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ABSTRACT

Ethnopharmacological relevance: The treatment of osteoarthritis (OA) patients is a challenging problem. Mesen-
chymal stem cells (MSCs) are multipotent cells and play key roles in regenerative medicine for cartilage
degeneration. GuiLu-ErXian Glue (GLEXG) is an herbal remedy widely used in traditional Chinese medicine to
treat joint pain and disability in elderly OA patients. However, the mechanisms of how GLEXG affects MSCs-
induced chondrogensis remains to be elucidated.

Aim of the study: The aim of this study was to investigate the effects of GLEXG on MSC-derived chondrogenesis,
both in vitro and in vivo and its potential mechanisms.

Methods: Using human MSC (hMSCs) as in vitro model, the effects of HPLC-profiled GLEXG water extract on
chondrogenic differentiation were investigated by 3D spheroid cultures under chondrogenesis-inducing medium
(CIM) condition. The chondrogenesis process was evaluated by measuring the sphere sizes, chondrogenesis-
related genes expression by reverse transcription real-time PCR that targeted type II/X collagens, SOX9,
aggrecan, and protein expression by immunostaining. Anti-TGF-p1 neutralization antibody was used for mech-
anistic study. Mono-iodoacetate (MIA) induced OA joint was used to evaluate the effects of GLEXG on in vivo
model. MSCs-derived exosomes were purified for proteomics study and senescence process was evaluated by
cumulative population doublings and senescence-associated -Galactosidase staining.

Resuits: The results showed that GLEXG enhanced hMSCs chondrogenesis and upregulated RNA expression of
type II/X collagen, SOX9 and aggrecan at 0.1 pug/mL, 0.3 pg/mL in vitro. In vivo, GLEXG at the dose of 0.3 ug
intraarticular (i.a.) injection rescued the MIA-induced cartilage defect. Proteomics and ingenuity pathway
analysis obtained from MSCs-released exosomes suggested that senescence pathway was less activated in GLEXG
group than in vehicle group. Besides, GLEXG was able to increase cumulative population doubling and delayed
hMSCs senescence process after four passages in cultures.

Conclusion: we conclude that GLEXG promotes in vitro MSC-induced chondrogenesis possibly via exosomes
release and delays aging in the MSC senescence process and that treatment with GLEXG (0.3 pg, i.a.) rescued
cartilage defects in rat OA knee model.
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List of abbreviation

ACAN  aggrecan

BMP bone morphogenic protein

CIM chondrogenic induction medium
Col IT collagen type II

Col X collagen type X

CPD cumulative population doublings
FBS fetal bovine serum

GLEXG  GuiLu-ErXian Glue

hMSCs  human mesenchymal stem cells
MIA mono-iodoacetate

Micro-CT micro-computerized tomography
OA osteoarthritis

PBS phosphate-buffered saline

RT-PCR reverse transcription real-time PCR
SA-B-Gal senescence-associated B-Galactosidase
SOX9  SRY-box 9

TCM traditional Chinese medicine

TGF-f  transforming growth factor beta
VEGFA vascular endothelial growth factor A

1. Introduction

Osteoarthritis (OA) is the most common chronic joint disorder in
humans and the main reason for chronic pain and disability worldwide
(Katz et al., 2021). The risk factors for OA include age, gender, genetics,
and obesity (King et al., 2013; Lanyon et al., 2003; Spector and Mac-
Gregor, 2004). Current treatment strategies for OA include
non-pharmacological intervention, pharmacological intervention,
intraarticular injection, and surgery. While non-pharmacological and
pharmacological therapies focus on reducing the pain, and maintaining
the function of the joint (Hochberg et al., 2012), the intraarticular in-
jection of corticosteroids, hyaluronic acid, and various blood-derived
products is aimed at pain relief and decreasing systemic toxicity
(Ayhan et al., 2014). Although surgical intervention plays a vital role in
the management OA patients, the long-term outcome of such interven-
tion is far beyond satisfaction.

