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ABSTRACT
Context: Wen-Shen-Tong-Luo-Zhi-Tong (WSTLZT) Decoction is a Chinese prescription with antiosteoporo-
sis effects, especially in patients with abnormal lipid metabolism.
Objective: To explore the effect and mechanism of WSTLZT on osteoporosis (OP) through adipocyte-
derived exosomes.
Materials and methods: Adipocyte-derived exosomes with or without WSTLZT treated were identified by
transmission electron microscopy, nanoparticle tracking analysis (NTA) and western blotting (WB). Co-cul-
ture experiments for bone marrow mesenchymal stem cells (BMSCs) and exosomes were performed to
examine the uptake and effect of exosome in osteogenesis and adipogenic differentiation of BMSC.
MicroRNA profiles, luciferase and IP were used for exploring specific mechanisms of exosome on BMSC. In
vivo, 80 Balb/c mice were randomly divided into four groups: Sham, Ovx, Exo (30lg exosomes), Exo-
WSTLZT (30lg WSTLZT-exosomes), tail vein injection every week. After 12 weeks, the bone microstructure
and marrow fat distribution were analysed by micro-CT.
Results: ALP, Alizarin red and Oil red staining showed that WSTLZT-induced exosomes from adipocyte
can regulate osteoblastic and adipogenic differentiation of BMSC. MicroRNA profiles observed that
WSTLZT treatment resulted in 87 differentially expressed miRNAs (p< 0.05). MiR-122-5p with the greatest
difference was screened by q-PCR (p< 0.01). The target relationship between miR-122-5p and SPRY2 was
tested by luciferase and IP. MiR-122-5p negatively regulated SPRY2 and elevated the activity of MAPK sig-
nalling pathway, thereby regulating the osteoblastic and adipogenic differentiation of BMSC. In vivo, exo-
somes can not only improve bone microarchitecture but also significantly reduce accumulation of bone
marrow adipose.
Conclusions: WSTLZT can exert anti-OP effect through SPRY2 via the MAKP signalling by miR-122-5p car-
ried by adipocyte-derived exosomes.
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Introduction

Osteoporosis (OP) is a chronic bone metabolic disease with a
high incidence, high disability rate, long disease course and high
medical cost that severely affects the quality of life of middle-
aged and elderly people. According to epidemiological studies, it
is estimated that 50% of postmenopausal women worldwide are
affected by this disease, approximately 40% of whom will eventu-
ally progress to the occurrence of osteoporotic fractures, which
will impose a heavy economic burden on all societies (Rachner
et al. 2011; Si et al. 2015). Currently, most drugs on the market
still rely on the bone homeostasis mechanism mediated by osteo-
blasts and osteoclasts as the main target for the treatment of OP,

involving the use of bisphosphonates and oestrogen receptor
drugs. However, these drugs have defects, including poor absorp-
tion and many adverse reactions, resulting in an inability to
achieve satisfactory efficacy (Barnsley et al. 2021). Therefore, OP
must be urgently understood as a systemic metabolic disease
from a new perspective.

Increasing evidence has shown that the imbalance of bone
lipid metabolism mediated by bone marrow mesenchymal stem
cells (BMSCs) is an important mechanism underlying the patho-
genesis of OP (Fazeli et al. 2013; Scheller et al. 2015). As a kind
of pluripotent stem cells in the human bone marrow cavity,
BMSCs can participate in construction of the bone marrow
microenvironment and can differentiate into osteoblasts,
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adipocytes and chondrocytes. Osteogenesis and adipogenic differ-
entiation are in a contradictory relationship: in the bone marrow
of OP patients, adipocytes increase significantly with a decrease
in bone mass, and this trend of relative stability between bone
and adipose tissue is called bone–fat balance (Yu et al. 2018).
Previous studies have shown that many cytokines related to bone
remodelling, such as leptin and adiponectin, are all secreted by
adipocytes (Cornish et al. 2018). These cytokines can directly or
indirectly affect the direction of BMSC differentiation and regu-
late osteogenic markers (Runx2, Osterix, etc.) and the expression
of adipogenic markers (PPARc, CEBP-a/b/c, etc.), which further
affect the bone remodelling process (Cornish et al. 2018; Fassio
et al. 2018). Therefore, the above studies suggest that adipocytes
and their metabolites can affect BMSC osteogenesis and adipo-
genic differentiation in bone marrow, thereby regulating bone–
fat balance.

Exosomes are important for intercellular communication and
signal transmission, and the normal secretion of exosomes is
closely related to body homeostasis. Studies have shown that
almost all cultured cells can secrete exosomes, which are widely
distributed in biological fluids, such as peripheral blood, urine
and synovial fluid (Kalluri and LeBleu 2020). Exosomes can act
on target cells by releasing and transmitting biologically active
molecules, including RNA, proteins, antigen expression mole-
cules and DNA, to activate signalling cascades in the target cells,
thereby mediating physiological and pathological processes, such
as cell migration, cell differentiation and immune response
(Meldolesi 2018). It was reported that obesity can lead to hyp-
oxia in adipocytes and that bioactive substances, such as
miRNAs, in adipocyte-derived exosomes can increase accordingly
(Sano et al. 2014). The osteogenic differentiation of BMSCs was
significantly inhibited when the expression of Rab27a was inhib-
ited in the bone microenvironment (Liu et al. 2015). These stud-
ies suggest that the effector molecules carried by exosomes are
the key substances by which adipocytes communicate with dis-
tant organs and regulate systemic metabolism under physio-
logical and pathological conditions.

Wen-Shen-Tong-Luo-Zhi-Tong (WSTLZT) Decoction, a pre-
scription intended to warm kidneys and unblock the collaterals,
is an empirical prescription by Professor YongMa for treating
primary OP. WSTLZT is composed of Cornus officinalis Sieb. &
Zucc. (Cornaceae), Davallia trichomanoides Blume.
(Polypodiaceae), Astragalus membranaceus var. mongholicus
(Bunge) P. K. Hsiao. (Fabaceae), Cnidium monnieri (L.) Spreng.
(Apiaceae), Coix lacryma-jobi var. ma-yuen (Rom. Caill.) Stapf in
Hook. f. (Poaceae), Aconitum carmichaelii Debeaux.
(Ranunculaceae), Heracleum hemsleyanum Diels. (Apiaceae),
Hansenia weberbaueriana (Fedde ex H. Wolff) Pimenov &
Kljuykov. (Apiaceae), Gastrodia elata BI. (Orchidaceae) and
other herbs have been used in the Affiliated Hospital of Nanjing
University of Chinese Medicine for more than 10 years. This for-
mula can effectively relieve patients’ clinical symptoms, such as
pain in the back and loin; increase bone density; and improve
patients’ quality of life (Zheng et al. 2016). Osthole, the main
component of WSTLZT, can promote osteoblast differentiation
through the Wnt signalling pathway and endoplasmic reticulum
stress (Zheng et al. 2018), inhibit osteoclast differentiation and
maturation through the NF-jB signalling pathway, and improve
bone microstructure and bone metabolic homeostasis (Ma et al.
2019). An interesting phenomenon noted in a large number of
clinical practices has attracted our attention: the efficacy of
WSTLZT in patients with abnormal lipid metabolism in similar
age groups seems to be significant. Therefore, we speculate that

adipocyte-derived exosomes can regulate the influence on some
signalling pathways through the effector substances they carry,
thereby affecting the bone–fat balance in BMSCs in the bone
marrow. Thus, WSTLZT can regulate the secretion of adipocyte
exosomes and ultimately exert an anti-osteogenesis effect.

