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Irisin alleviates obesity-induced bone loss by inhibiting interleukin 6
expression via TLR4/MyD88/NF-kB axis in adipocytes
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HIGHLIGHTS

« Adipocytes under obese conditions
inhibit osteogenic differentiation of
bone marrow mesenchymal stem
cells.

o Irisin (a natural human myokine)
alleviates obesity-induced bone loss
by inhibiting IL-6 secretion from
adipocytes.

« Inhibition of adipocyte IL6 secretion
by irisin is mediated by inhibition of
the TLR4/MyD88/NF-kB pathway.

« The therapeutic potential of irisin in
preventing obesity-induced bone loss
is revealed.
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Irisin downregulates TLR4/MyD88/NF-kB pathway in adipocytes and reduce IL-6 production in the adi-
pocytes, consequently alleviates the inhibition of IL-6 on osteogenesis and rescue obesity-induced bone
loss.
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ABSTRACT

Introduction: Obesity-induced bone loss affects the life quality of patients all over the world. Irisin, one of
the myokines, plays an essential role in bone and fat metabolism.

Objective: Investigate the effects of irisin on bone metabolism via adipocytes in the bone marrow
microenvironment.

Methods: In this study, we fed fibronectin type IIl domain-containing protein 5 (FNDC5, the precursor
protein of irisin) knockout mice (FNDC57") with a high-fat diet (HFD) for 10 weeks. The quality of bone
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Wild-type; BMD, Bone mineral density; Tb. Sp, Trabecular separation; Tb. N, Trabecular number; CTX, Carboxyterminal telopeptide; H&E, Hematoxylin and eosin; ALP,
Alkaline phosphatase; ARS, Alizarin red S; ORO, Oil Red O; qRT-PCR, Quantitative real-time PCR; IF, Immunofluorescent; DEGs, Differentially expressed genes; MAR,
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mass was assessed by micro-CT analysis, histological staining, and dynamic bone formation. In vitro, the
lipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) was assayed by Oil Red O
staining, and the osteogenic differentiation was assayed by alkaline phosphatase staining. Meanwhile,
the gene expression in the BMSC-differentiated adipocytes by RNA sequence and the involved pathway
of irisin were determined by western blot and qRT-PCR were performed.

Results: The FNDC57" mice fed with a HFD showed an increased body weight, fat content of the bone
marrow and bone, and a decreased bone formation compared with those with a standard diet (SD). In
vitro, irisin inhibited the differentiation of BMSCs into adipocytes and alleviated the inhibition of osteo-
genesis derived from BMSCs by the adipocyte supernatant. RNA sequence and blocking experiment
showed that irisin reduced the production of interleukin 6 (IL-6) in adipocytes through downregulating
the TLR4/MyD88/NF-kB pathway. Immunofluorescence staining of bone marrow further confirmed an
increased IL-6 expression in the FNDC57" mice fed with HFD compared with those fed with SD, which
suffered serious bone loss.

Conclusion: Irisin downregulates activation of the TLR4/MyD88/NF-«kB pathway, thereby reducing IL-6
production in adipocytes to enhance the osteogenesis of BMSCs. Thus, the rescue of osteogenesis of
BMSCs, initially inhibited by IL-6, is a potential therapeutic target to mitigate obesity-induced
osteoporosis.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Obesity is a rapidly increasing societal concern, which affects
the quality of life of people [1-3]. In 2016, the World Health Orga-
nization reported that over 1.9 billion adults were overweight and
650 million were obese. Approximately 56 % of elderly people are
estimated to be overweight or obese by 2030. Obesity has severe
negative implications on various organs and systems, including
asthma, hypertension, hyperlipidemia, and diabetes [4]. Obesity
was previously thought to be a safeguarding factor for bones
because of the amplification of bone formation after mechanical
stimulation [5,6]. However, accumulated evidence suggests that
augmented body fat and hyperlipidemia decrease bone density
Hu, [7,8] Long-term metabolic disorders caused by obesity can
decline bone formation and conversion, consequently increasing
the risk of fractures [9,10].

In adults, most of the adipose tissue is white, comprising
approximately 85 % of the total adipose tissue. Its primary location
is within subcutaneous deposits situated in the abdominal region.
Brown adipose tissue, constituting approximately 15 % of the total
adipose tissue, is primarily located in visceral fat depots. In the
skeletal system, bone marrow adipose tissue (BMAT) accounts for
nearly 70 % of the volume of the bone marrow [11]. BMAT is nei-
ther white fat nor brown adipose tissue, and bone marrow adipo-
cytes are likely to be heterogeneous [12]. The microenvironmental
cues in the bone marrow cavity are composed of adipocytes, mes-
enchymal stem cells (MSCs), and hematopoietic stem cells, which
differentiate into blood cells, immune cells, osteoblasts, osteo-
clasts, and produce various cytokines [13-16]. The BMAT is an
endocrine organ that regulates bone remodeling by secreting
adipokines and cytokines, which plays a pivotal role in regulating
bone metabolism. Adipocytes can influence osteoblasts, osteo-
clasts, and hematopoietic cells through paracrine signaling path-
ways [17]. Excessive obesity is considered a chronic, low-grade
inflammatory condition [18]. In obesity, inflammatory cytokines
derived from adipocytes can affect normal cells in the bone mar-
row microenvironment, causing obesity-related bone metabolism
disorders, leading to bone loss. For example, bone marrow adipo-
cytes secrete adiponectin and interleukin 6 (IL-6) [19,20], which
can exacerbate bone loss by promoting osteoclast differentiation
[21-23].