Mesenchymal stem cells (MSCs) are pluripotent cells that can
differentiate into a range of cell types including chondrocytes, osteo-
cytes, and adipose cells (Jiang et al., 2002) and therefore they are good
regeneration medicine candidates for the treatment of bone diseases
such as osteoporosis and cartilage degeneration. There is consensus that
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many factors, including receptor ligands, intracellular proteins, and
transcription factors, are involved in MSC-induced chondrogenesis. For
example, the transforming growth factor p (TGF-p) and bone morpho-
genic protein (BMP) signaling pathways are essential for expanding
chondrocyte populations and inducing chondrocyte differentiation from
MSCs (Feng and Derynck, 2005; Tuli et al., 2003). In addition, Wnt- and
SRY-box 9 (Sox9)- signaling are also important regulators of chondro-
genesis (Zhao et al., 1997) because they affect the expression of some
key genes such as Runx2, Col10al and VEGFA (J. Liao et al., 2014).
Previously, the use of MSC-derived chondrogenesis has been applied
clinically for supporting the process of cartilage repair and regeneration
within OA joints (Davatchi et al., 2011; Mamidi et al., 2016). Further-
more, some studies have been conducted that have investigated the
therapeutic effect of MSCs on OA patients (Lamo-Espinosa et al., 2016;
W.S. Leeetal., 2019; Pers et al., 2016). However, findings regarding the
effect of Chinese herbal medicines on MSC-derived chondrogenesis are
lacking.

Traditional Chinese medicine (TCM) has been practiced in Chinese
populations for thousands years to maintain their health and to treat
various human disorders. According to “A Comparable Dictionary of
Disease Names in Chinese and Western Medicine”, OA is an impediment
disease, a group of diseases associated with “invasion of wind, cold, and
dampness” (Lin, 2004). Recently, some of Chinese herbal remedies, such
as Hu-Qian-Wan (Hou et al., 2022), Du-Huo-Ji-Sheng-Tang (Chen et al.,
2011) and the Yougui Pill (Zhang et al., 2017) have been shown to
improve pain symptoms in animal OA joints. Nonetheless, the effects of
Chinese herbs that are commonly used for the treatment of clinical OA
patients in relation to MSC-derived chondrogenesis have not been
explored.

In our previous study, we demonstrated that a Chinese herbal rem-
edy Du-Huo-Ji-Sheng-Tang and its active component Ligusticum chuan-
xiong were able to inhibit the aging process of human mesenchymal stem
cells and promote osteogenic differentiation (J. Y. Wang et al., 2017).
Since MSCs are pluripotency, and are important to osteogenesis and
chondrogenesis, we speculate that Du-Huo-Ji-Sheng-Tang might also
have the potential to promote MSC-induced chondrogenesis if the MSCs
are cultured in chondrogenic induction medium (CIM). While using
human MSCs (hMSCs) as a screening model, we found that among the
five Chinese herbal remedies most commonly used for treating clinical
OA patients, a water extract of GuiLu-ErXian Glue (GLEXG), but not
Du-Huo-Ji-Sheng-Tang, is able to enhance hMSCs-induced chondro-
genesis in vitro (supplementary information 1). GLEXG is an herbal
remedy widely used in traditional Chinese medicine to nourish blood
and qi and to treat kidney deficiency (qi, ying, and yang). GLEXG is
composed of deer antlers, turtle shell, Ginseng, and Goji berry. Clinical
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Fig. 1. High performance liquid chromatography analysis on GuiLu-Erxian Glue (GLEXG). Amino acids (A) and ginsenosides (B) profiling in GLEXG was analyzed by

HPLC as mentioned in Methods.
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observation studies have demonstrated the efficacy of GLEXG regarding
joint pain and disability in elderly OA patients (J. A. Liao et al., 2022;
Tsai et al., 2014). In addition, experimental evidence has shown that
GLEXG not only has potent anti-inflammatory effects in mice (Chou
et al., 2018), but also reduces cisplatin-induced damage to BM-MSCs (Ke
et al.,, 2018). However, the mechanisms by which GLEXG enhances
hMSCs-induced chondrogenesis remains to be elucidated. Accordingly,
the aim of this study was to investigate the effects of GLEXG on
hMSC-derived chondrogenesis, both in vitro and in vivo.

2. Materials and methods
2.1. Cell lines and reagents

The mesenchymal stem cell line (Wharton’s jelly-derived mesen-
chymal stem cells, PCS-500-010) was purchased from American Type
Culture Collection Center (ATCC). The surface markers of this cell line
were identified by flow cytometry (supplementary information 2). The
cells were cultured in complete a-MEM culture medium supplemented
with 10% fetal bovine serum (FBS), streptomycin (100 pg/mL) and
penicillin (100 units/mL) in a humidified atmosphere containing 5%
CO2 at 37 °C. Furthermore, the cells were routine passaged every 3-4
days using 0.25% trypsin-EDTA to keep them in the logarithmic
growth phase. The neutralization anti-TGF-p1 antibody was purchased
commercially (1D11, Invitrogen, Waltham, USA).

