can create a vicious 
cycle, wherein the presence of one condition exacerbates 
the other, leading to a heightened risk of fractures and other 
skeletal-related events [11].

Recent studies have shown that specific miRNAs are 
upregulated in conditions of obesity and osteoporosis, sug-
gesting their potential as biomarkers for disease progres-
sion and therapeutic targets [12]. Certain miRNAs regulate 
pathways that influence both adipocyte differentiation and 
osteoblast function, thereby establishing a molecular con-
nection between these two conditions [13].

This narrative review aims to consolidate knowledge on 
miRNA-based therapies for obesity and osteoporosis. The 
role of miRNAs in regulating the differentiation of BMSCs 
and their involvement in bone remodeling will be exam-
ined. The complex networks of miRNA interactions hold 
the potential for targeted interventions addressing the inter-
connected nature of these disorders, ultimately enhancing 
patient outcomes. As research progresses, further investi-
gation into the roles of miRNAs in these conditions is cru-
cial, as they offer significant potential to improve both the 
understanding and treatment of obesity and osteoporosis 
on a global scale. By integrating insights from molecular 
biology, endocrinology, and clinical practice, comprehen-
sive strategies can be developed to address both the symp-
toms and underlying mechanisms of these diseases, thereby 
enhancing the quality of life for affected individuals.

The role of miRNAs in obesity

Obesity is a complex condition characterized by an exces-
sive buildup of adipose tissue, which increases the risk of 
various metabolic disorders, such as type 2 diabetes and 

cardiovascular disease [14]. Recent research has illuminated 
the critical role of miRNAs in regulating essential biological 
processes linked to obesity, particularly in the areas of adi-
pogenesis, energy balance, and insulin sensitivity (Table 1) 
[15].

miRNAs regulating energy metabolism

miR-143/145 serve as vital regulators of fatty acid oxida-
tion and glucose uptake in adipocytes, impacting metabolic 
pathways crucial for maintaining energy balance and insu-
lin sensitivity [16]. miR-155 is implicated in inflammatory 
responses and the development of insulin resistance, exac-
erbating the chronic inflammation often observed in obesity, 
thus impairing metabolic function [17]. miR-221 influences 
fat metabolism by modulating the action of leptin and tumor 
necrosis factor-alpha (TNF-α). Its upregulation in obesity 
aligns with its capacity to affect metabolic processes linked 
to the functionality of adipose tissue. miR-26b, which is 
involved in regulating brown adipogenesis and energy dissi-
pation, targets genes involved in white adipose tissue devel-
opment, thereby fostering increased energy expenditure, 
which is crucial for combating obesity. miR-34a is involved 
in the regulation of pivotal metabolic pathways and apop-
tosis. Table 1 provides further information on the impact of 
miRNAs on energy metabolism.

The role of miRNA in bone turnover

miRNAs have emerged as crucial regulators of bone homeo-
stasis, influencing the dynamic equilibrium between bone 
formation and resorption. These small non-coding RNAs 
modulate gene expression post-transcriptionally, affecting 
key cellular processes such as osteoclastogenesis, osteoclas-
togenesis, and mesenchymal stem cell differentiation. Dys-
regulation of miRNAs has been implicated in various bone 
disorders, including osteoporosis, were imbalances in bone 
remodeling led to reduced bone mass and structural fragil-
ity. Understanding the role of miRNAs in bone turnover 
provides insights into their potential as therapeutic targets 
for bone-related diseases. This section explores the intricate 
functions of miRNAs in regulating the balance between adi-
pogenesis and osteogenesis, as well as their specific involve-
ment in osteoporosis pathogenesis.

miRNAs regulating the delicate balance 
of adipogenesis and osteogenesis

The balance between adipogenesis and osteogenesis is criti-
cal for maintaining skeletal integrity and overall health. In 
the context of obesity, there is a marked upregulation of sign-
aling pathways that favor the differentiation of mesenchymal 
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stem cells (MSCs) into adipocytes rather than osteoblasts. 
This shift not only reduces the rate of new bone formation 
but also compromises the structural quality of existing bone, 
making it more susceptible to fractures and other skeletal 
lesions [26, 27].

miRNAs play a pivotal regulatory role in this context. 
Specific miRNAs, such as miR-27a, are instrumental in 
promoting the differentiation of bone marrow BMSCs into 
adipocytes by targeting genes involved in lipid metabolism 
[28]. Conversely, other miRNAs, such as miR-21, are known 
to enhance osteogenic differentiation and promote bone for-
mation by modulating key signaling pathways associated 
with osteoclastogenesis [29]. Regarding their significant 
role in bone turnover, targeting miR-27a and miR-21 holds 
significant potential for improving bone health by regulating 
key processes such as osteogenesis and osteoclastogenesis. 
Modulating specific miRNAs could enhance bone formation, 
reduce resorption, and restore balance in bone remodeling, 
contribution a promising approach for treating osteoporosis 
[30].

Inhibition of miR-27a holds significant potential for the 
treatment of osteoporosis, given its key role in promoting 
adipogenesis and inhibiting osteogenesis. By modulating 
lipid-related pathways, strategies to suppress miR-27a could 
mitigate excessive fat accumulation while simultaneously 
promoting osteogenic differentiation [30]. Restoring the bal-
ance between adipogenesis and osteogenesis through miR-
27a inhibition may enhance both metabolic function and 

skeletal health, offering a promising therapeutic approach 
for osteoporosis management [31].