Irisin is a myokine that skeletal muscle cells release subse-
quent to physical exertion and tailored to the FNDC5 protein
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and causes white fat cells to turn brown [24], thereby improving
obesity [25]. Mazur-Bialy et al. reported that irisin could delay
the activation of inflammatory pathways in adipocytes stimu-
lated by lipopolysaccharides (LPS) by suppressing the secretion
of TNF-a,, and MCP-1 [26]. Moreover, irisin inhibits liver-based
glucose production and promotes the synthesis of glycogen
[27]. In a mouse obesity study, upregulation of FNDC5 and irisin
improved glucose/lipid metabolic imbalances and accelerated
lipolysis [28]. We have previously demonstrated that irisin facil-
itated the osteogenic differentiation of bone marrow mesenchy-
mal stem cells (BMSCs) by activating the BMP/SMAD signaling
pathway through oV integrin receptors [29]. Meanwhile, irisin
suppresses Ti-particle-induced RANKL production in osteoblasts
derived from MSCs and oxidative stress in osteoclasts [30]. A
great deal of data compellingly indicates that irisin assumes a
vital role in fat and bone metabolism. Since BMAT plays a crucial
role in the bone marrow microenvironment [31], investigating
the role of irisin in the mutual regulation of adipose tissue and
osteogenesis, along with its underlying mechanisms, is of signif-
icant importance.

In this study, we evaluated the role of the irisin gene in the
obese FNDC57 and wild type (WT) mice of bone mass. A high-fat
diet (HFD) led to osteoporosis in the WT mice, and irisin deficiency
further exacerbated the decrease in bone mass caused by HFD in
the FNDC57~ mice. Subsequently, we discovered that irisin sup-
pressed the release of the inflammatory cytokine IL-6 in adipocytes
via the TLR4/MyD88/NF-kB signaling pathway, thereby enhancing
BMSC-derived osteogenesis that is typically hindered by IL-6. This
study not merely validated the substantial involvement of irisin in
obesity-related osteoporosis but also delved into potential novel
mechanisms of bone metabolism. By exploring the effects of irisin
on fat and bone metabolism, we provide a new idea for improving
obesity-related bone diseases.

Materials and methods
Animal protocol

The global deletion of the FNDC5 gene in C57BL/6 mice (FNDC
KO, FNDC57) were kindly presented by Professor Guoqing Zhu of
Nanjing Medical University, and the identification was performed
(Fig. S1A). The WT and FNDC57 mice were housed in a Specific
Pathogen Free (SPF) animal facility at the Soochow University
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Animal Experimentation Center. We divided the 6-week-old male
mice into 4 groups based on the genetic identification and fed
the mice with a HFD or a standard diet (SD). All the mice were
euthanized after being fed for 10 weeks and samples were
collected.

Ethics statement

All experimental protocols were approved by the Animal Care
Committee of Soochow University (KS2023032).

Micro-CT scanning and analysis

Following well-established protocols, the lower limbs of mice
were scanned using the Skyscan system (Bruker, Belgium) [29].
Bone-related parameters, including bone mineral density (BMD),
bone volume/tissue volume (BV/TV), trabecular thickness (Tb.
Th), connection density (Conn. D), trabecular separation (Tb. Sp),
trabecular number (Tb. N), and structural model index (SMI), were
assessed according to the methods outlined in the previous
descriptions [32].

Enzyme-linked immunosorbent assay (ELISA)

The the levels of type I procollagen N-terminal propeptide
(PINP), type I collagen cross-linked carboxyterminal telopeptide
(CTX), and IL-6 in the sera was quantified by ELISA kits (Elab-
science, China) according to the manufacturer’s instructions [32].

Histochemistry and histomorphometry

Femurs were prepared as paraffin or frozen sections, and
stained with hematoxylin and eosin (H&E) staining, tartrate-
resistant acid phosphatase (TRAP) staining (Sigma Aldrich, USA)
to detect osteoclasts, and Masson staining (Salorbio, China),
respectively. The expression of runt-associated transcription factor
2 (Runx2), Osterix, and osteocalcin (OCN) was analyzed by
immunohistochemistry of frozen sections (Abcam, USA, Supple-
mentary Table 2).

Dynamic bone formation

The configured calcein solution (5 mg/ml, 15 mg/kg body
weight, Sigma, USA) was injected intraperitoneal into each mouse
on days 7 and 2 prior to performing retrieval of the materials.
Mouse femur samples were immersed in a 4 % paraformaldehyde
solution and fixed for 24 h, then specimens were dehydrated,
embedded, and sectioned.

BMSC preparation and differentiation

BMSCs were isolated from 6-week-old C57BL/6 mice and char-
acterized as shown previously [29]. BMSCs were induced to osteo-
genic or adipogenic differentiation according the published
methods [29].