2.2. Herbal remedy preparation

GLEXG is composed of deer antlers 1 gm, turtle shell 0.5 gm, Ginseng
Radix et Rhizoma rubra 0.1 gm, and Goji berry (Lycii Fructus) 0.2 gm in
aratio of 10:5:1:2, which was kindly provided by a Good Manufacturing
Practice (GMP) company (Chuang Song Zong Pharmaceutical Co., Ltd).
The GLEXG water extract was prepared as follows: turtle shell and deer
antlers were kept in a slightly boiling state in purified water for 7 days,
then Ginseng and Goji berry were added and the decoction is continued
for a period of time. After terminating the processes of decoction, the
extract was filtered out and concentrated under reduced pressure to
obtain the semisolid. The quality control of the GLEXG extract was
monitored by high performance liquid chromatography (HPLC) (Fig. 1A
and B). The parameters were the following: Waters e2695 Separations
Module/Waters 2998 Dual A Absorbance Detector; Column: Cosmosil
5C18 MS-II, 4.6 x250 mm (5 pm); Column Oven Temp: 15 °C; Injecting
volume: 20 pL; Flow rate: 1.0 mL/min; Detector: UV 203 nm; Mobile
phase: (A) 0.15%H3P0O4/H20, (B) CH3CN. The final preparation was
stored at —20 °C until used in the appropriate experiments. To decrease
any confounding effect induced by the presence of lipopolysaccharide
contamination during the herbal preparation, polymyxin B (10 pg/mL)
was used routinely during each experiment in vitro.

2.3. Chondrogenic activity assay

To study the effects of herbal remedy on chondrogenesis, 3x10°
hMSCs were 3D-cultured using complete growth medium in a low-
adherence 15-mL tube. After overnight incubation, the aggregate cells
formed spheres without attaching to the tube and this followed by
changing to chondrogenic induction medium (CIM) containing serum-
free basal medium with 107 M dexamethasone (Sigma-Aldrich) in in-
sulin transferrin selenium solution (ITS-G; Thermo Fisher Scientific), 40
g/mL L-proline (Sigma-Aldrich), and 50 pg/mL ascorbic acid-2 phos-
phate (Sigma-Aldrich) (Ciuffreda et al., 2016). The medium was then
refreshed every two days with/without (vehicle) co-administration of
the water extract (ddH,O as solvent) of GLEXG in doses ranging of 0-,
0.03-0.1-, and 0.3 pg/mL. This was followed by collection of the
chondrogenic sphere at day 14 and 21 for further evaluation. Medium
containing exogenous recombinant human TGF-p1 (10 ng/mL) (R&D
Systems) was used as a positive control for chondrogenesis. The success
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of chondrogenesis was validated by immunostaining, RT-qPCR, and
Western blot analysis for chondrogenesis-related gene expression as
mentioned below.

2.4. Histological analysis and immunohistochemistry staining

The chondrogenic spheres were collected after washing twice with
phosphate-buffered saline (PBS) and they were then fixed using 4%
paraformaldehyde for 2 h. This was followed by serial dehydration,
paraffin wax embedding, and sectioning (4 pm); finally they were
mounted on microscope glass slides (MUTO PURE CHEMICALS CO.,
LTD.). For chondrogenesis evaluation, the specimens were stained with
alcian blue (pH 2.5, Scytek), counterstained with hematoxylin (Scytek)
and observed under a light microscope (Leica) (Rigueur and Lyons,
2014). For proteins expression in chondrogenic spheres, de-paraffined
specimens were stained with primary antibodies against type II
collagen (Calbiochem) and type X collagen (Abcam) at 4 °C overnight;
this was followed by incubation with biotinylated horse anti-mouse
antibody (Vector Laboratories) for 30 min and detection using Vectas-
tain ABC reagent (Vector Laboratories). The spheres also underwent
staining with 3,3-diaminobenzidine (DAB) (BioGenex) and counter
staining with Mayer’s hematoxylin (Sigma-Aldrich).