This study was designed to observe the effect of traditional
Chinese medicine intervention on the secretion of adipocyte exo-
somes and to analyse the specific mechanism of adipocyte-derived
exosomes on BMSC bone lipid differentiation and bone lipid metab-
olism in OP model mice, thereby revealing the regulatory effects and
mechanisms of WSTLZT in bone–fat balance from the perspective
of exosomes, effector miRNAs and targeted signalling pathways.

Materials and methods

Preparation of WSTLZT Decoction

WSTLZT is a decoction of 15 Chinese herbs as shown in Table
1. All these herbs were purchased in 2020 from the Affiliated
Hospital of Nanjing University of Chinese Medicine (Nanjing,
China), which was authenticated by Professor Dekang Wu from
Nanjing University of Chinese Medicine (product code:
Aconitum carmichaelii (NZY-MA-2020001), Cornus officinalis
(NZY-MA-2020002), Davallia trichomanoides (NZY-MA-
2020003), Epimedium brevicornum Maxim. (Berberidaceae) (NZY
-MA-2020004), Cnidium monnieri (NZY-MA-2020005),
Woodwardia japonica (L. f.) Sm. (Dicksoniaceae) (NZY-MA-
2020006), Coix lacryma-jobi var. ma-yuen (NZY-MA-2020007),
Atractylodes macrocephala Koidz. (Asteraceae) (NZY-MA-
2020008), Hansenia weberbaueriana (NZY-MA-2020009),
Asarum heterotropoides F. Schmidt. (Aristolochiaceae) (NZY-
MA-2020010), Gastrodia elata (NZY-MA-2020011), Paeonia lac-
tiflora Pall (Ranunculaceae) (NZY-MA-2020012), Glycyrrhiza
uralensis Fisch (Fabaceae) (NZY-MA-2020013), Heracleum hem-
sleyanum (NZY-MA-2020014), and Astragalus membranaceus
var. mongholicus (NZY-MA-2020015)). The herbs in WSTLZT
were mixed according to the prescription and soaked in 10 times
the volume of distilled water (v/w) for 0.5 h. Then, the herbs
were boiled in the above distilled water for 1 h. The decocted
dregs were added eight times the volume of distilled water (v/w)
and boiled again for another 1 h. After that, the two decoctions
were mixed, filtered, and then concentrated to 2 g/mL by rotava-
por (Yarong, Shanghai, China). The medicinal liquid was lyophi-
lized using freeze dryer (LTE Scientific, Greenfield, UK).

Qualitative analysis of components of WSTLZT water extract

The qualitative chemical composition of WSTLZT was analysed
by a Waters 2695 high-performance liquid chromatography
(HPLC) system (Waters, Milford, MA). The chromatographic
separation was carried out by EClassical Hypersil OSD-C18 col-
umn (250� 4.6mm, 5lm) with the temperature at 25 �C. The
detection wavelength was scanned at 210–360 nm and used at
234 nm. Individual compounds were identified by comparing
peak retention times with those of pure standard compounds.
The volume of injection was 10 lL, and the flow rate was
1mL/min. Solvent A (acetonitrile) and solvent B (acetonitrile,
0.1% phosphoric acid and 0.1% diethylamine) were used as
mobile phases with the following gradient elution: 0–15min, 95–
84% A, 5–16% B; 15–17min, 84% A, 16% B; 17–23min, 84–79%
A, 16–21% B; 23–45min, 21–50% A, 79–50% B; 45–62min, 50–
95% A, 50–5% B. The representative active ingredients of
WSTLZT are presented in Figure 1.
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Experimental animals

The animals for the experiment were 8-week-old male (n¼ 23)
and female (n¼ 103) Balb/c mice obtained from Shanghai
Xipuer-Bikai Laboratory Animal Co. Ltd (Shanghai, China,
SCXK(Hu)2018-0006). The specific uses are as follows: three
male and three female mice were used for BMSC isolation; 40
mice (20 male and 20 female) were used for preparation of drug-
containing serum; the rest of the mice were kept in a light- and
temperature-controlled room with 12 h light/dark cycle at
23 ± 2 �C constant temperature and in relative humidity between

50 and 60%. The mice were maintained and the research con-
ducted on them followed the guidelines of the National Institute
of Health Guidelines for Laboratory Animals, and approved by
Animal Ethics Committee of Nanjing University of Chinese
Medicine (no. ACU200601).

Preparation of drug-containing serum

A random selection of mice was divided into two groups of 20
mice each, and they were fed a normal diet. WSTLZT group was

Table 1. Composition of WSTLZTF.

Component
Chinese
name Family

Part
used

Origin
(PR China)

Voucher
number

Weight
(g)

Aconitum carmichaelii Debeaux. Fuzi Ranunculaceae Root Sichuan Province NZY-MA-2020001 8
Cornus officinalis Sieb. & Zucc. Shanzhuyu Cornaceae Ripe fruit Jiangsu Province NZY-MA-2020002 10
Davallia trichomanoides Blume. Gusuibu Polypodiaceae Rhizome Hubei Province NZY-MA-2020003 30
Epimedium brevicornum Maxim. Yinyanghuo Berberidaceae Leaves Gansu Province NZY-MA-2020004 10
Cnidium monnieri (L.) Spreng Shechuangzi Apiaceae Fruit Anhui Province NZY-MA-2020005 15
Woodwardia japonica (L. f.) Sm. Gouji Dicksoniaceae Rhizome Fujian Province NZY-MA-2020006 10
Coix lacryma-jobi var. ma-yuen (Rom. Caill.)

Stapf in Hook. f
Yiyiren Poaceae Seeds Jiangsu Province NZY-MA-2020007 15

Atractylodes macrocephala Koidz Baizhu Asteraceae Rhizome Jiangsu Province NZY-MA-2020008 10
Hansenia weberbaueriana (Fedde ex H. Wolff)

Pimenov & Kljuykov
Qianghuo Apiaceae Rhizome and root Shanxi Province NZY-MA-2020009 10

Heracleum hemsleyanum Diels Duhuo Apiaceae Root Sichuan Province NZY-MA-2020010 10
Asarum heterotropoides F. Schmidt Xixin Aristolochiaceae Rhizome and root Shanxi Province NZY-MA-2020011 3
Gastrodia elata Bl Tianma Orchidaceae Stem Guizhou Province NZY-MA-2020012 6
Paeonia lactiflora Pall Baishao Ranunculaceae Root Gansu Province NZY-MA-2020013 15
Glycyrrhiza uralensis Fisch Gancao Fabaceae Rhizome and root Jiangsu Province NZY-MA-2020014 6
Astragalus membranaceus var. mongholicus

(Bunge) P. K. Hsiao
Huangqi Fabaceae Root Hebei Province NZY-MA-2020015 15

Figure 1. Ultra performance liquid chromatography of WSTLZT with the representative active ingredients. (A) The total ion chromatogram in ion mode of WSTLZT
water extract; (B) the total ion chromatogram in ion mode of standards; (C) chemical formula structure of active ingredients: 1, gastrodin; 2, protocatechuic acid; 3,
loganin; 4, naringin; 5, benzoylmesaconine; 6, benzoylaconitine; 7, benzoylhypaconine; 8, icariin; 9, osthole; 10, isoimperatorin.
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given water extract containing equivalent amounts of 2.63 g/kg
WSTLZT once daily, whereas the control group received the
same volume of distilled water once a day for seven days. Blood
of two groups were aseptically collected from the abdominal
aorta 2 h after final administration and the serum was then
acquired by centrifugation of the blood at 720�g for 20min. The
drug-containing serum was stored at �80 �C and inactivated at
56 �C for 30min before use.