Cell Counting Kit-8 (CCK-8)

BMSCs were seeded in 96-well plates at 2 x 10> cells/well and
treated with various concentrations of recombinant irisin (0.1, 1, 5,
10, and 20 ng/ml; Enzo Life Sciences, China), respectively. Cell pro-
liferation was assessed on days 1, 3 and 5 using the CCK-8 assay.
Optical density (OD) was measured at 450 nm (Bio-Tek, USA).
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Preparation of the conditional medium

The BMSCs were differentiated into adipocytes in the presence
of irisin (5 ng/ml). After 14 days of induction, cells were cultured
in complete DMEM for an additional 3 days. The supernatant was
collected and termed conditioned medium (CM), which was mixed
with the osteogenic medium to induce osteogenesis at a ratio of
1:1.

Alkaline phosphatase (ALP) and alizarin red s (ARS) staining

On days 7 and 14 post the osteogenic induction, BMSC-
differentiated osteoblasts were subjected to ALP and ARS staining
and quantified as previously described [29].

Oil Red O (ORO) staining and quantification

Two weeks post the adipogenic induction, BMSC-derived adipo-
cytes were fixed and incubated in ORO staining solution (OriCell,
USA). The adipocytes were recorded by a microscope (Zeiss,
Germany). Positive areas were quantified using Image] software.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cells using TRIzol (TaKaRa,
Japan) and quantified using a NanoDrop (Thermo Fisher, USA). Rev-
erse transcription was conducted utilizing a reverse transcription
kit (ABM, Canada), and qRT-PCR utilizing SYBR Green (BIO-RAD,
USA). GAPDH was used for normalization, and relative gene expres-
sion levels were estimated as the previous method [29]. The
sequence of the mouse primers was listed in Supplementary
Table 1.

RNA sequence

Total RNA from adipocytes derived from BMSCs cultured for
14 days with or without irisin was prepared, and integrity was
assessed using a Bioanalyzer (Agilent Technologies, USA). Tran-
scriptome sequencing and analysis were performed by OE Biotech
Co. (Shanghai, China). Relevant gene sets were obtained from
https://www.ncbi.nlm.nih.gov/, GeneCards-Human Genes, Gene
Database, Gene Search, and HALL-MARK_INFLAMMATORY
RESPONSE [33].

Western blot

Total protein from the BMSC-derived adipocytes was collected.
Proteins were separated and transferred to nitrocellulose mem-
branes (NC) by 10 % SDS-PAGE. Subsequently, NC were incubated
in primary antibodies, which included IL-6, TLR4, TLR8, Myd88,
NF-kB, phosphor-NF-kB, VCAM1, RUNX2, OCN, and Osterix anti-
body (Abcam, USA, Supplementary Table 2). Subsequently, the
NC membranes were second incubated with the appropriate sec-
ondary antibodies. Target bands were imaged by a chemilumines-
cent instrument (Bio-Rad, USA). Data quantification was performed
using the Image] software.

Immunofluorescent (IF) staining

The tissue slides from the frozen section and the fixed cells cul-
tured in 24-well plates were incubated with primary antibodies
(Abcam, Cambridge, UK; Supplementary Table 2), followed by
incubation with the secondary antibodies, and counterstained with
DAPI in mounting media. Images were recorded under a micro-
scope (Zeiss, Germany).
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Statistical analysis

All data in this study were expressed as mean + standard devi-
ation and statisticed with GraphPad Prism 8.3.0 software (Graph-
Pad Software Inc. USA). Two groups were analyzed using
unpaired Student’s t-tests and four groups were analyzed using
one-way analysis of variance (ANOVA). A difference of p < 0.05 is
considered significant, and *p < 0.05, *p < 0.01, ***p < 0.001, and
***p < 0.0001.

Results
Irisin deficiency exacerbated HFD-induced obesity and fat content

After WT and FNDC57" mice were fed with HFD or SD for
10 weeks, we observed an augmentation in body size and body
mass of the HFD mice compared with the corresponding SD mice
(Fig. 1A, B). ORO staining of the femoral shaft sections at the
growth plate further showed that the fat content of the bone mar-
row increased in mice with HFD compared to those with SD. More-
over, higher bone marrow fat content was observed in the FNDC57
mice with HFD than that in the WT mice with HFD (Fig. 1C and
Fig. S2H). These results showed that endogenous irisin deficiency
exacerbates HFD-induced obesity and enhances marrow fat accu-
mulation in the FNDC5”/~ mice.

Irisin deficiency worsened HFD-induced bone mass imageologically

Bone morphometric analysis was conducted on the femurs of
the mice. Micro-CT images revealed that HFD significantly
decreased the trabecular bone content of the FNDC57 and WT
mice compared with that of the corresponding SD mice (Fig. 2A,
B). In addition, irisin deficiency further reduced the trabecular

Journal of Advanced Research 69 (2025) 343-359

bone content in the hyperlipidemic mice. Quantitative analysis of
the bone parameters revealed significant decreases in BMD, BV/
TV, and Th. N, Tb. Th and Conn. D in the FNDC5”- and WT mice with
HFD than those with SD. Simultaneously, Tb. Sp and SMI increased
significantly. Compared to the WT mice with HFD, the BMD, BV/TV,
and Tb. Th of the FNDC57- mice with HFD decreased, whereas the
Tb. Sp levels increased (Fig. 2C). The micro-CT reconstruction
results for the cortical bone displayed that HFD and irisin did not
affect the microstructures of the cortical bone (Fig. S2A-D).