Given its critical role in enhancing osteogenic differentia-
tion of MSCs through modulation of key signaling pathways, 
including the SMAD7-SMAD1/5/8-RUNX2 axis, miR-21 
promotes bone formation and increases bone density [32, 
33]. Additionally, it addresses metabolic dysfunctions often 
associated with obesity. Targeting miR-21 could reduce 
fracture risk while simultaneously regulating metabolic pro-
cesses, making it a promising candidate for therapeutic inter-
ventions [34]. Its dual functionality in both bone formation 
and metabolic regulation highlights its therapeutic potential 
for treating osteoporosis and related metabolic disorders.

The role of miRNAs in osteoporosis

Osteoporosis is a systemic skeletal condition characterized 
by a pronounced decline in bone mass and an elevated risk 
of fractures. This disorder results from an imbalance in 
bone remodeling, wherein the resorption of bone by osteo-
clasts exceeds the formation of bone by osteoblasts [35]. 
Recent studies have highlighted the pivotal role of miRNAs 
as essential regulators of bone metabolism, influencing the 
differentiation and functional activity of both osteoblasts and 
osteoclasts [36].

In the pathology of osteoporosis, several specific miR-
NAs have been extensively studied and identified as key 
contributors to bone metabolism.

Table 1   miRNA role in obesity: mechanism of action therapeutic potential

miRNA Role in Obesity Mechanism of Action Therapeutic Potential

miR-27a Promotes the differentiation of preadipo-
cytes into mature adipocytes

Downregulates lipid metabolism genes, 
enhancing fat storage

Targeting miR-27a may reverse obesity-
related metabolic issues [18]

miR-143/145 Regulates fatty acid oxidation and glu-
cose uptake in adipocytes

Modulates pathways critical for energy 
balance and insulin sensitivity

Potential biomarkers for metabolic health 
[16]

miR-155 Contributes to inflammation and insulin 
resistance

Influences metabolic pathways, promot-
ing chronic inflammation

Targeting miR-155 may alleviate insulin 
resistance [17]

miR-221 Modulates fat metabolism through leptin 
and TNF-α

Upregulated in obesity; affects adipose 
tissue metabolic processes

May serve as a target for therapeutic inter-
ventions [19]

miR-26b Associated with brown adipogenesis and 
energy expenditure

Targets white fat gene expression, pro-
moting energy dissipation

Could enhance brown fat content to com-
bat obesity [20]

miR-34a Regulates metabolic pathways and 
apoptosis

Modulates genes linked to energy 
metabolism and inflammation

May be targeted to improve insulin sensi-
tivity and reduce obesity [21]

miR-122 Involved in lipid metabolism and liver 
function

Regulates hepatic lipid metabolism and 
cholesterol balance

Potential to target for treating liver-related 
obesity conditions [22]

miR-193b Regulates ectopic fat deposition and 
glucose metabolism

Modulates pathways affecting insulin 
sensitivity and adipogenesis

May offer new strategies for managing 
body fat distribution [23]

miR-126 Involved in endothelial function and 
inflammation

Regulates angiogenesis, potentially influ-
encing vascular dynamics in adipose 
tissue

Exploring its role in promoting metabolic 
health in obesity [24]

miR-708 Linked to lipid accumulation and 
obesity-induced inflammation

Targets pathways related to lipid metabo-
lism and inflammation

Could be a therapeutic target for obesity-
related metabolic disorders [25]
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miR-21 is recognized for its significant role in promot-
ing osteogenic differentiation in MSCs. miR-21 modulates 
critical signaling pathways, particularly the SMAD7-
SMAD1/5/8-RUNX2 axis, which is essential for the matura-
tion and functional competence of osteoblasts. By enhancing 
the expression of key osteogenic factors, miR-21 not only 
facilitates bone formation and mineralization but also plays 
a protective role against the bone loss commonly associated 
with osteoporosis [37].

miR-34a is rrenowned for its inhibitory effects on osteo-
clastogenesis, and it is integral in mitigating bone resorption. 
This miRNA impacts target genes that govern the differ-
entiation and activity of osteoclasts, thereby contributing 
to the maintenance of bone density and overall structural 
integrity [38]. Furthermore, miR-34a’s influence on inflam-
matory pathways linked to obesity suggests that targeting 
this miRNA may simultaneously address chronic inflamma-
tion and metabolic dysfunction, providing a comprehensive 
strategy for managing both osteoporosis and related meta-
bolic conditions.

miR-702-5p has been implicated in diabetic osteoporo-
sis, acting to regulate both the proliferation and mineraliza-
tion of osteoblasts via the OGN/Runx2 signaling pathway. 

Dysregulation of miR-702-5p may lead to impaired bone 
formation observed in diabetic patients, indicating that 
restoring its normal activity could provide new therapeutic 
strategies for addressing osteoporosis in this demographic 
[39]. Table 2 provides further information and examples of 
the miRNAs involved in the regulation of bone turnover.

Therapeutic potential of targeting miRNAs in osteoporosis

Research has identified several potential therapeutic impacts 
of various miRNAs for managing osteoporosis. miR-19a-3p 
has been demonstrated to promote osteogenic differentiation, 
potentially decelerating the progression of osteoporosis [48]. 
By inhibiting histone deacetylase 4 (HDAC4), miR-19a-3p 
enhances the expression of osteogenic markers, facilitating 
the transition of MSCs into osteoblasts and thereby contrib-
uting to bone formation [49]. miR-221 is recognized for its 
role in suppressing osteoclastogenesis, offering a strategic 
approach to improve bone density by reducing the differ-
entiation and activity of osteoclasts, which are responsible 
for bone resorption [50]. Targeting miR-221 could there-
fore help establish a favorable balance between bone forma-
tion and resorption, addressing a fundamental concern in 