2.5. Total RNA extraction and reverse transcription quantitative PCR
(RT-qPCR)

The total RNA of the chondrogenic spheres were extracted using a
GENEzol TriRNA Pure Kit (Geneaid) according to the manufacturer’s
instructions, followed by using a NanoDropTMLite (Thermo Fisher Sci-
entific) to measure the quality of the RNA extract spectrophotometri-
cally. Complementary DNA (cDNA) was obtained by reverse
transcription using an iScript cDNA Synthesis Kit (Bio-Rad). Quantita-
tive RT-PCR was performed on a StepOnePlus™ Real-Time PCR System
(Thermo) in duplicate using SYBR® Green qPCR Mastermixes (QIA-
GEN). The commercially available primers used in this study were for
type II collagen: forward 5'- TGGCTGACCTGACCTGATGTCC-3’, reverse
5'- GCAGTCTGCCCAGTTCGGTC-3’; for SOX9: forward 5'- CCAAGCG-
CATTACCCACTTGTG-3,, reverse 5- CGATTCTCCATCATCCTC-3’; for
aggrecan: forward 5- TGCAAGGAGACAGAGGACAC-3’, reverse 5'-
ACACAGGTCCCCTTCGTAGCTG-3’; for type X collagen: forward 5-
AGGCCCACTACCCAACACCAAGA-3/, reverse 5- CGTAGCCTGGTTTTC
CTGGTGGTC-3’; and for RNA45SN1: forward 5- GGAATTGACG-
GAAGGGCACCA-3/, reverse 5- CACCACCACCCACGGAATCG-3’ (inter-
nal control). The relative expression of above genes as mRNA was
normalized to the amount of RNA45SN1 in the same RNA extract. All
samples were analyzed in duplicate in each experiment and three or four
experiments were used for the statistical analysis.

2.6. Effects of neutralization anti-TGF-$1 antibody on hMSCs
chondrogenesis

To investigate the mechanism behind GLEXG-induced hMSCs chon-
drogenesis, neutralization anti-TGF-f1 antibody (1D11, Invitrogen,
Waltham, USA) was administrated with CIM. In short, 3 x 10° hMSCs
were seeded and the GLEXG (0.1 pg/mL)-containing medium was
refreshed every two days with or without neutralization anti-TGF-f1
antibody (0.5 pg/mL). This was followed by collection of the chondro-
genic spheres at day 14 d for real-time PCR evaluation.

2.6.1. Isolation of extracellular vesicles or exosomes from GLEXG-treated
hMSCs

Extracellular vesicles (exosomes) were isolated from the hMSCs
culture condition medium. In brief, 5x10° hMSCs with different doses of
GLEXG extract (0- to 0.3 pg/mL) were cultured in a 10 cm dish with 6 mL
complete culture medium for 2 d and the condition medium was
collected by two sequential centrifugations at 300xg for 5 min. The
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Fig. 2. Effects of GLEXG on hMSCs-derived
chondrogenesis in vitro. After administra-
tion of GLEXG (0-0.3 pg/mL) on hMSCs for 3
* weeks, chondro-sphere was measured (sup-
plementary information 3), while
chondrogenesis-related gene expression such
as Collagen II (A), SOX 9 (B), Aggrecan

(ACAN, C), and Collagen X (D) were
-|_ analyzed by RT-PCR and immunohisto-
chemistry staining (E) at 2 weeks and 3
weeks after treatment, respectively. For
proteins expression in chondrogenic spheres,

SOX 9

the de-paraffined specimens were stained
with primary antibodies against type II
collagen and type X collagen. Stained by
alcian blue, the blue color indicates the
successfulness of cartilage formation con-
taining mucopolysarcharide. Right panel is
the manified view of insert in left panel. Bar
indicates 50 pm. Asteriks indicate p < 0.05
compared to vehicle group.
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supernatant was then centrifuged two times at 2000xg for 30 min at
4 °C. Finally, the GLEXG-hMSCs-exosomes were pelleted by ultracen-
trifugation at 100,000xg for 90 min at 4 °C. There present was
confirmed by the presence of the surface markers CD63 and CD81 (Cell
Signaling) using immunofluorescence and Western blotting as well as
transmission electron microscopy (Y. Wang et al., 2017). No hMSCs
were present in the exosome fraction. The vehicle and GLEXJ-treated
exosomes were then ready for proteomics analysis and senescence assay.