Irisin deficiency accelerated HFD-induced bone mass histologically

As expected, the histological analysis was similar to the trend
observed in the micro-CT scanning. H&E staining showed that
HFD decreased trabeculae mass under the epiphyseal plate, in
which a disorderly arrangement was displayed. Impressively, irisin
deficiency exacerbated the decrease in bone mass (Fig. 3A). Masson
staining showed the reduced collagen fibers under the femoral
growth plate in the mice with HFD compared to those with SD.
The collagen fibers decreased by nearly half in the FNDC5” mice
with HFD compared with those in the WT mice with HFD
(Fig. 3B). Histological findings demonstrated that HFD reduced
bone trabecular mass in mice and the lack of irisin exacerbated this
phenomenon.

Irisin deficiency amplified HFD-induced decrease in bone formation

To explore new bone formation dynamically, we performed cal-
cein staining of mouse femurs, which the distance of the two fluo-
rescent lines reflected osteogenesis in vivo. The osteogenic capacity
of the mice with HFD was diminished compared with that of the
corresponding mice with SD, and the osteogenic capacity of the
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Fig. 1. Irisin deficiency exacerbated HFD-induced obesity and fat content. (A) Gross observation of mice after 10 weeks of dietary intervention. (B) Body mass of the WT
and FNDC57~ mice. (n = 5) (C) ORO staining and quantification of mouse femur sections. (n = 3).

346



Y. Zhang, X. He, K. Wang et al.

SD

Journal of Advanced Research 69 (2025) 343-359

HFD

FNDC5™*

FNDC5™*

C 40 % 2300 A 67 ** 100 =
-|— % *k K b
=307 * = T s T __ 80 T *
S = “E 200 G Y i E =
E 204 e % Sk == £ T £ 60 T
S T E == =z T g
S 04
= S 100-] £ 2 S
10+ o
20
0 T \(l «‘ \l 0 T T T T 0 T T T T 0 T T T T
X & X X X & X
. < 7$ (<) é& c," ) 0‘3 > g" 7‘\ (f’ Cf’
& Q‘\o ‘\Qo *\9 S LS S &S & Q‘\o ng Q‘\o
Q Q o & ¥« & o
S 3 2 Py & % <
* %
*
- *okk .

300 400 *k % T
= % T &~ 300 a 3 T m
€200 — ~ e T T
= T
z T § 200 s 2
@ -p g T *

1004 T £
O 100 " 1
0 T T T T 0 T T T T 0 T T T 7
3 N N X g ¢
< S & & & & 8 & o & o
g Q\\o & <(‘)o & & & N & Q‘\o ng Q\\o
& & & & & &

Fig. 2. Irisin deficiency exacerbated HFD-induced bone mass imageologically. The femurs were scanned by Micro-CT. (A) 2D reconstruction of the femurs. (B) 3D
reconstruction of the femurs. (C) The trabecular bone parameters included BV/TV, BMD, Tb. N, Tb. Th, Tb. Sp, Conn. D, and SMI. (n = 5).

FNDC5” mice was the most severely impaired among all mice
(Fig. 4A, D).

Immunohistochemical (IHC) staining of the distal femurs of
mice revealed that, compared with the mice with SD, HFD
decreased the number of RUNX2-positive cells along the growth
plates of the WT mice by 62 %, and by 44 % in the FNDC57" mice
(Fig. 4B). In the FNDC5”" mice with HFD, the number of RUNX2-
positive cells was approximately 50 % lower than that in the WT
mice with HFD (Fig. 4E). Osterix-positive cell reduction was similar

to that of RUNX2 expression (Fig. 4C, F). HFD decreased the OCN-
positive area in the growth plate of the WT mice by nearly one-
third, further reduced the OCN-positive area of the FNDC5”~ mice
by half (Fig.S2E). In contrast, TRAP staining revealed no significant
difference in the number of osteoclasts (Fig. S2F).

We assessed the levels of PINP in mouse serum and observed a
significant reduction of PINP levels under the influence of HFD
(Fig. 4G). The absence of irisin significantly exacerbated this trend,
whereas the change in the serum bone resorption marker CTX was
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Fig. 3. Irisin deficiency accelerated HFD-induced bone mass histologically. (A) H&E staining of the femur and quantification analysis. (n = 3) (B) Masson staining of the

femur and quantification analysis. (n = 3).

not statistically significant (Fig. 4H). These results demonstrated
that HFD downregulated the osteogenic ability of mice, and the
absence of irisin increased HFD-induced osteogenic ability
decrease; however, osteoclast activation was not significantly
affected.