Table 2   miRNAs in osteoporosis: mechanism of action and therapeutic potential

SMAD: Suppressor of Mothers Against Decapentaplegic. RANKL: Receptor Activator of Nuclear factor Kappa-β Ligand. OPG: Osteoprote-
gerin. MMP: Matrix Metalloproteinases. NF-κB: Nuclear Factor Kappa Light Chain Enhancer of Activated B Cells. OGN: Osteoglycin.

miRNA Role in Osteoporosis Mechanism of Action Therapeutic Potential

miR-21 Promotes osteogenic differentiation in 
MSCs

Modulates the SMAD7-SMAD1/5/8-
RUNX2 signaling pathway, promoting 
osteoblast maturation and function

Targeting miR-21 may help prevent 
osteoporosis-related bone loss [37]

miR-34a Inhibits the formation of osteoclasts, 
reducing bone resorption

Targets genes involved in osteoclast 
differentiation and activity, helping 
maintain bone density

A promising therapeutic target for osteo-
porosis management [38]

miR-702-5p Regulates osteoblast proliferation and 
mineralization in diabetic osteoporosis

Influences the OGN/Runx2 signaling 
pathway; dysregulation is related to 
poor bone formation

Restoring miR-702-5p function may assist 
in diabetic osteoporosis treatment [39]

miR-146a Involved in inflammatory responses 
affecting bone metabolism

Regulates osteoclast activity and inflam-
matory cytokine production, impacting 
bone remodeling

Potential target for managing inflamma-
tion-related bone loss [40]

miR-133a Modulates osteoblast differentiation and 
function

Affects key transcription factors involved 
in osteogenesis

Targeting miR-133a could enhance bone 
formation [41]

miR-29 Regulates bone extracellular matrix 
composition

Suppresses matrix metalloproteinases 
(MMPs), influencing remodeling

Targeting miR-29 could improve bone 
quality [42]

miR-129 Enhances osteogenic differentiation in 
stem/progenitor cells

Regulates genes associated with osteo-
blast differentiation

Potential role in enhancing bone regenera-
tion [43]

miR-503 Inhibits osteoclast genesis and promotes 
osteoblast function

Modulates RANKL and OPG expres-
sions, balancing cell activity

Could be a therapeutic target to prevent 
bone loss [44]

miR-219 Crucial for osteoblast differentiation and 
bone formation

Targets inhibitors of osteogenesis to 
facilitate osteoblast maturation

improve therapeutic strategies for osteopo-
rosis [45]

miR-146b Regulates osteoclast differentiation and 
bone resorption

Involves the NF-κB pathway, affecting 
inflammation and metabolism

Potential target for treating inflammation-
related osteoporosis [46]

miR-185 Involved in bone remodeling and develop-
ment

Modulates genes related to both osteo-
clasts and osteoblasts

May provide insights into new therapeutic 
strategies in osteoporosis [47]
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osteoporosis [51]. Emerging evidence suggests that miR-132 
may regulate osteoblast activity and bone formation [52]. By 
targeting genes within the Wnt signaling pathway, miR-132 
promotes osteogenic differentiation, presenting it as a viable 
candidate for therapeutic intervention in osteoporosis [52].

miR-146a known for its involvement in inflammatory pro-
cesses, modulates osteoclast activity and cytokine produc-
tion [40]. By influencing these mechanisms, miR-146a may 
serve as a therapeutic target for managing inflammation-
related bone loss, particularly in cases of postmenopausal 
osteoporosis [53]. miR-29b is associated with the regulation 
of extracellular matrix components and bone remodeling. By 
downregulating matrix Metalloproteinases (MMPs), miR-
29b may improve bone quality and density, representing a 
novel target for osteoporosis treatment [54].

The identification and characterization of these miRNAs 
not only enhance our understanding of the molecular founda-
tions of osteoporosis but also underscore their potential as 
innovative therapeutic agents [12]. By selectively targeting 
miRNAs involved in bone remodeling, it may be possible 
to devise novel treatment strategies that effectively address 
both the prevention and management of osteoporosis [55]. 
As research further elucidates the complex roles of miRNAs 
in bone metabolism, their potential application in clinical 
settings as biomarkers and therapeutic targets will likely 
improve patient care and outcomes in osteoporosis treat-
ment [56].

Combining therapeutic insights from obesity 
and osteoporosis

The intricate interrelationship between obesity and osteo-
porosis offers a unique opportunity for the development of 
integrative therapeutic strategies. Both conditions share 
common underlying molecular mechanisms, particularly 
those involving the regulation of bone metabolism and adi-
pose tissue dynamics. Recent research has demonstrated that 
the accumulation of visceral adipose tissue not only exacer-
bates the progression of osteoporosis but also significantly 
influences the systemic metabolic environment. This creates 
a detrimental cycle where each condition exacerbates the 
other, negatively affecting overall health [57].

Dual‑targeting approach

The formulation of dual-targeting therapeutic strategies cen-
tered on miRNA modulation presents a compelling approach 
to tackle the interrelated pathways of obesity and osteoporo-
sis. By focusing on miRNAs that concurrently regulate adi-
pogenic and osteogenic processes, practitioners can devise 
more effective treatment regimens that directly address 
the underlying etiological factors of these conditions. For 

instance, a therapeutic strategy that targets miR-27a to 
inhibit fat accumulation while simultaneously promoting 
bone formation through the enhancement of miR-21 could 
yield synergistic effects, significantly advancing both meta-
bolic and skeletal health [30, 58].