Cell culture and differentiation

The pre-adipocyte 3T3-L1 cell was purchased from American
Type Culture Collection (Manassas, VA). For mouse BMSC isola-
tion, the femora and tibiae were flushed with pipette to remove
bone marrow. Cells were filtered through a 40lM strainer. The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS (Gibco, Carlsbad, CA). Colony
forming cells were resuspended and stained with anti-CD90-FITC
(1:1000, Biolegend, San Diego, CA, Cat#206105), anti-CD29-FITC
(1:250, Invitrogen, Carlsbad, CA, Cat#11-0291-80), anti-CD45-
FITC (1:1000, Invitrogen, Carlsbad, CA, Cat#11-0291-80), anti-
CD34-Alexa488 (1:1000, Novus, Littleton, CO, Cat#NBP2-47911)
for 30min on ice under dark conditions. The immunophenotyp-
ing of CD90þCD29þCD45þCD34 of the cells were performed
by flow cytometry (Gaillios, Beckman, Brea, CA).

In order to induce osteogenic differentiation, we incubated
the BMSC with mineralization-inducing media that contains
100lM/mL ascorbic acid, 2mM b-glycerophosphate and 10 nM
dexamethasone (Sigma-Aldrich, St. Louis, MO). In order to
induce adipogenic differentiation, we incubated the BMSC with
adipogenic-inducing media that contains 0.5mM isobutylmethyl-
xanthine, 1lM dexamethasone and 10lg/mL insulin (Sigma-
Aldrich, St. Louis, MO).

Exosome isolation

3T3-L1 cells were resuspended and seeded into six-well plate with
each well containing 2� 104 cells and maintained in the culture
medium containing 10% exosomes-free FBS. After 5–6 days of
adipogenic induction, two groups were replaced with 10% blank/-
drug-containing serum, and exosome isolation was performed
after 72 h of intervention. The supernatant from two groups was
subjected to sequential centrifugation: 300�g for 10min, 2000�g
for 10min, 10,000�g for 30min and 100,000�g for 30min by
ultracentrifuge (L-100XP, Beckman, Brea, CA). All procedures
were performed at 4 �C. Phosphate-buffered saline (PBS) was used
to resuspend exosomes collected from the last pellet.

Nanoparticle tracking analysis (NTA)

A total of 20 lg of exosomes were dissolved in a 1mL of PBS
and rotated for 1min. With the help of nanoparticle tracking
analyser (Malvern Panalytical, Worcestershire, UK), the sample
was used to measure the diameter size and particle number.
Based on Brownian motion and diffusion coefficient, particles
were tracked and sized automatically. Measurement conditions
for the NTA analysis were 21.0 �C± 0.5 �C; 0.99 �Cp; 25 frames/s;
30 s measurement time. The detection threshold was the same
for all samples. Each sample was tested three times.

Transmission electron microscopy

Exosomes from 3T3-L1 cells were resuspended in PBS and fixed
with 2% paraformaldehyde for 30min at room temperature. We
then dropped the sample onto UV-treated EM grids and allowed
it to dry at room temperature for 15min. Exosomes on the grids
were then stained with 4% phosphotungstic acid for 5min. The
grids were then air-dried and examined under a LIBRA 200
transmission electron microscope at 120 kV (Zeiss, Oberkochen,
Germany).

Exosome labelling and fluorescence microscopy

Exosomes were incubated with fluorescent dye PKH-67 for 5min
under dark condition at 20 �C. Purification of fluorescently
labelled exosomes was performed by Exo-spin mini columns
(EX03, Cell Guidance, Cambridge, UK). The purified exosomes
were seeded on BMSCs and co-cultured for 12 h. Subsequently,
DAPI staining was used to label the nuclei of BMSC. The uptake
of exosomes by BMSC was observed by fluorescence microscopy
(DMI8, Leica, Wetzlar, Germany).

ALP staining, Alizarin red staining and Oil red O staining

ALP staining: After 10–14 days of osteogenic induction, the
BMSCs were fixed in 4% formaldehyde for 5min at room tem-
perature. In accordance with the protocol, alkaline phosphatase
(ALP) staining kit (G1480, Solarbio, Beijing, China) was used for
incubating with working solutions for 20min. After the staining
solution is removed by washing with PBS twice, the cells are
dried in the air. An inverted microscope (DMI1, Leica, Wetzlar,
Germany) was used to observe the staining results.

Alizarin red staining: After 21 days of osteogenic induction,
the cells were fixed with 95% ethanol for 10min and stained
according to the instructions of Alizarin red kit (G1450,
Solarbio, Beijing, China). The stained calcium nodules were
observed under an optical microscope.

Oil red O staining: After seven days of adipogenic induction,
the cells were fixed with 10% neutral formalin for 1 h and
stained according to the instructions of Oil red O staining kit
(G1262, Solarbio, Beijing, China). After washing with distilled
water, the stained lipid droplets were observed under an inverted
microscope.

microRNA extraction and microarray analysis

The miRNAs of high purity from the collected exosomes were
extracted by miRNAs Isolation Kit (05080576001, Roche, Basel,
Switzerland). Briefly, mix the exosome solution with 600 lL
lysis/binding solution in the EP tube. After adding 60 lL of
miRNA homogenization additive, invert and mix repeatedly and
then let stand on ice for 10min. Add 600 lL of acidified phenol
and chloroform centrifuge at 3000�g for 5min, take the super-
natant for passing through the column to elute twice, and use
the filtrate for later use.

In accordance with the manufacturer’s instructions, miRNAs
were amplified and hybridized to Illumina expression profiling
microarrays. Briefly, RNA was poly-A tailed, reverse transcribed
from a polydT primer and biotinylated to create cDNA. The
cDNA was extended with miRNA-specific oligos for all targeted
sequences, and then amplification was carried out with cyanine 3
(Cy3) fluorophore-labelled primers. 0.1 N NaOH was used to
denature the double-stranded PCR product bound to magnetic
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beads. Fluorophore-labelled strands were hybridized to microar-
rays of 1536 IllumiCode sequences attached to 3 lm beads.
Hybridization was carried out overnight with a temperature
ramp of 60–45 �C, washed to remove excess label, and dried in a
vacuum desiccator before imaging by laser excitation of the
fluorochrome-labelled sample. With the iScan system (Illumina,
San Diego, CA), the fluorescence intensity images were analysed
quantitatively. For screens of most differentially expressed
miRNAs, a fold change of more than 2.0 and a p value of less
than 0.05 were used.