Irisin inhibited BMSC-derived adipogenesis

To explore the impacts of bone marrow adipocytes on bone for-
mation, we differentiated BMSCs into adipocytes to mimic BMAT in
mice. After identifying the mouse BMSCs using flow cytometry
(Fig. S1B), we evaluated the impact of irisin concentration on
BMSCs proliferation through a CCK-8 assay. Irisin did not affect
the proliferation within 0.1-20 ng/ml (Fig. S1C). Considering the
existing literature and our previous research, we chose 5 ng/mL
of recombinant irisin to mimic the physiological impact of irisin
on adipogenesis [29]. On day 14 after adipogenic induction, ORO
staining showed that the number of lipid droplets was significantly
increased in BMSC-differentiated adipocytes. Irisin treatment sig-
nificantly decreased the number of lipid droplets (Fig. 5A, B). Com-
pared with that in the adipogenic group alone, the area of the ORO-
positive region in the adipogenic group with irisin was reduced by
nearly half. The qRT-PCR findings showed that the adipogenesis-
related gene PPARy significantly increased upon the adipogenic
induction and decreased by nearly two-thirds in the group with iri-
sin (Fig. 5C).

Irisin alleviated the inhibition of adipocytes on BMSC-derived
osteogenesis

To investigate the effect of adipocytes on osteogenesis, BMSCs
were subjected to osteogenesis in an osteogenic medium with
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50 % CM collected from the adipocytes. After 7 days of osteogenic
culture, ALP staining revealed that, compared with the BMSCs with
the CM of irisin-incubated adipocytes (CM-(Ad + irisin) group),
BMSCs treated with the CM of adipocytes (CM-Ad group) had sig-
nificantly reduced osteogenic capacity (Fig. 6A, C).

After 14 days of osteogenic culture, the ARS staining results
were consistent with those of ALP staining. The number of miner-
alized nodules in the BMSC-differentiated osteoblasts noticeably
decreased in the CM-Ad group. Conversely, the CM-(Ad + irisin)
group exhibited partial restoration of the mineralized nodules
inhibited by the CM of adipocytes (Fig. 6B, D).

The qRT-PCR results demonstrated that the gene expression of
Alp, Opn, Runx2, and Osterix were significantly lower in the CM-
Ad group than those in the standard osteogenic medium (CM-
Control, Fig. 6E-H), suggesting that the adipocyte supernatant sig-
nificantly reduced the osteogenesis of BMSCs. However, these gene
expressions in the CM-(Ad + irisin) group were higher than those in
the CM-Ad group. Thus, the addition of irisin during adipocyte
induction restored the osteogenic ability of BMSCs impaired by
the adipocyte supernatant to some extent.

Irisin reduced adipocytes to secrete inflammatory factor

Based on the fact that irisin suppressed adipogenesis, we per-
formed RNA sequencing of adipocytes with and without irisin
incubation. We analyzed differentially expressed genes (DEGs)
and generated a volcano plot. Since obesity is associated with
chronic inflammation, we compiled a list of inflammation-related
genes by screening and identified significantly altered
inflammation-related genes in the volcano plot (Fig. 7A). Upon iri-
sin addition, genes in adipocytes, such as Has2, Il1r1, 1I-6, Myc,
Tnfaip6, Nampt, Slc7a2, and Vcam1 were downregulated, while Cal-
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Fig. 4. Irisin deficiency exacerbated the decrease in bone formation induced by HFD. (A) Representative images of calcein fluorescent staining. (B) RUNX2 expression in
femur detected by IHC. (C) Osterix expression in femur detected by IHC. (D) The mineralized deposition rate (MAR) of bone trabeculae was quantified. (n = 3) (E) Quantitative
analysis of RUNX2" cells. (n = 3) (F) Quantitative analysis of Osterix * cells. (n = 3) (G) PINP in sera by ELISA. (n = 5) (H) CTX in sera by ELISA. (n = 5).

crl and I118r1 were upregulated (Fig. 7A). Subsequently, we gener-
ated an expression profile of the inflammation-related genes based
on the screening results (Fig. S1D). Utilizing the Gene Ontology
(GO) database, a Gene Set Enrichment Analysis (GSEA) was per-
formed on the inflammation response data. The analysis revealed
that the hormone irisin has a downregulating effect on the inflam-
mation response (Fig. S1E). In the gene heatmap, the expression of
genes associated with inflammation was reduced after irisin treat-
ment (Fig. 7B). Therefore, we hypothesized that irisin would down-
regulate adipocyte inflammation.

To investigate the pathways through which irisin exerts its anti-
inflammatory effects, we focused on the top 30 related pathways
downregulated in the KEGG analysis (Fig. 7C). In the bubble plot,
we observed significant changes in the NF-xB and TLR pathways.
The GSEA analysis based on kyoto encyclopedia of genes and gen-
omes (KEGG) data revealed that the addition of irisin inhibited the
NF-xB and TLR pathways (Fig. STF, G). Subsequently, we analyzed
the gene expression profiles related to the NF-xB and TLR signaling
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pathways. We found that the addition of irisin significantly down-
regulated the genes related to these two pathways (Fig. 8A,B). We
also performed a GO enrichment analysis of the genes downregu-
lated after irisin treatment (Fig. 8C). The top 15 BP (Biological
Process), CC (Cell Component), and MF (Molecular Function) with
the most significant differences were selected and displayed in
the results. The production of IL-6 in the cytoplasmic vesicles,
extracellular space, and extracellular regions was significantly
downregulated.

To investigate the interactions between the most significantly
different genes and pathways with the most significant changes,
we conducted gene enrichment and created chord diagrams based
on KEGG enrichment (Fig. 8D). Genes Vcam1, TIr8, and II-6 were
significantly downregulated and were positively related to the
NF-xB and TLR pathways.