Moreover, the benefits of such dual-targeting strategies 
could extend beyond mere enhancements in bone density 
and reductions in fracture risk. By simultaneously address-
ing issues such as insulin resistance, chronic inflamma-
tion, and other metabolic dysfunctions related to obesity, 
miRNA-based therapies could offer a complete model of 
patient care. This integrated approach has the potential to 
disrupt the vicious cycle often observed between obesity 
and osteoporosis, ultimately developing improved clinical 
outcomes and significantly enhancing the quality of life for 
individuals affected by these interconnected conditions [27, 
57]. By aligning therapeutic strategies with the biological 
mechanisms involved, researchers and clinicians can develop 
comprehensive treatments that address both symptoms and 
root causes of obesity and osteoporosis.

Horizon in clinical applications of miRNAs 
as biomarkers for treatment monitoring

Recent research has investigated the potential of circulating 
miRNAs as biomarkers for assessing therapeutic responses 
in patients with osteoporosis, particularly those receiving 
treatments such as denosumab [59]. Specific changes in 
miRNA levels have been linked to improvements in bone 
mineral density (BMD) and variations in bone turnover 
markers (BTMs), indicating their practical application 
in clinical settings for evaluating treatment effectiveness 
[60–63]. A longitudinal study revealed that after two years 
of denosumab therapy, several miRNAs showed significant 
alterations that corresponded with enhanced BMD and 
reduced BTMs [64] (Fig. 1).

This finding underscores the promising role of these mol-
ecules in monitoring patient progress and responses to treat-
ment. Thus, further exploration of the mechanistic pathways 
by which miRNAs influence bone metabolism is necessary 
to validate their reliability as indicators of therapeutic out-
comes [65].

Challenges and future directions

Despite the considerable promise that miRNAs hold for the 
treatment of conditions such as obesity and osteoporosis, a 
range of significant challenges must be addressed to improve 
their clinical applicability [66]. One of the foremost obsta-
cles in the deployment of miRNA therapies is the effective 
delivery of these molecules to their intended target tissues 
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[67]. The intrinsic properties of RNA oligonucleotides cre-
ate substantial barriers; they are prone to degradation by 
nucleases, exhibit low permeability across cellular mem-
branes, and are swiftly eliminated from circulation through 
renal processes [68]. Collectively, these factors complicate 
the successful targeting and delivery of miRNAs to the req-
uisite sites of action. As a result, there is a pressing need for 
innovative delivery mechanisms that enhance the stability 
and bioavailability of miRNA therapeutics in vivo [69].

In addition to delivery issues, ensuring the specificity of 
miRNA-based interventions remains a critical challenge. 
Each miRNA has the potential to interact with numerous 
mRNA targets, which increases the risk of off-target effects. 
These unintended interactions can lead to adverse outcomes 
and toxicity, thereby complicating the therapeutic frame-
work surrounding miRNA applications [70]. Addressing 
these issues is paramount for the successful transition of 
miRNA therapies into clinical practice, particularly in treat-
ing conditions like obesity and osteoporosis, where the pre-
cise modulation of gene expression is essential for achieving 
optimal therapeutic results. Consequently, overcoming these 
barriers—both in terms of delivery and specificity—must be 
prioritized to unlock the full potential of miRNA therapies 
in the management of obesity and osteoporosis, conditions 
that demand nuanced and targeted approaches for effective 
treatment.

Conclusion

The exploration of miRNA therapies offers a revolution-
ary method for addressing the treatment of obesity and 
osteoporosis by targeting essential regulatory pathways 
involved in these multifaceted disorders [71]. The diverse 
and intricate roles that miRNAs play in modulating gene 
expression and cellular processes highlight their signifi-
cant potential as therapeutic agents capable of impacting 
various biological functions [72]. As ongoing research 
progresses, it is critical to enhance our understanding of 
the precise mechanisms through which miRNAs exert their 
effects, particularly concerning adipogenesis—the process 
of fat cell formation—and osteogenesis, the formation of 
bone tissue [73].

The continued examination of various delivery mecha-
nisms for miRNA-based therapies is paramount to improv-
ing their therapeutic efficacy and ensuring that these mol-
ecules are successfully directed to target tissues [67]. Recent 
advancements in nanotechnology, along with other sophis-
ticated delivery systems, show great promise in addressing 
the challenges associated with the stability and bioavailabil-
ity of miRNAs in clinical environments. Effective delivery 
systems can enhance the therapeutic potential of miRNAs 
by protecting them from degradation and facilitating their 
uptake by target cells [74].

Fig. 1   The roles of specific miRNAs (miR-21, miR-29a, miR-135, 
miR-146a, and miR-199a [60–63] as biomarkers in osteoporosis. 
These miRNAs play crucial roles in regulating bone health, influenc-

ing factors such as bone mineral density (BMD), bone turnover mark-
ers (BTMs), treatment responses, and osteoclast differentiation
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Furthermore, robust clinical trials are essential to sub-
stantiate the therapeutic applications of specific miRNAs, 
as these studies will assess their safety and efficacy across 
diverse patient demographics [75]. Such rigorous evalu-
ation is necessary not only to determine the effectiveness 
of miRNA therapies but also to elucidate their potential 
as biomarkers for monitoring disease progression. This 
understanding can subsequently aid in developing person-
alized treatment approaches tailored to the unique needs of 
individual patients, thereby enhancing overall therapeutic 
outcomes [76].

Additionally, emerging research investigating the 
influence of gut microbiota on miRNA activity presents 
an intriguing area for future studies. The gut microbiome 
plays a critical role in various metabolic processes, and 
understanding how it modulates miRNA expression could 
yield valuable insights into the relationship between meta-
bolic health and bone integrity [77]. Insights gained from 
this research may inform more effective therapeutic strate-
gies for managing obesity and osteoporosis, integrating the 
role of the microbiota in treatment plans.