Target prediction

According to the results of differentially expressed miRNAs, the
prediction of gene targets of significantly differentially expressed
miRNAs was performed by the Targetscan (www.targetscan.org),
miRTarbase (https://miRTarBase.cuhk.edu.cn) and miRDB
(www.mirdb.org). The following Venn diagram was created
using the R language software (R Foundation for Statistical
Computing, Vienna, Austria).

Cell grouping and transfection

The BMSC were classified into six groups as follows: the NC-
mimic group (transfected with miR-122-5p negative control
sequence), the miR-122-5p mimic group (transfected with miR-
122-5p mimic), the NC-inhibitor group (transfected with the
miR-122-5p inhibitor negative control sequence), the miR-122-
5p inhibitor group (transfected with the miR-122-5p inhibitor
sequence), the miR-122-5p mimicþ SPRY2OE group (trans-
fected with miR-122-5p mimic and OE-SPRY2 plasmid) and the
miR-122-5p inhibitorþ SPRY2 KD group (transfected with miR-
122-5p mimic and KD-SPRY2 plasmid). All sequences and plas-
mid were obtained from Nanjing Shenji Biotechnology Co. Ltd
(Nanjing, China).

The logarithmic growth-phase BMSC were seeded into 12-
well plates prior to transfection. After that, cell transfection was
performed using Lipofectamine 2000 (Thermo Fisher, Carlsbad,
CA) according to the manufacturer’s instructions. The sequences
mentioned above were diluted by 250 lL serum-free Opti-MEM
(Gibco, Grand Island, NY) and incubated for 5min. An add-
itional 250lL serum-free medium Opti-MEM was used to dilute
5lL lipofectamine 2000, and above two solutions were gently
mixed and incubated for another 20min. Lastly, the 50 lL of
mixture was added to the wells containing BMSCs from all
groups. Transfection medium was replaced with fresh growth
medium after 6 h of incubation at 37 �C with 5% CO2, followed
by another 24–48 h of incubation.

Luciferase assays

Human embryonic kidney (HEK)-293T cells obtained from
ATCC were used as tool cell in this assay. To construct the
pmirGLO vector, the complementary DNA (cDNA) fragment of
SPRY2 30-untranslated region (UTR) containing the miR-122-5p
binding site was inserted. The mutated SPRY2 30-UTR was con-
structed using DNA point mutation technology. It was inserted
into pmirGLO vector and the correct insertion verified by
sequencing. A pmirGLO-SPRY2 or pmirGLO-mutSPRY2 recom-
binant vector was then co-transfected with miR-122-5p mimics
or miR-NC in HEK-293T cells. According to manufacturer’s

instructions, we measured luciferase activity using a Luciferase
Assay Kit (Promega, Sydney, Australia).

RT-qPCR

Total RNA was extracted from BMSC by TRIzol reagent
(Tiangen, Beijing, China), and 1lg of total RNA was used for
the reverse transcription reaction. cDNA was generated by
reverse transcription using FastKing gDna Dispelling RT
SuperMix Kit (Tiangen, Beijing, China). The relative quantitative
expression of mRNA or miRNA was determined by real-time
RT-PCR using SYBR Green Supermix (Tiangen, Beijing, China).
The data were analysed using the 2–DDCT method. The sequences
for primers are shown in Table 2.

RNA-binding protein IP assay

The RNA-binding protein IP assay was performed using the
Magna RIPTM RNA Binding Protein Immunoprecipitation Kit
(Millipore, Bedford, MA). Approximately 1� 107 cells were pel-
leted and resuspended in RIP lysis buffer with protease inhibitor
cocktail and RNase inhibitors. Incubation with magnetic beads
of anti-Ago2 Ab (ab186733, Abcam, Cambridge, UK) was per-
formed at 4 �C overnight. In order to synthesize cDNA, RNAs
were treated with proteinase K buffer and purified with TRIzol
reagent. In order to detect specific expression of RNA, RT-qPCR
was used with the sequence-specific primers listed above.

Western blot analysis

Total proteins were extracted by RIPA buffer and measured
using the BCA method from BMSC in each group. SDS-PAGE

Table 2. Primer sequence used in qPCR experiments.