In the gene enrichment and chord diagram of WikiPathways,
1I-6 gene expression underwent significant changes and was
closely associated with the fat generation pathway (Fig. STH).
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Fig. 5. Irisin inhibited BMSC-derived adipogenesis. BMSCs were induced to adipogenesis for 14 days. (A) ORO staining of the adipocytes. (B) Quantification of ORO staining

of the adipocytes. (n = 3) (C) PPARy gene expression in adipocytes by qRT-PCR. (n =

Based on the RNA sequence data of adipocytes, we hypothesized
that irisin could affect the ability of BMSCs to differentiate toward
osteoblasts by inhibiting the secretion of inflammatory factors in
adipocytes. We also speculated that the NF-kB and TLR pathways
might closely mediate the production of IL-6.

Irisin suppressed adipocytes to secrete IL-6 via the TLR4/MyD88/NF-kB
pathway

We scrutinized the RNA sequencing results and verified sub-
stantial alterations in genes and pathways with qRT-PCR and dis-
covered that the changes in the inflammatory factors Il-6 and
Vcam1 were the most significant during adipogenesis. The expres-
sion of II-6 and Vcam1 in BMSC-derived adipocytes was higher than
that in BMSCs. With the introduction of irisin, the levels of [I-6 and
Vcam1 significantly reduced (Fig. 9A). During the pathway valida-
tion process, Tlr4, MyD88, and NF-xB were significantly upregu-
lated upon adipogenic induction, and irisin decreased the
expression of these genes (Fig. 9A). There was no difference in
the gene changes of TIr8 (Fig. S2G).

The outcomes from western blot analysis were in line with the
qRT-PCR findings, as evidenced by TLR4 and MyD88 being upregu-
lated due to adipogenesis and downregulated following irisin
administration (Fig. 9B). The percentage of phosphorylated NF-xB
to total NF-xkB was increased upon adipogenesis and decreased
upon irisin addition (Fig. 9B). The trend in downstream IL-6
expression was consistent with the results at the gene level
(Fig. 9B). Nevertheless, there was no notable difference in the
VCAM1 expression between adipocytes treated with or without iri-
sin (Fig. 9B).

3).
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We detected IL-6 secretion into the cell culture supernatant
using ELISA. BMSC-differentiated adipocytes secreted more IL-6
than BMSCs. However, the increase in IL-6 levels was significantly
reduced following the addition of irisin (Fig. 9C). Therefore, we
proposed that phosphorylated NF-xB activated the TLR4/MyD88
signaling pathway in adipocytes to enter the nucleus and activate
the II-6 gene to produce IL-6; therefore, by inhibiting NF-kB phos-
phorylation, irisin reduced IL-6 production.

During adipo-differentiation, irisin significantly reduced IL-6
production in adipocytes, as displayed by co-staining of IL-6 and
the cytoskeleton (Fig. 10A). Co-staining results for TLR4 and IL-6
further suggested that irisin reduced the secretion of IL-6 by reduc-
ing the expression of TLR4 in adipocytes (Fig. 10B).

To validate this hypothesis, we isolated BMSCs from the
FNDC57" mice and induced adipogenesis to generate irisin-
deficient adipocytes; meanwhile, part of the FNDC57- BMSCs were
incubated with TLR4 receptor selective inhibitor resatorvid (TAK-
242, 1 puM) during adipogenesis. After confirming the deficiency
of FNDC5 expression in BMSC-differentiated adipocytes from the
FNDC5~ mice (Fig. S11), we performed ORO staining of adipocytes
to observe the adipogenic potential of BMSCs. As expected, the adi-
pogenic ability of the BMSCs from the FNDC5”~ mice was higher
than those from the WT mice. TAK-242 did not affect adipogenesis
of BMSCs either from the FNDC57~ or WT mice (Fig. 11A).

Next, we collected the supernatant of the BMSC-differentiated
adipocytes as a conditioned medium to investigate the cross-
talking effect of adipocytes on BMSC osteogenesis. Irisin deficiency
intensified the inhibition of osteogenesis by the adipocyte super-
natant, whereas the addition of TAK-242 rescued the inhibition
of osteogenesis by the adipocyte supernatant (Fig. 11B, C). The
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Fig. 6. Irisin alleviated the inhibition of adipocytes on BMSC osteogenesis. BMSCs were cultured in the osteogenic medium with CM. (A) ALP staining after 7 days. (B) ARS
staining after 14 days. (C) Quantification of ALP activity. (n = 3) (D) Quantitative of mineralized nodules. (n = 3) (E-H) Gene expression of Alp, Opn, Runx2, and Ostrix detected

by qRT-PCR after 7 days. (n = 3).

gRT-PCR results displayed a significantly higher expression of the
11-6 gene in adipocytes of the FNDC5”~ mice than that in the WT
mice.

Concurrently, treatment with TAK-242 statistically suppressed
the expression level of II-6 (Fig. 11D). The gene expression trend
of Tlr-4, MyD88 as well as NF-xB was also consistent with II-6 gene
expression (Fig. 11D). In terms of protein expression, TLR4/MyD88
and phosphorylated NF-kB were upregulated in the absence of
irisin and downregulated upon addition of TAK-242 (Fig. 11E). In
sum, these results showed that irisin downregulated the TLR4/
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MyD88 signaling pathway, consequently reduced NF-kB phospho-
rylation to decrease the production of IL-6.