In conclusion, although there are considerable chal-
lenges to overcome in applying miRNA research clinically, 
the potential benefits of miRNA therapies are substantial. 
By systematically addressing these challenges through 
dedicated research, the scientific community can develop 
innovative treatments that target obesity and osteoporo-
sis while enhancing overall health outcomes for those 
affected. The future of miRNA-based therapies appears 
promising, positioning them as essential in managing these 
widespread health issues.

Acknowledgements  The authors wish to acknowledge the contribu-
tion of artificial intelligence (AI) tools in preparing and enhancing this 
manuscript. AI was specifically utilized for language editing, format-
ting, and generating relevant references. It is important to emphasize 
that all intellectual content and conclusions in this work are solely 
those of the authors, with AI functioning only as a tool to improve 
clarity and coherence.

Author contributions  Sakhavat Abolhasani and Yasin Ahmadi led the 
study, with Yavar Rostami and Mostafa Bafandeh Zendeh assisting in 
editing and providing resource support. Davood Fattahi conducted the 
final revision of the manuscript. All authors collaborated on writing, 
with Sakhavat Abolhasani and Davood Fattahi overseeing the process.

Funding  This research did not receive any specific grants from funding 
organizations in the public, commercial, or non-profit sectors.

Data availability  The datasets gathered and examined in this study can 
be obtained from the corresponding author upon a reasonable request. 
Additionally, the names of the repositories and their reference numbers 
are accessible in online repositories.

Declarations 

Ethics approval and consent to participate  This research was a review, 
and no participants took part; therefore, ethics approval and consent to 
participate were not required.

Consent for publication  Not applicable.

Competing interests  The authors declare that they have no relevant 
financial or non-financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Singer AJ, Sharma A, Deignan C, Borgermans L. Closing the gap 
in osteoporosis management: the critical role of primary care in 
bone health. Curr Med Res Opin. 2023;39(3):387–98.

	 2.	 King S, Klineberg I, Brennan-Speranza TC. Adipose tissue dys-
function: Impact on bone and osseointegration. Calcif Tissue Int. 
2022;110(1):32–40.

	 3.	 Vaghf A, Khansarinejad B, Ghaznavi-Rad E, Mondanizadeh M. 
The role of microRNAs in diseases and related signaling path-
ways. Mol Biol Rep 2022 1–13.

	 4.	 Zanoaga O, Braicu C, Jurj A, Berindan-Neagoe I. MicroRNA-
mediated transcriptional and posttranscriptional regulation. 
MicroRNA: Elsevier; 2022. p. 141–52.

	 5.	 Zhang H, Wang L, Chen X. Differentiation and Regulation of 
Bone Marrow Mesenchymal Stromal Cells. Front Mol Biosci. 
2022;9:950930.

	 6.	 Gkastaris K, Goulis DG, Potoupnis M, Anastasilakis AD, 
Kapetanos G. Obesity, osteoporosis and bone metabolism. J Mus-
culoskelet Neuronal Interact. 2020;20(3):372.

	 7.	 Zou Y, Cai S, Lin H, Cai J, Zheng DL, Lu YG, Xu L. Experimen-
tal functional shift–induced osteoarthritis-like changes at the TMJ 
and altered integrin expression in a rat model. Ann N Y Acad Sci. 
2022;1511(1):210–27.

	 8.	 Terzoudis S, Zavos C, Koutroubakis IE. The bone and fat con-
nection in inflammatory bowel diseases. Inflamm Bowel Dis. 
2014;20(11):2207–17.

	 9.	 Al-Suhaimi EA. Adipose Tissue as an Endocrine Organ and a 
Glance on Local Hormones. Emerging Concepts in Endocrine 
Structure and Functions: Springer; 2022. p. 349–92.

	10.	 Zhang D, Zhu X, Zhong A. Pharmacological mechanisms of drugs 
affecting bone formation and bone resorption. Front Pharmacol. 
2023;14:1170340.

http://creativecommons.org/licenses/by/4.0/


	 Journal of Diabetes & Metabolic Disorders           (2025) 24:75    75   Page 8 of 9

	11.	 Ali D, Tencerova M, Figeac F, Kassem M, Jafari A. The patho-
physiology of osteoporosis in obesity and type 2 diabetes in aging 
women and men: The mechanisms and roles of increased bone 
marrow adiposity. Front Endocrinol. 2022;13:981487.

	12.	 Lu W, Wang Q, Xue Y, Gu J, Yao P, Ge Y, et al. Identification of 
potential osteoporosis miRNA biomarkers using bioinformatics 
approaches. Comput Math Methods Med. 2021;2021(1):3562942.

	13.	 Martin E, Qureshi A, Llamas C, Burow M, King A, Lee O, et al. Mirna 
biogenesis pathway is differentially regulated during adipose derived 
stromal/stem cell differentiation. Adipocyte. 2018;7(2):96–105.

	14.	 Balasescu E, Pandia LD, Nedelcu RI, Brinzea A, Ion DA. Obe-
sity—A closer look to cell mechanisms disfunction. Rom J Med 
Pract. 2021;16:77.

	15.	 Lauria F, Venezia A, Iacomino G. Circulating MicroRNA 
(miRNA) s as Biological Markers and Links with Obesity and 
Obesity-Related Morbid Conditions. Biomarkers in Nutrition: 
Springer; 2022. p. 1–22.

	16.	 Chen X, Luo J, Yang L, Guo Y, Fan Y, Liu J, et al. miR-143-me-
diated responses to betaine supplement repress lipogenesis and 
hepatic gluconeogenesis by targeting MAT1a and MAPK11. J 
Agric Food Chem. 2022;70(26):7981–92.

	17.	 Pasca S, Jurj A, Petrushev B, Tomuleasa C, Matei D. Micro-
RNA-155 implication in M1 polarization and the impact in 
inflammatory diseases. Front Immunol. 2020;11:625.