2.7. Western blotting

hMSCs derived exosomes were extracted using lysis buffer contain-
ing 1% Triton X-100, 10 mM Tris, pH 7.4, 150 mmol/L KCl and protease
inhibitor cocktail (CompleteMini). The concentrations of protein were
measured using the Bradford protein assay (Pierce) (Bradford, 1976).
Protein (1 pg) was separated by 12% SDS-PAGE and, following this, the
protein was transferred to a PVDF membrane. The membrane was
blocked with 5% bovine serum albumin, which was followed by probing
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with specific primary antibody against CD63 (GeneTex), CD81 (Gene-
Tex) at 4 °C overnight. Detection was then carried out using conjugated
appropriate secondary antibodies and a chemiluminescence assay
(Millipore, MA). Membranes were exposed to Analytik Jena™ UVP
ChemStudio PLUS (Thermo fisher scientific) to visualize bands.

2.8. Proteomics analysis

After GLEXG-hMSCs-exosomes had been isolated from the hMSC
cultures, vehicle-exosomes (0 pg/mL) and GLEXG-exosomes (0.1 pg/
mL) were treated with lysis buffer and sent for proteomics analysis.
Finally, four paired groups of exosomes (vehicle & GLEXG) were sub-
jected to statistical analysis by unpaired Student t-test.

2.9. The hMSCs aging process

Since hMSCs are not transformed cells, they age and become senes-
cent after long term passage. The senescence associated phenotype of
hMSCs were evaluated by calculation of the cumulative population
doublings (CPD) (K. S. Lee et al., 2013; J. Y. Wang et al., 2017) and the
presence of senescence associated (SA) p-galactosidase staining. In
summary, hMSCs (1 x 10%/cm?) were initially seeded into complete
medium and allowed to undergo continuous growth with subculture
every week. Cell numbers were measured by the trypan blue exclusion
assay over a total of five passages. CPD was measured using the formula
[log1o(Ny) — log10(N1)1/10g10, where Ny is the harvested cell number
and Njis the plated cell number.

2.10. Senescence associated f-galactosidase (SA-f-galactosidase)
staining

The trend in hMSCs senescence was evaluated by SA-B-galactosidase
staining as described previously (J. Y. Wang et al., 2017). In brief,
hMSCs after four continuously subcultures, were washed with PBS and
fixed using 2% formaldehyde at RT for 5 min. After washing, the cells
were incubated at 37 °C with fresh senescence-associated p-Gal
(SA-p-Gal) chromogenic substrate solution containing 1 mg/mL 5-bro-
mo-4-chloro-3-indolyl-p-galactoside (X-Gal, Cell Signaling Technology),
40 mM citric acid (pH 6.0), 5 mM potassium ferrocyanide, 5 mM po-
tassium ferricyanide, 150 mM NaCl, and 2 mM MgCl,. The experiments
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Fig. 3. The role of TGF-p in GLEXG-induced hMSCs-
derived chondrogenesis. After administration of
GLEXG (0-0.3 pg/mL) on hMSCs for 2 weeks, TGF-p
gene expression was evaluated by real-time PCR (A).
Besides, 3 x 10° hMSCs were seeded and the GLEXG
(0.1 pg/mL)-containing medium was refreshed every
two days with or without neutralization anti-TGF-f1
antibody (0.5 pg/mL), followed by collection of the
chondrogenic sphere at day 14 d for chondrogenesis-
related genes such as type II collagen (B), SOX 9 (C),
Aggrecan (D), and collagen type X (E) by real-time
PCR evaluation. Exogenous administration of TGF-
f1 (10 ng/mL) into CIM was used as positive control
(PC) for hMSCs-induced chondrogenesis. Asterisks
indicate p<0.05 compared to vehicle group.

Col Il

were repeated in triplicate and data are presented as the mean per-
centage of p-galactosidase (+) cells.