Irisin deficiency increased TLR4 and IL-6 expression in the bone
marrow cavity of HFD mice

We performed IF staining of bone marrow sections, and
found an increased expression of IL-6 and TLR4 in the bone marrow
of the WT mice with HFD compared to that with SD (Fig. 12A, B).
Notably, irisin deficiency exacerbated this effect. Thus,
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analysis.

irisin reduced the production of IL-6 through the TLR4/ MyD88
signaling.

Discussion

Bone metabolism is regulated by bone homeostasis and the
bone marrow microenvironment [34]. Accumulating evidence
affirms that obesity is deeply involved in osteoporosis [35]; how-
ever, its relevant mechanism should be strongly emphasized. In
this study, we fed the FNDC57 mice with HFD to explore the
impact of irisin on bone metabolism. First, we observed that irisin
deficiency increased the body weight and fat content in the bone
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marrow of the FNDC57- and WT mice with HFD, compared to the
corresponding mice with SD. In addition, irisin deficiency aggra-
vated bone loss and impaired the osteogenic ability of the mice
with HFD. In vitro, irisin inhibited the adipogenic differentiation
of mouse BMSCs. Meanwhile, the adipocyte supernatant inhibited
the osteogenic differentiation from BMSCs.

As Fig. 6 indicated, irisin suppressed adipogenesis and allevi-
ated adipocyte-induced inhibition of BMSC-derived osteogenesis.
We studied the osteogenesis of MSCs with different CM. Compared
to the CM control group, we found a slight decrease in osteogenic
differentiation in the CM- (Control + irisin) group, while qRT-PCR of
osteogenesis-related genes (Alp, Opn, Runx2, Ostrix) showed no
significant difference between these two groups. Irisin, which
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promotes cellular energy metabolism and increases the uptake of
nutrients by BMSCs, is associated with exercise [36-39]. Compared
to the control group, the addition of irisin may have led to an
increase in the uptake of nutrients in the culture medium by
BMSCs. This may be the reason for the slightly lower osteogenic
effect observed in CM- (Control + irisin) compared to CM-
(Control), even though CM was prepared 3 days after replacing
the old cell medium with fresh cell medium. Furthermore,
in vitro study verified that irisin reduced the secretion of IL-6 in
adipocytes by downregulating TLR4/my88/NF-kB pathway,
consequently, alleviated the osteogenic inhibition caused by the
adipocyte supernatant. Furthermore, there was an increased
expression of IL-6 and TLR4 in the bone marrow of the FNDC5™
mice with HFD compared to the WT mice with HFD. Our experi-
ment identified the impact of irisin on the relationship between
bone and fat metabolism and provided new ideas for improving
obesity-induced bone loss.
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IL-6, an inhibitor of osteogenesis, regulates the activities of
MEK2 and Akt2 through SHP2, thereby inhibiting osteogenic differ-
entiation and decreasing bone mineralization [40]. IL-6 can also
inhibit osteoblast differentiation by reducing MAPK signaling
through JAK/STAT3 [41]. Obesity positively regulates the IL-6
receptor and IL-6 expression [42]. Studies have also indicated a
direct correlation between increases in IL-6 and IL-6 receptors with
body mass index and body fat percentage [43]. In addition, IL-6
gene knockout helps mice resist bone loss caused by HFD [44].
IL-6 may accelerate BMSC aging via the IL-6/STAT3 pathway
[45,46]. Secretion of IL-6 promotes cellular senescence [47]. Our
study showed that IL-6 secretion in the bone marrow cavity of
the FNDC57" mice was higher than that of the WT mice, leading
to osteoporosis, consistent with previous results. Although IL-6
produced by adipocytes in the bone marrow microenvironment
inhibited MSC-derived osteogenesis, irisin mitigated this inhibition
by reducing IL-6 production and promoting bone mass.
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Fig. 9. Irisin suppressed BMSC-differentiated adipocytes to secret IL-6 though the TLR4/NF-kB pathway. (A) Gene expressions of II-6, Vcam1, Tlr4, MyD88, and NF-xB
detected by qRT-PCR. (n = 3) (B) Protein expressions of IL-6, VCAM1, TLR4, MyD88, and NF-kB detected by WB. (n = 3) (C) IL-6 in the cell supernatant determined by ELISA.

(n=5).

Irisin, an exercise-induced factor originating from its precursor
FNDCS5, is secreted by muscles and exerts various biological func-
tions through several signaling pathways [48,49]. Irisin can inhibit
fat production through the WNT/B-catenin signal [50] and enhance
osteoblast differentiation by activating the P38 and ERK [51]. How-
ever, irisin can impede the activation of osteoclasts by activating
the P38 and JNK [52]. A lack of irisin increases osteoclastogenesis
[53]. Our previous research also confirmed that irisin can promote
osteogenic differentiation by activating the BMP/SMAD signaling
pathway in BMSCs through oV integrin receptors [29] and condi-
tion the balance between osteogenesis and osteoclastogenesis by
inhibiting oxidative stress and RANKL generation [30].