	18.	 Liu L, Li D, Peng C, Gao R, Li X, Zhang L, et al. MicroRNA-27a, 
downregulated in human obesity, exerts an antiapoptotic function 
in adipocytes. Endocr J. 2023;70(6):581–9.

	19.	 Peng J, Zhou Y, Deng Z, Zhang H, Wu Y, Song T, et al. miR-221 
negatively regulates inflammation and insulin sensitivity in white 
adipose tissue by repression of sirtuin-1 (SIRT1). J Cell Biochem. 
2018;119(8):6418–28.

	20.	 Ashby F, Kabbej N, Riva A, Rouse CJ, Hawkins KE, Andraka N, 
et al. Genetic barcoding identifies similar transduction efficiency 
rankings within disease models of Sanfilippo syndrome type B 
and controls. Mol Genet Metab. 2023;138(2):107011.

	21.	 Raucci A, Macrì F, Castiglione S, Badi I, Vinci MC, Zuccolo E. 
MicroRNA-34a: the bad guy in age-related vascular diseases. Cell 
Mol Life Sci. 2021;2021:1–24.

	22.	 Long J-K, Dai W, Zheng Y-W, Zhao S-P. miR-122 promotes 
hepatic lipogenesis via inhibiting the LKB1/AMPK pathway 
by targeting Sirt1 in non-alcoholic fatty liver disease. Mol Med. 
2019;25:1–13.

	23.	 Gurbuz N, Kahraman N, Sonmez HE, Mokhlis HA, Kosar PA, 
Ozpolat B. 2022 miRNA-193b-5p suppresses pancreatic cancer 
cell proliferation, invasion, epithelial mesenchymal transition, and 
tumor growth by inhibiting eEF2K. Anti-Cancer Agents in Medic-
inal Chemistry (Formerly Current Medicinal Chemistry-Anti-
Cancer Agents) 22(14):2607–18

	24.	 Nammian P, Razban V, Tabei S, Asadi-Yousefabad S-L. Micro-
RNA-126: Dual role in angiogenesis dependent diseases. Curr 
Pharm Des. 2020;26(38):4883–93.

	25.	 Monteleone NJ, Lutz CS. miR-708 Negatively Regulates TNFα/
IL-1β Signaling by Suppressing NF-κB and Arachidonic Acid 
Pathways. Mediators Inflamm. 2021;2021(1):5595520.

	26.	 Rosen CJ, Bouxsein ML. Mechanisms of disease: is osteoporosis 
the obesity of bone? Nat Clin Pract Rheumatol. 2006;2(1):35–43.

	27.	 Muruganandan S, Roman A, Sinal C. Adipocyte differentiation of 
bone marrow-derived mesenchymal stem cells: cross talk with the 
osteoblastogenic program. Cell Mol Life Sci. 2009;66:236–53.

	28.	 Avramets D, Macewicz L, Piven O. Signaling Regulation of 
Human MSC Osteogenic Differentiation: Metanalysis and 
Bioinformatic Analysis of MicroRNA Impact. Cytol Genet. 
2023;57(1):104–16.

	29.	 Mei Y, Bian C, Li J, Du Z, Zhou H, Yang Z, Zhao RC. miR-
21 modulates the ERK–MAPK signaling pathway by regulating 

SPRY2 expression during human mesenchymal stem cell differ-
entiation. J Cell Biochem. 2013;114(6):1374–84.

	30.	 Li Z, Hassan MQ, Volinia S, Van Wijnen AJ, Stein JL, Croce 
CM, et al. A microRNA signature for a BMP2-induced osteo-
blast lineage commitment program. Proc Natl Acad Sci. 
2008;105(37):13906–11.

	31.	 Kim YJ, Bae SW, Yu SS, Bae YC, Jung JS. miR-196a regulates 
proliferation and osteogenic differentiation in mesenchymal stem 
cells derived from human adipose tissue. J Bone Miner Res. 
2009;24(5):816–25.

	32.	 Mazziotta C, Lanzillotti C, Iaquinta MR, Taraballi F, Torreggiani 
E, Rotondo JC, et al. MicroRNAs modulate signaling pathways in 
osteogenic differentiation of mesenchymal stem cells. Int J Mol 
Sci. 2021;22(5):2362.

	33.	 Li B. MicroRNA regulation in osteogenic and adipogenic differ-
entiation of bone mesenchymal stem cells and its application in 
bone regeneration. Curr Stem Cell Res Ther. 2018;13(1):26–30.

	34.	 Iaquinta MR, Lanzillotti C, Mazziotta C, Bononi I, Frontini F, 
Mazzoni E, et al. The role of microRNAs in the osteogenic and 
chondrogenic differentiation of mesenchymal stem cells and bone 
pathologies. Theranostics. 2021;11(13):6573.

	35.	 Guerado E, Caso E. Definition, risk factors, and epidemiology of 
osteoporosis Surgical and Medical Treatment of Osteoporosis. 
CRC Press; 2020. p. 1–12.

	36.	 Inoue K, Ng C, Xia Y, Zhao B. Regulation of osteoclastogen-
esis and bone resorption by miRNAs. Front Cell Dev Biol. 
2021;9:651161.

	37.	 Huang Y, Yang Y, Wang J, Yao S, Yao T, Xu Y, et al. miR-21–5p 
targets SKP2 to reduce osteoclastogenesis in a mouse model of 
osteoporosis. J Biol Chem. 2021;2021:296.

	38.	 Hu F, Jiang C, Bu G, Fu Y, Yu Y. Silencing long noncoding RNA 
colon cancer-associated transcript-1 upregulates microRNA-
34a-5p to promote proliferation and differentiation of osteoblasts 
in osteoporosis. Cancer Gene Ther. 2021;28(10):1150–61.