Gene Primer Sequence (50–30)
miR-451a Forward CTCACCAACCACCTCAACCACTTC

Reverse TCCAGAATCCAGCCAGCCAGTC
miR-378d Forward GCGACTGGCCTTGGAGTCA

Reverse AGTGCAGGGTCCGAGGTATT
miR-1964-5p Forward GCGAGCTGGAGCACAAAAG

Reverse AGTGCAGGGTCCGAGGTATT
miR-96-5p Forward GCGTTTGGCACTAGCACATT

Reverse AGTGCAGGGTCCGAGGTATT
miR-122-5p Forward CGCGTGGAGTGTGACAATGG

Reverse AGTGCAGGGTCCGAGGTATT
SLC7A1 Forward CGTGAAATACGGTGAGGG

Reverse TGAAGCAAATGAGGAGGG
CTDNEP1 Forward AGCCCAGGTGAAGAGGAA

Reverse GGATGAAGTCGGGAGGTG
FAM117B Forward GCTCTGCTTTCTGCCTCG

Reverse GATACCCGCTCTTGCTCTGT
CCNG1 Forward ATCCGAATAAGTCAGTATAGGT

Reverse TCTCAAATGGCAAGGTGT
ALDOA Forward GCGACCACCATGTCTATCTG

Reverse TCCTCACTCTGCCCTCCA
SPRY2 Forward ACTGTTCGTAGAGGGTTA

Reverse GAATTGTAGCAAGCGTATCAGTTAA
RUNX2 Forward ATGCTTCATTCGCCTCACAAA

Reverse GCACTCACTGACTCGGTTGG
Osterix Forward TCGAGGATGGCGTCCTCTCTGC

Reverse TGGTGCTTGAGAAGGGAGCTGG
CEBP-a Forward CAAGAACAGCAACGAGTACCG

Reverse GTCACTGGTCAACTCCAGCAC
PPARc2 Forward GTGCCAGTTTCGATCCGTAGA

Reverse GGCCAGCATCGTGTAGATGA
GAPDH Forward GTCCATGCCATCACTGCCACTC

Reverse CGCCTGCTTCACCACCTTCTTG
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was performed on a 10% polyacrylamide gel and samples were
transferred onto PVDF nitrocellulose membranes (Millipore,
Bedford, MA) under semi-dry conditions. The membranes were
blocked overnight with 5% non-fat milk, then incubated with
primary antibodies at 4 �C overnight, including: CD9 (1:1000,
#13403, CST, Boston, MA),CD63 (1:1000, sc-5275, Santa Cruz,
Dallas, TX), RUNX2 (1:1000, sc-101145, Santa Cruz, Dallas, TX),
Osterix (1:1000, ab944744, Abcam, Cambridge, UK), CEBP-a
(1:1000, AF6333, Affinity, Cincinnati, OH), PPARc2 (1:1200, sc-
7273, Santa Cruz, Dallas, TX), SPRY2 (1:1000, #14954, CST,
Boston, MA), p-JNK (1:1000, #9255, CST, Boston, MA), JNK
(1:1000, #9252, CST, Boston, MA), p-p38 (1:1000, #4511, CST,
Boston, MA), p38 (1:1000, #8690, CST, Boston, MA), ERK1/2
(1:800, #11257-1-AP, Proteintech, Rosemont, IL), p-ERK1/2
(1:2000, #4370, CST, Boston, MA), GAPDH (1:1500, #5174, CST,
Boston, MA). Following this, membranes were incubated with
secondary horseradish peroxidase-conjugated antibodies at room
temperature for 2 h. Lastly, the proteins were analysed using the
luminescent image analyser Image Quant LAS-4000 Mini (GE
Healthcare, Chicago, IL). All reactions were repeated three times
and data were analysed with Image J software (Bethesda, MD).

OVX-induced animal model construction and drug
administration

The remaining 80 female Balb/c mice were OVX or Sham-oper-
ated at 12 weeks of age. The detailed operation procedure was
performed as our previous study (Wang et al. 2020). After
three days, the mice were randomly divided into four groups of
20 mice each. Mice in each group were received drug interven-
tion of 12 consecutive weeks and weighed once a week. The
grouping method and doses administration was as follows: (a)
the mice from Sham-operated group (Sham) were injected with
200lL normal saline via tail vein injection once a week; (b) The
mice from model group (OVX) were injected with 200 lL nor-
mal saline via tail vein injection once a week; (c) The mice from
exosome group (EXO) were injected with 30 lg adipocyte-
derived exosomes (diluted by 200 lL normal saline) via tail vein
injection once a week; (d) The mice from WSTLZT-induced exo-
some group (WSTLZTþ EXO) were injected with 30lg
WSTLZT-induced adipocyte-derived exosomes (diluted by
200lL normal saline) via tail vein injection once a week. After
12 weeks of administration, the mice were sacrificed and the
serum and bone tissues from all groups were collected.

Micro-CT

Both structure of trabecular bone of the femur and marrow adi-
pose tissue (MAT) of tibia were analysed by micro-CT (Skyscan
1176, Bruker, Kontich, Belgium). The main protocol of micro-
CT for bone microarchitecture was reported in our previous
published literature (Wang et al. 2020). The CT scanner was
configured as follows: resolution 9lm, voltage 55 kV and current
70mA. The following morphometric parameters, including: bone
volume fraction (BV/TV), three-dimensional bone mineral dens-
ity (3D BMD), trabecular bone thickness (Tb.Th), number of tra-
becular bone (Tb.N) and trabecular bone separation (Tb.Sp),
were analysed by CTAn 1.14 software. Subsequently, the seg-
mented data were imported to the software to construct the
three-dimensional images.

According to another previous published literature, tibias
were removed from soft tissues, freed from connective tissues,
and fixed in 10% formalin for 24 h. Decalcification of bones took

place in 4% EDTA at pH 7.4 for two weeks. The tibiae were
immersed into the glass vials containing 1:1 ratio of 2% osmium
tetroxide and 5% potassium dichromate solution for two days.
The parameters of CT scanner were set up as follows: resolution
16 lm, voltage 55 kV and current 70mA. rMAT was analysed by
measuring the BV/TV of the proximal 3mm of the tibiae, as
well as cMAT measured with BV/TV of the end of tibiae distal
to the tibiofibular joint (Scheller et al. 2015).

Statistical analysis

All measurement data were presented as mean value ± standard
deviation (�x±s). The statistical analysis was performed with SPSS
22.0 (SPSS Inc., Chicago, IL). The one-way analysis of variance
(ANOVA) was used to compare multigroup enumeration data.
The Student–Newman–Keuls test was used for pairwise compari-
sons. A statistical significance of p< 0.05 was considered
significant.

Results

Characterization of exosomes secreted by adipogenesis

After the two groups of 3T3-L1 adipocytes were induced to
mature, the culture medium supernatant was collected, and exo-
somes were extracted using ultracentrifugation for identification.
In both groups of exosomes, typical small globular vesicles were
observed under TEM (Figure 2(A)). The centre of the vesicles
exhibited low density, with a diameter of approximately 80–
130 nm. NTA revealed amplified particle signals in real time. The
exosome diameters in the two groups were 102 ± 42 nm and
106 ± 55 nm (Figure 2(B)). WB showed that all proteins extracted
from the cells and exosomes in the control group and WSTLZT
group expressed CD9 and CD63 (Figure 2(C,D)). These results
were consistent with the expression of antigenic markers in exo-
somes, and the expression in the WSTLZT group was higher
than that in the control group.

WSTLZT-induced exosomes regulate osteoblastic and
adipogenic differentiation of BMSC

After PKH-67-labeled adipocyte-derived exosomes were added to
BMSCs with DAPI-labelled nuclei for 12 h of co-culture, micro-
scopic observation showed that exosomes with green fluorescence
appeared in or around the nucleus (blue fluorescence). These
results suggest that adipocyte-derived exosomes can be taken up
by BMSCs (Figure 2(E)). BMSCs and adipocyte-derived exo-
somes were co-cultured and subjected to osteogenic induction.
The exosomes significantly stimulated the osteogenic differenti-
ation of BMSCs. The numbers of ALP-positive cells and the
Alizarin red-positive area were significantly greater than in the
control group. Osteogenic differentiation was further stimulated
in the WSTLZT group (Figure 3(A)). In addition, the mRNA
and protein expression trends of the osteogenic markers RUNX2
and Osterix were consistent with their osteogenic differentiation
phenotypes. Co-culture with exosomes significantly inhibited adi-
pogenic differentiation of BMSCs, and the proportion of mature
adipocytes was significantly less than that in the control group.
Adipogenic differentiation was further inhibited in the WSTLZT
group. Moreover, the mRNA and protein expression trends of
the adipogenic markers CEBP-a and PPARc2 were consistent
with their adipogenic differentiation phenotypes (Figure 3(B,C)).
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Figure 2. Identification and uptake of adipocyte-derived exosomes. (A) Typical images of microscopic morphology of exosomes under transmission electron micro-
scope (left: control group; right: WSTLZT group), scale bar ¼ 200 nm. (B) Detection of the diameter distribution of adipocyte-derived exosomes (left: control group;
right: WSTLZT group). (C) The protein levels of CD9 and CD63 in 3T3-L1 cells and exosomes secreted by cells were measured by western blot. (D) Relative protein
expression of CD9 and CD63 was analysed to those in control. (E) Fluorescence microscope images of colocalization of exosomes from cells 3T3-L1 cells with BMSC.
Exosomes were labelled by PKH-67 (green) and cell nuclei were stained with DAPI (blue), scale bar ¼ 100lm. Mean± SEM (n¼ 3), ��p< 0.01 vs. control-cell group.