By RNA sequencing, we showed that irisin affected the secretion
of IL-6 in adipocytes, which was related to the TLR/NF-«xB pathway.
The TLR signaling pathway is essential for innate immune
responses and critical for inflammation, immune cell regulation,
survival, and proliferation. TLR activation in bone marrow-
derived fat cells results in the production of inflammatory factors
[54]. Chronic inflammation in adipose tissue is associated with
the TLR and NF-kB regulatory pathways. Compared with the TLR
family TLR 1, 2, 7, and 8, TLR4 has a higher gene expression level
in adipose tissue. Irisin protects the brain from I/R-induced inflam-
matory injury by inhibiting the TLR4/MyD88 pathway [55].
Research has demonstrated that irisin effectively reduces IL-6 pro-
duction and diminishes the activation of the TLR4/NF-xB signaling
pathway with inflammatory stress [26,56,57]. Conversely, another

study highlights that irisin can activate NF-kB in adipocytes, sub-
sequently promoting the release of CXCL1 [58]. These findings elu-
cidate the cell-type specific effects of irisin on NF-kB activity,
indicating its versatile role in different cellular contexts. Overall,
our study showed that bone loss induced by obesity may be closely
related to the TLR4/NF-kB signaling pathway and the inflamma-
tory cytokine IL-6, and the application of recombinant irisin can
alleviate the bone loss induced by obesity. Irisin could reduce the
production of IL-6 in adipocytes in the bone marrow through the
TLR4/MyD88/NF-kB pathway, consequently preventing bone loss
caused by obesity. Therefore, irisin, as a therapeutic agent for the
treatment of obesity-induced bone loss, provides new pathway
insights for the clinical treatment of obesity-induced bone loss.
Of course, our study had some limitations. Bone metabolism is
closely related to the Hedgehog signaling pathway, Notch signaling
pathway, Wnt/B-catenin signaling pathway, TGF/BMP signaling
pathway and FGF signaling pathway. Alterations in the gut micro-
biota have a significant regulatory role in the musculoskeletal sys-
tem [59-61], especially bone loss caused by obesity [62]. In this
study, we found that the TLR4/NF-kB signaling pathway plays an
important role in obesity-induced bone loss, which is closely
related to the production of the inflammatory cytokine IL-6. More-
over, the application of recombinant irisin can improve the bone
loss caused by obesity, and the mechanism of how irisin affects
the TLR4/NF-kB signaling pathway and improves the bone loss
needs to be further investigated in subsequent studies. Irisin can
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Fig. 10. Irisin reduced cellular IL-6 production by decreasing TLR4 expression in adipocytes. (A) IF staining for IL-6 in BMSC-derived adipocytes. (B) IF staining for IL-6 and

TLR4 in BMSC-derived adipocytes.

influence both bone and fat metabolism via oV integrin receptors
[29,63]. However, it remains unconfirmed whether irisin impacts
the TLR4/NF-kB signaling pathway in adipocytes through these
receptors or by binding to other receptor proteins. Moreover, we
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will delve into the specific receptor that irisin binds to and its bind-
ing mode, to further elucidate how irisin mitigates adipose-
induced osteogenesis inhibition via its effect on the TLR4/NF-xB
signaling pathway in adipocytes. The utilization of FNDC5 gene
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Fig. 11. Irisin regulated IL-6 production by TLR4/MyD88 signaling in adipocytes. (A) ORO staining of BMSC-differentiated adipocytes after induction for 14 days. (n = 3) (B)
ALP staining and ALP activity of BMSC-differentiated osteoblasts 7 days after cultured with the osteogenic conditional medium. (n = 3) (C) ARS staining and quantification of
mineralized nodules of BMSC-differentiated osteoblasts 14 days after cultured with the osteogenic conditional medium. (n = 3) (D) The gene expression of II-6, Tlr-4, MyD88
and NF-kB detected by qRT-PCR. (n = 3) (F) The protein expression IL-6, TLR-4, MyD88 and NF-«xB detected by WB. (n = 3).
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Fig. 12. Irisin deficiency increased TLR4 and IL-6 expression in the bone marrow cavity of the mice. (A) IF staining of IL-6 in the femur. (B) IF staining of TLR4 in the femur.

knockout mice may influence the physiological activities of multi-
ple tissues, including nerves, skeletal muscles, and adipose tissue
[64]. Lack of irisin directly affects bone balance. In subsequent
investigations, we intend to generate FNDC5 conditional knockout
mice to conduct a more precise and detailed exploration, particu-
larly focusing on the mechanisms underlying the interplay
between bone and fat metabolism.

Conclusion

In conclusion, this study demonstrates that irisin deficiency
leads to increased obesity-related bone loss. The application of
recombinant irisin affected bone and fat metabolism and inhibited
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the activation of the TLR4/MyD88/NF-«kB pathway in adipocytes,
thereby decreasing the secretion of IL-6 in adipocytes and restoring
the osteogenic capacity that was inhibited by IL-6 . Overall, this
series of studies not only enhances our understanding of commu-
nication between adipocytes and osteocytes, but also provides
new directions for irisin-based therapeutic strategies to modulate
bone health.
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