	39.	 Tu Y, Chen Q, Guo W, Xiang P, Huang H, Fei H, et al. MiR-
702-5p ameliorates diabetic encephalopathy in db/db mice by 
regulating 12/15-LOX. Exp Neurol. 2022;358:114212.

	40.	 Jiang C, Lin Y, Shan H, Xia W, Pan C, Wang N, et al. miR-146a 
protects against Staphylococcus aureus-induced osteomyelitis 
by regulating inflammation and osteogenesis. ACS Infect Dis. 
2022;8(5):918–27.

	41.	 Wang G, Wan L, Zhang L, Yan C, Zhang Y. MicroRNA-133a 
regulates the viability and differentiation fate of bone marrow 
mesenchymal stem cells via MAPK/ERK signaling pathway by 
targeting FGFR1. DNA Cell Biol. 2021;40(8):1112–23.

	42.	 Amirian M, Jafari-Nozad AM, Darroudi M, Farkhondeh T, Samar-
ghandian S. Overview of the miR-29 family members’ function in 
breast cancer. Int J Biol Macromol. 2023;230:123280.

	43.	 Zhao C, Gu Y, Wang Y, Qin Q, Wang T, Huang M, et al. miR-
129-5p Promotes Osteogenic Differentiation of BMSCs and 
Bone Regeneration via Repressing Dkk3. Stem Cells Int. 
2021;2021(1):7435605.

	44.	 Ge Y, Li J, Hao Y, Hu Y, Chen D, Wu B, Fang F. MicroRNA-543 
functions as an osteogenesis promoter in human periodontal lig-
ament-derived stem cells by inhibiting transducer of ERBB2, 2. J 
Periodontal Res. 2018;53(5):832–41.

	45.	 Aquino-Martinez R, Farr JN, Weivoda MM, Negley BA, Onken 
JL, Thicke BS, et al. miR-219a-5p regulates Rorβ during osteo-
blast differentiation and in age-related bone loss. J Bone Miner 
Res. 2019;34(1):135–44.

	46.	 Pan Y, Wang D, Liu F. miR-146b suppresses LPS-induced M1 
macrophage polarization via inhibiting the FGL2-activated NF-κ 
B/MAPK signaling pathway in inflammatory bowel disease. Clin-
ics. 2022;77:100069.



Journal of Diabetes & Metabolic Disorders           (2025) 24:75 	 Page 9 of 9     75 

	47.	 Zhou CW, Zhao WJ, Zhu YG, Zhao XD. MiR-185 inhibits tumor 
growth and enhances chemo-resistance via targeting SRY-related 
high mobility group box transcription factor 13 in non-small-cell 
carcinoma. Am J Transl Res. 2018;10(8):2600.

	48.	 Kaur J, Saul D, Doolittle ML, Farr JN, Khosla S, Monroe DG. 
MicroRNA 19a 3p Decreases with Age in Mice and Humans 
and Inhibits Osteoblast Senescence. J Bone Miner Res Plus. 
2023;7(6):e10745.

	49.	 Liu D, Wang B, Qiu M, Huang Y. MiR-19b-3p accelerates 
bone loss after spinal cord injury by suppressing osteogenesis 
via regulating PTEN/Akt/mTOR signalling. J Cell Mol Med. 
2021;25(2):990–1000.

	50.	 Guo M, Liu N, Guo Z. MiR-221-5p/Smad3 axis in osteoclastogen-
esis and its function: Potential therapeutic target for osteoporosis. 
Steroids. 2022;185:109063.

	51.	 Zheng X, Dai J, Zhang H, Ge Z. MicroRNA-221 promotes cell 
proliferation, migration, and differentiation by regulation of 
ZFPM2 in osteoblasts. Braz J Med Biol Res. 2018;51(12):e7574.

	52.	 Rafat M, Moraghebi M, Afsa M, Malekzadeh K. The outstanding 
role of miR-132-3p in carcinogenesis of solid tumors. Hum Cell. 
2021;34(4):1051–65.

	53.	 Aslani M, Mortazavi-Jahromi SS, Mirshafiey A. Efficient roles 
of miR-146a in cellular and molecular mechanisms of neuroin-
flammatory disorders: an effectual review in neuroimmunology. 
Immunol Lett. 2021;238:1–20.

	54.	 Xia T, Dong S, Tian J. miR-29b promotes the osteogenic differ-
entiation of mesenchymal stem cells derived from human adipose 
tissue via the PTEN/AKT/β-catenin signaling pathway. Int J Mol 
Med. 2020;46(2):709–17.

	55.	 Ge D, Wang W, Chen H, Yang L, Cao X. Functions of 
microRNAs in osteoporosis. Eur Rev Med Pharmacol Sci. 
2017;21(21):4784–9.

	56.	 Hasanzad M, Hassani Doabsari M, Rahbaran M, Banihashemi 
P, Fazeli F, Ganji M, et al. A systematic review of miRNAs as 
biomarkers in osteoporosis disease. J Diabetes Metab Disord. 
2021;20(2):1391–406.

	57.	 Zhao LJ, Jiang H, Papasian CJ, Maulik D, Drees B, Hamilton J, 
Deng HW. Correlation of obesity and osteoporosis: effect of fat 
mass on the determination of osteoporosis. J Bone Miner Res. 
2008;23(1):17–29.

	58.	 Provvisiero DP, Negri M, Amatrudo F, Patalano R, Montò T, de 
Angelis C, et al. 1, 25-Dihydroxyvitamin D3 mitigates the adipo-
genesis induced by bisphenol A in 3T3-L1 and hAMSC through 
miR-27-3p regulation. Int J Obes. 2024;48(12):1793–802.