Figure 3. WSTLZT-induced exosomes regulate osteoblastic and adipogenic differentiation of BMSC in the co-culture system of BMSC and adipocyte-derived exosomes.
(A) ALP staining, Alizarin red staining, Oil red O staining, scale bar ¼ 100lm; (B) the protein levels of osteogenic markers RUNX2, Osterix and adipogenic markers
CEBP-a, PPARc2 were measured by western blot. (C) Protein expression of RUNX2, Osterix, CEBP-a and PPARc2 was analysed relative to those in control. Mean± SEM
(n¼ 3). Compared with the control group, ��p< 0.01; compared with the co-culture group, ##p< 0.01.
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WSTLZT-induced exosomes secreted by adipocyte transfer
miR-122-5p to BMSC

By processing high-throughput data, we screened the top 20 dif-
ferentially expressed miRNAs, which included miR-122-5p, and
verified the top five differentially expressed miRNAs in the com-
prehensive ranking using PCR experiments. We found that the
expression level of miR-122-5p was the highest (Figure 4(A,B)).
Thus, we chose miR-122-5p for follow-up experiments.
Subsequently, we performed osteogenic and adipogenic induction
of BMSCs transfected with NC mimic, miR-122-5p mimic, NC
inhibitor or miR-122-5p inhibitor. The results showed that ALP
and Alizarin red staining was darkest in the miR-122-5p mimic
group, while Oil red O staining did not change significantly. The
transcription levels of the osteogenic differentiation-related factors
Runx2 and Osterix were increased, and the levels of the adipogen-
esis-related factors PPARc2 and CEBP-a were lower than those in
the NC group. In the miR-122-5p inhibitor group, the number of
lipid droplets stained with Oil red O increased significantly, while
ALP and Alizarin red staining did not change significantly (Figure
4(C)). The levels of the osteogenic differentiation-related factors
Runx2 and Osterix were reduced while the levels of the adipogen-
esis-related factors PPARc2 and CEBP-a were increased compared
with levels in the NC group (Figure 4(D)).

Specific binding of miR-122-5p to the target gene SPRY2

As shown in Figure 5(A,B), potential miR-122-5p target genes
were predicted using three online databases, and a total of six
genes were obtained after intersection (SLC7A1, CTDNEP1,

FAM117B, CCNG1, ALDOA and SPRY2). By examining the
expression levels of the six potential target genes in the two
groups, it was found that the expression level of SPRY2 was
reduced in the TCM group. Next, based on these results, SPRY2-
wild-type and SPRY2-mutant luciferase vectors were constructed.
Each group was transfected with the vectors, and luciferase activ-
ity was detected. After transfection with miR-122-5p mimic, luci-
ferase activity was significantly reduced in the SPRY2-wild-type
group, and after transfection with miR-122-5p inhibitor, lucifer-
ase activity was significantly increased. In the SPRY2-mutant
group, there was no significant change in luciferase activity
regardless of whether the cells were transfected with miR-122-5p
mimic or miR-122-5p inhibitor (Figure 5(C)). These results sug-
gest that miR-122-5p can specifically target and bind SPRY2
through the binding sites shown in the figure. In addition, the
binding of miR122-5p to SPRY2 was further verified by RNA-
binding protein immunoprecipitation. miRNA and its target
gene sequences were enriched using Ago2 antibody. The mRNA
expression levels of miR-122-5p and SPRY2 were detected by
qPCR. SPRY2 mRNA levels in the immunoprecipitation complex
were found to increase after overexpression of miR-122-5p
(Figure 5(D)). These results suggest that miR-122-5p can bind to
the SPRY2 3’UTR to regulate its function.

miR-122-5p carried by WSTLZTF-induced exosomes regulates
osteoblastic and adipogenic differentiation of BMSC by
SPRY2 and MAPK signalling pathway

Furthermore, we detected osteogenic- and lipogenic-related indi-
cators in each group. The results showed that ALP and Alizarin

Figure 4. Exosomes secreted by adipocyte regulate osteoblastic and adipogenic differentiation of BMSC by transferring miR-122-5p to BMSC. (A) A heatmap of the
top 20 differentially expressed miRNAs in the exosomes derived from 3T3-L1 cells between control group and WSTLZT group. (B) MiRNAs levels in exosomes of 3T3-
L1 cells between control group and WSTLZT group were analysed by q-PCR. Compared with the control group, �p< 0.05, ��p< 0.01. (C) ALP staining after transfec-
tion, Alizarin red staining after transfection, Oil red O staining after transfection, scale bar ¼ 200lm. (D) The mRNA expression patterns of RUNX2, Osterix, CEBP-a
and PPARc2 after transfection measured by q-PCR. Mean±SEM (n¼ 3). Compared with the NC mimic group, �p< 0.05, ��p< 0.01.
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red staining was darker in the miR-122-5p mimic group than in
the NC mimic group, while the Oil red O staining did not
change significantly. However, after cotransfection with miR-
122-5p mimic and SPRY2OE, ALP and Alizarin red staining was
light, and the number of lipid droplets stained with Oil red O
was significantly increased. In the miR-122-5p inhibitor group,
the number of lipid droplets stained with Oil red O increased
significantly compared with the number in the NC mimic group,
while ALP and Alizarin red staining did not change significantly.
However, after cotransfection with miR-122-5p inhibitor and
SPRY2 KD, the ALP and Alizarin red staining became darker,
while the number of lipid droplets stained with Oil red O was
significantly reduced (Figure 5(F)). These results suggest that
miR-122-5p can regulate osteogenesis and adipogenic differenti-
ation by targeting SPRY2. The mRNA and protein expression
trends of the osteogenic markers Runx2 and Osterix and the adi-
pogenic markers CEBP-a and PPARc2 were also consistent with
the cell differentiation phenotypes (Figure 5(G)).

As shown in Figure 6(A,B), WB results showed that overex-
pression of miR-122-5p inhibited SPRY2 protein expression,
which was significantly downregulated compared with that in the
NC mimic group. However, after cotransfection with miR-122-

5p mimic and SPRY2OE, the SPRY2 protein expression level
was restored to the level in the NC mimic control group. The
SPRY2 protein expression level in the miR-122-5p inhibitor
group was significantly higher than that in the NC inhibitor con-
trol group. However, after cotransfection with miR-122-5p
inhibitor and SPRY2 KD, the protein expression level of SPRY2
was restored to the level in the NC inhibitor control group. To
further clarify the downstream mechanism of SPRY2, we
detected the protein expression levels of the related proteins p-
JNK, JNK, p-p38, p38, p-ERK1/2 and ERK1/2 in the MAPK sig-
nalling pathway and found that the relative p-JNK/JNK, p-
p38/p38 and p-ERK1/2/ERK1/2 protein expression levels were
significantly increased in the miR-122-5p mimic group compared
with the NC mimic group. In the miR-122-5p inhibitor group,
the relative p-JNK/JNK, p-p38/p38 and p-ERK1/2/ERK1/2 pro-
tein expression levels were reduced to different degrees com-
pared with levels in the NC mimic group. In the miR-122-
5pþ SPRY2 KD group, only the relative protein expression levels
of p-ERK1/2/ERK1/2 were elevated compared to levels in the NC
mimic group, but there was no significant difference in the rela-
tive protein expression levels in the other groups compared with
the NC mimic group (Figure 6(C,D)).