	59.	 Messner Z, Carro Vázquez D, Haschka J, Grillari J, Resch 
H, Muschitz C, et  al. Circulating miRNAs respond to deno-
sumab treatment after 2 years in postmenopausal women with 
osteoporosis—the MiDeTe study. J Clin Endocrinol Metab. 
2023;108(5):1154–65.

	60.	 Doghish AS, Elballal MS, Elazazy O, Elesawy AE, Shahin RK, 
Midan HM, et al. miRNAs as potential game-changers in bone 
diseases: Future medicinal and clinical Uses. Pathol Res Pract. 
2023;245:154440.

	61.	 Yang Y, Yujiao W, Fang W, Linhui Y, Ziqi G, Zhichen W, et al. 
2020 The roles of miRNA, lncRNA and circRNA in the develop-
ment of osteoporosis. Biol Res 53

	62.	 Ebeling PR, Akesson K, Bauer DC, Buchbinder R, Eastell R, 
Fink HA, et al. Percutaneous Vertebroplasty for Acute Painful 
Osteoporotic Vertebral Fractures-Benefits Shown in VAPOUR 
Trial Masked When Pooled With Other Clinical Trials Response. 
J Bone Miner Res. 2019;34(6):1185–6.

	63.	 Materozzi M, Merlotti D, Gennari L, Bianciardi S. The potential 
role of miRNAs as new biomarkers for osteoporosis. Int J Endo-
crinol. 2018;2018(1):2342860.

	64.	 Jacobson D, Cadieux B, Higano CS, Henry DH, Bachmann BA, 
Rehn M, et al. Risk factors associated with skeletal-related events 
following discontinuation of denosumab treatment among patients 
with bone metastases from solid tumors: a real-world machine 
learning approach. J Bone Oncol. 2022;34:100423.

	65.	 Huber J, Longaker MT, Quarto N. Circulating and extracellular 
vesicle-derived microRNAs as biomarkers in bone-related dis-
eases. Front Endocrinol. 2023;14:1168898.

	66.	 Hu H, He X, Zhang Y, Wu R, Chen J, Lin Y, Shen B. MicroRNA 
alterations for diagnosis, prognosis, and treatment of osteoporo-
sis: a comprehensive review and computational functional survey. 
Front Genet. 2020;11:181.

	67.	 Moraes FC, Pichon C, Letourneur D, Chaubet F. miRNA delivery 
by nanosystems: state of the art and perspectives. Pharmaceutics. 
2021;13(11):1901.

	68.	 Alharbi KS, Shaikh MAJ, Afzal O, Altamimi ASA, Kazmi I, Al-
Abbasi FA, et al. Oligonucleotides: A novel area of interest for 
drug delivery in neurodegenerative diseases. J Drug Deliv Sci 
Technol. 2022;77:103849.

	69.	 Fresacher-Scheiber K, Ruseska I, Siboni H, Reiser M, Falsone 
F, Grill L, Zimmer A. Modified stability of microRNA-loaded 
nanoparticles. Pharmaceutics. 2022;14(9):1829.

	70.	 Zhang S, Cheng Z, Wang Y, Han T. 2021 The risks of miRNA 
therapeutics: in a drug target perspective. Drug Des Dev Ther 
721–33.

	71.	 Vulf M, Khlusov I, Yurova K, Todosenko N, Komar A, Kozlov I, 
et al. MicroRNA regulation of bone marrow mesenchymal stem 
cells in the development of osteoporosis in obesity. Front Biosci 
Scholar. 2022;14(3):17.

	72.	 Arenas AM, Andrades A, Patiño-Mercau JR, Sanjuan-Hidalgo J, 
Cuadros M, García DJ, et al. Opportunities of miRNAs in cancer 
therapeutics. MicroRNA in Human Malignancies: Elsevier; 2022. 
p. 153–64.

	73.	 Jia B, Zhang Z, Qiu X, Chu H, Sun X, Zheng X, et al. Anal-
ysis of the miRNA and mRNA involved in osteogenesis of 
adipose-derived mesenchymal stem cells. Exp Ther Med. 
2018;16(2):1111–20.

	74.	 Zeeshan F. Targeting micro-ribonucleic acid (miRNA) in cancer 
using advanced drug delivery systems. Advanced Drug Delivery 
Systems in the Management of Cancer: Elsevier; 2021. p. 461–6.

	75.	 Thillaiyampalam G, Cristino AS. Clinical applications of micro-
RNAs. MicroRNA. 2022:601–12.

	76.	 Nagatake Y, Sato M, Mouri Y, Tomita N. Fully automated micro-
RNA quantification technique based on bioluminescent enzyme 
immunoassay. Anal Biochem. 2022;656:114880.

	77.	 Peng J, Yu X-J, Yu L-L, Tian F-W, Zhao J-X, Zhang H, et al. 
The influence of gut microbiome on bone health and related 
dietary strategies against bone dysfunctions. Food Res Int. 
2021;144:110331.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Therapeutic applications of miRNA in the management of obesity and osteoporosis
	Abstract
	Introduction
	The role of miRNAs in obesity
	miRNAs regulating energy metabolism

	The role of miRNA in bone turnover
	miRNAs regulating the delicate balance of adipogenesis and osteogenesis
	The role of miRNAs in osteoporosis
	Therapeutic potential of targeting miRNAs in osteoporosis


	Combining therapeutic insights from obesity and osteoporosis
	Dual-targeting approach

	Horizon in clinical applications of miRNAs as biomarkers for treatment monitoring
	Challenges and future directions
	Conclusion
	Acknowledgements 
	References