Figure 5. MiR-122-5p regulates osteoblastic and adipogenic differentiation of BMSC by down-regulating SPRY2. (A) Predicted target genes of miR-122-5p from
Targetscan, miRDB and miR Tarbase. (B) Validation of predicted potential target genes by q-PCR. Compared with the control exosome group, ��p< 0.01. (C) Targeting
relationship between miR-122-5p and SPRY2 verified by dual luciferase reporter assay. Compared with the NC group, ��p< 0.01. (D) The binding sites between miR-
122-5p and SPRY2 validated by the biological in the NCBI. (E) Targeting relationship between miR-122-5p and SPRY2 verified by immunoprecipitation. Compared with
the miR-122-5p group, ��p< 0.01. (F) ALP staining after transfection, Alizarin red staining after transfection, Oil red O staining after transfection, scale bar ¼ 200lm.
(G) The mRNA expression patterns of RUNX2, Osterix, CEBP-a and PPARc2 after transfection measured by q-PCR. Mean±SEM (n¼ 3). Compared with the NC mimic
group, �p< 0.05, ��p< 0.01.
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WSTLZT-induced exosomes secreted by adipocyte regulate
bone–fat balance in ovariectomized mice

The three parameters 3D BMD, BV/TV and Tb.Th were signifi-
cantly lower in the model group than in the Sham surgery group.
The injection of exosomes and TCM intervention of exosomes
improved the trend of the three parameters to varying degrees.
The trabecular spacing (Th.Sp) value in the model group was
significantly higher than that in the Sham surgery group, but the
Th.Sp value in the exosome group and TCM intervention of exo-
some group was significantly lower than in the model group
(Figure 7(A,B)).

By observing three-dimensional reconstructed images of
rMAT and cMAT, we found that the rMAT increased signifi-
cantly in mice in the model group and that the injection of exo-
somes and TCM intervention of exosomes significantly reversed
this trend. However, the changes in cMAT among the four
groups were not significant. To further quantify bone MAT, we
analysed the ratio of fat volume to tissue volume in each group
via micro-CT analysis. We found that the rMAT level in the
model group was significantly higher than that in the Sham sur-
gery group. The injection of exosomes and TCM intervention of
exosomes significantly reversed this trend, while the changes
in cMAT among the four groups were not significant
(Figure 7(C,D)).

Discussion

The role of adipose tissue as a new type of endocrine ‘organ’ in
the bone marrow microenvironment has gradually been

recognized. Adipose tissue can participate in intercellular signal
transmission through direct secretion and paracrine functions
(Rendina-Ruedy and Rosen 2017). Studies have shown that bone
MAT in patients with OP increases significantly with the reduc-
tion in bone mass (Yu et al. 2018). Patients with OP are more
likely to have lipid metabolism disorders, such as hyperlipid-
aemia and fatty liver (Liu et al. 2015). As a major method of
intercellular communication, the important role of exosomes in
bone metabolism has been gradually revealed. Chinese medicine
and its effective components have been confirmed to participate
in the regulation of exosome secretion (Liao et al. 2019). Buyang
Huanwu Decoction (BYHWD) exposure was proved to augment
angiogenetic miRNA and VEGF expression in exosomes secreted
by MSCs and elevated angiogenesis in rat brain (Yang et al.
2015). Active ingredients of Chinese herbs such as Morinda offi-
cinalis F. C. How (Rubiaceae), enable suppression of osteoclastic
differentiation by exosomes derived from rat mesenchymal stem
cells (Wu et al. 2022). In this study, we first extracted adipocyte-
derived exosomes by ultracentrifugation and successfully identi-
fied them via transmission electron microscopy (TEM), NTA
and western blotting (WB). Subsequently, successful uptake of
adipose-derived exosomes by BMSCs was verified by co-culture
after fluorescence labelling of exosomes with PKH-67. When we
added adipocyte-derived exosomes to the BMSC culture system,
we found that the exosomes significantly enhanced the osteo-
genic differentiation ability of BMSCs and inhibited adipogenic
differentiation, while this effect was further amplified by
WSTLZT. Therefore, further investigation of the active substan-
ces in exosomes and the specific mechanisms underlying their
action attracted our interest.

Figure 6. MiR-122-5p activates the MAPK signalling pathway by SPRY2. (A) The protein level of SPRY2 was measured after transfection by western blot. (B) Protein
expression of SPRY2 was analysed relative to that of control. (C) The protein levels of MAPK signalling pathway-related genes (p-JNK, JNK, p-p38, p38, p-ERK1/2 and
ERK1/2) were measured after transfection by western blot. (D) Protein expression of p-JNK/JNK, p-p38/p38 and p-ERK1/2/ERK1/2 was analysed relative to those of con-
trol. Mean ± SEM (n¼ 3). Compared with the NC mimic group, �p< 0.05, ��p< 0.01.
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Among the relevant studies involving the contents of exo-
somes, studies on miRNAs have received increasing attention.
Circulating miR-214 in exosomes not only represents a bio-
marker for bone loss but could selectively regulate osteoblast
function (Sun et al. 2016). In addition, studies have found that
exosomal miR-31a-5p derived from BMSCs in aged rats can
enhance osteoclast differentiation, thereby exacerbating age-
related bone loss (Xu et al. 2018), suggesting that inhibition of
miR-31a-5p has a potential therapeutic effect on age-related OP.
Gao et al. (2021) found that miR-34a carried by adipocyte exo-
somes inhibited the polarization of M1 macrophages in a mouse
model of osteolysis. To further explore the active substances in
exosomes, we extracted exosome-derived miRNAs and per-
formed high-throughput sequencing to screen out the 20 most
significantly differentially expressed miRNAs. The differentially
expressed miRNAs were verified in PCR experiments to include
miR-122-5p. To further study the effect of miR-122-5p on the
balance of bone lipid differentiation of BMSCs, we induced
osteogenic and adipogenic differentiation of BMSCs transfected
with miR-122-5p mimic. Osteogenic differentiation was found to
be enhanced in the mimic group, while adipogenic differenti-
ation was not significantly changed compared to that in the
other groups. Adipogenic differentiation was enhanced in the
inhibitor group, while osteogenic differentiation was not signifi-
cantly changed compared to that in the other groups. q-PCR
experiments showed that the mimic increased the expression of
the osteogenic differentiation marker genes RUNX2 and Osterix
but inhibited expression of the adipogenic differentiation marker
genes CEBP-a and PPARc2, while treatment with the inhibitor
yielded the opposite results. As a classic miRNA, miR-122-5p has
received a certain degree of attention in recent years. Hsa-miR-
122-5p was differentially regulated by nanotopography. This
miRNA could be related to the osteogenic differentiation
response of BMSC to help control the osseointegration process

(Sartori et al. 2018). Meanwhile, miR-122-5p can also be consid-
ered as targets of adipocyte involvement in adipocyte micro-
environment dysregulation (Delort et al. 2020). It can be seen
that miR-122-5p is closely related to osteogenesis and
adipogenesis.

To further explore the target of miR-122-5p, we first used
three online target gene prediction websites and obtained six
genes after intersection of the results. Subsequently, the expres-
sion of the six candidate target genes was verified by q-PCR. The
expression level of SPRY2 in exosomes treated with TCM was
found to be significantly reduced, preliminarily verifying that
SPRY2 is a target gene of differentially expressed miRNAs. We
predicted the site of SPRY2 targeted binding to miR-122-5p
using a bioinformatic website. Subsequently, we used a luciferase
assay and RIP-qPCR analysis to confirm the targeted binding of
miR-122-5p to SPRY2 from both exogenous and endogenous
perspectives. In vivo analyses have revealed that SPRY2 is associ-
ated with bone formation and mineralization (Taketomi et al.
2018). The enhancement of osteogenic differentiation of BMSC
is often accompanied by the weakening of adipogenic differenti-
ation function. This tendency to maintain the dynamic balance
of bone and adipose tissue is called bone–fat balance (Yu et al.
2018). Then, BMSCs were transfected with SPRY2 overexpression
and knockdown plasmids. After induction of differentiation, we
observed the cell differentiation in each group, the expression
levels of osteogenic adipogenic marker genes and the protein
expression level of SPRY2. The results confirmed that miR-122-
5p regulates the balance of bone lipid differentiation of BMSCs
by targeting SPRY2. Previous studies have confirmed that SPRY2
is a target gene of miR-122-5p and that miR-122-5p can induce
downregulation of SPRY2 to negatively regulate the ERK/MAPK
signalling pathway, promoting the proliferation of psoriatic kera-
tinocytes (Jiang et al. 2017). BMSC-derived exosomes can carry
miR-122-5p and bind SPRY2 to delay the occurrence and

Figure 7. WSTLZT-induced exosomes secreted by adipocyte regulate bone–fat balance in ovariectomized mice. (A) Representative 3D morphometry reconstruction
and images of distal femur by micro-CT. (B) Quantitative measurements of bone mineral density (BMD), bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th) and trabecular separation (Tb.Sp) by system. (C) Representative 3D morphometry reconstruction and images of adipocyte volume in the tibiae by micro-CT. (D)
Quantitative measurements of regulated marrow adipose tissue (rMAT) and constitutive marrow adipose tissue (cMAT) by system. Mean± SEM (n¼ 3). Compared with
the Sham group, �p< 0.05, ��p< 0.01, compared with the OVX group, #p< 0.05, ##p< 0.01.
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development of osteonecrosis of the femoral head by regulating
the RTK/Ras/MAPK signalling pathway (Liao et al. 2019).
Sequencing and subsequent Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis results showed that the differentially
expressed genes were enriched in the Ras signalling pathway, a
signalling pathway that regulates stem cell pluripotency, and Ras,
the most famous upstream signal of ERK in the MAPK signalling
pathway, has a close relationship with this pathway.

The MAPK signalling pathway is a classical signalling path-
way mediated by serine–threonine kinases that participate in a
variety of cellular activities. This pathway is involved in a variety
of intracellular signal transduction activities, including cell prolif-
eration, differentiation, apoptosis and necrosis (McCubrey et al.
2006). The mammalian MAPK family is mainly composed of
ERK, p38 and JNK (Torii et al. 2006). These three molecules rep-
resent the three main branching routes in the MAPK pathway.
Among them, JNK and p38 are mainly related to inflammation,
apoptosis and growth, while ERK is mainly related to cell growth
and differentiation (Kim and Choi 2010). The MAPK signalling
pathway also plays important role in mediating osteogenesis and
adipogenesis of BMSC. MAPK signalling pathway was respon-
sible for the enhanced BMSCs’ osteogenesis induced by alpha
CGRP, which might offer a promising strategy for bone-related
disorders (Jiang et al. 2022). Icariin, one of the active ingredients
of WSTLZT, has been proved that can promote the proliferation
and inhibited the apoptosis and adipogenesis of BMSC by sup-
pressing MAPK pathway (Deng et al. 2022). Further, gambogic
acid was confirmed to mediate p38 and JNK signalling pathways
to inhibit osteoclast formation and exert its potential anti-oste-
olysis effect. In this study, we further detected the expression of
MAPK-related signalling proteins in each group and found that
the three-relative p-JNK/JNK, p-p38/p38 and p-ERK1/2/ERK1/2
ratios were significantly increased in the mimic group but were
significantly downregulated in the inhibitor group. However,
only the relative p-ERK1/2/ERK1/2 protein expression levels
were increased in the miR-122-5pþ SPRY2 KD group compared
to the NC mimic group. Therefore, we can draw the following
conclusions: miR-122-5p can regulate the bone lipid differenti-
ation effect of BMSCs by binding to the target gene SPRY2 to
mediate the MAPK signalling pathway, and the ERK branch line
of the signalling pathway may play a major role in this process.

In the in vivo experiment, we administered an appropriate
frequency of exosome intervention in ovariectomized mice via
tail vein injection and conducted three-dimensional observation
of the bone microstructure and detected the distribution of adi-
pose tissue around the bone via micro-CT analysis. Bone MAT
is a type of functionally specific fat accumulation in bones that
has the potential to promote local and systemic metabolism
(Scheller and Rosen 2014; Liu et al. 2015). Further accumulation
of MAT can occur under a variety of clinical conditions, includ-
ing OP, aging, gonadal dysfunction, diabetes and anorexia (Fazeli
et al. 2013). Bone MAT has regional specificity. Proximal tibial
fat is defined as rMAT, which is easily affected by various fac-
tors, such as age, temperature and drugs; distal tibial fat is
defined as cMAT, and its content is relatively stable and not eas-
ily affected by other factors (Scheller et al. 2015). We observed
bone loss in the mice in the model group, and the bone micro-
structure was destroyed. In addition, the injection of exosomes
significantly improved the three bone cancellous parameters
except trabecular thickness (Tb.Th), and the effect in the TCM
regulating exosome group was slightly better than that in the
exosome group. Furthermore, we found a significant accumula-
tion of rMAT in the OVX group by analysing the fat volume

proportion, and exosomes significantly improved this trend. The
effect in the TCM regulating exosome group was better than that
in the exosome group, but no significant differences were
observed between the two groups. The cMAT changes in the
four groups were not significant. The main limitation of this
in vivo study is that only the effect was observed, but the mech-
anism was not studied; however, the results can be used as an
entry point for further studies.

Conclusions

Our study preliminarily demonstrated that adipocyte-derived
exosomes can regulate the SPRY2-mediated MAPK signalling
pathway through the effector miR-122-5p carried by exosomes,
thereby affecting the balance of bone lipid differentiation of
BMSCs in the bone marrow. In addition, WSTLZT can regulate
the secretion of adipocyte-derived exosomes and ultimately exert
an anti-OP effect through the above process.
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