2.11. Animal osteoarthritis (OA) model

A cartilage degeneration animal model was established to evaluate
the effects of the GLEXG extracts on MSC chondrogenesis. Study pro-
tocols that involved experimental animals were approved by Taipei
Veterans General Hospital (IACUC No. 2019-224). Male Sprague Dawley
rats (280-350g) purchased from LASCO Biotechnology were kept in
cages and treated following the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines. Under adequate anesthesia using
Zoletil: Rompun = 1:1, the OA rat model was injected mono-iodoacetate
(MIA, 1 mg/50 pL) (Sigma-Aldrich, St. Louis, MO, USA) once at the day
0 (Zhang et al., 2017). After 2 weeks induction, micro-CT examination
was conducted in each rat as described below. The rats were randomized
into four groups, namely, 1) sham OA (normal) group: rats without OA
induction; 2) OA group: OA rats with above-mentioned OA induction
and treated with GLEXG (0 pg); 3) OA + GLEXG (0.1 pg) group: OA rats
treated with GLEXG (0.1 pg); 4) OA + GLEXG (0.3 pg) group: OA rats
treated with GLEXG (0.3 pg). GLEXG was administrated every two
weeks intra-articularly until sacrifice (supplementary information 4).

2.12. Micro-CT imaging and histological analysis for the OA joints

At day 14 and 42, each rat was anesthetized, and micro-CT scans
were taken using a U-CTHR system (MILabs, Netherlands). The CT
image was reconstructed using ITK-snaps software (Yushkevich et al.,
2006), and were then analyzed for the presence of bone remodeling,
fracture callus and bony lesions. At day 42, well-anesthetized animals
were sacrificed and the joints were harvested for further histopathology,
gross morphology and immunohistology assessment. Briefly, the joints
were fixed in 4% paraformaldehyde for a day before being decalcified in
Surgipaph Decalcifier II (LEICA) for 6 days at 37 °C. Next, the samples
were processed for pathology examination and stained with Hematox-
ylin and eosin stain and Safranin-O/Fast green stain. The pink region of
rat cartilage as identified by Safranin-O staining was quantified as the
area of positive remained chondrocytes.
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2.13. Statistics there was no significantly increased sphere size when GLEXG-treated

and the vehicle group were compared (supplementary information 3).

Data are expressed as mean + standard deviation (SD). Independent
t tests or Mann-Whitney U tests were performed for comparison of data
from two independent samples. More than two groups (dose-dependent
effects) were compared by one-way ANOVA with Dunnet’s post hoc test.
More than two variables (time effects and dose effects) were analyzed by
two-way ANOVA. A p value < 0.05 was considered statistically
significant.

3. Results
3.1. GLEXG extract enhances hMSCs-induced chondrogenesis in vitro

To investigate the effect of GLEXG on hMSCs-induced chondro-
genesis, hMSCs were cultured in chondrogenic induction medium (CIM)
with or without GLEXG. Chondrogenic mRNA markers were measured at
day 14 after induction, while spheroid size and expression of extracel-
lular matrix markers were evaluated at day 21. The results showed that

However, GLEXG (at 0.1 pg/mL, 0.3 pg/mL) did enhance chondro-
genesis in vitro, including an increase in chondrogenic markers, for
example an upregulation of the RNA expressionof type II collagen
(Fig. 2A), SOX9 (Fig. 2B), Aggrecan (Fig. 2C), and collagen type X
(Fig. 2D) as measured by RT-qPCT and of collagen II and X protein
expression as assessed by alcian blue and immunohistochemical staining
(Fig. 2E).

3.2. The role of TGF-f1 in GLEXG-hMSCs-chondrogenesis

TGF-p is a key factor in hMSCs-induced chondrogenesis and was used
by us as a positive control. Using CIM (without TGF-p1) as induction
medium, we found that GLEXG was able to enhance hMSC chondro-
genesis, which suggests that GLEXG might possess activity similar to
TGF-p1. Our results showed that GLEXG increased not only various
chondrogenic markers (Fig. 2A-D), but also the mRNA expression of
TGF-p1 in the 0.1 pg/mL and 0.3 pg/mL groups (Fig. 3A). However, after
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Fig. 5. Effects of GLEXG on the senescence process of human mesenchymal
stem cells (hMSCs). The senescence associated phenotypes were evaluated by
cumulative population doubling (A) and f-galactosidase staining (B). The ex-
periments were repeated in triplicate and data were presented as the mean
percentage of B-galactosidase (+) cells (C). Arrows indicate p-galactosidase
staining (+) cells, while arrow heads indicate live hMSCs. *, p<0.05 by two way
ANOVA (A) and unpaired student t-test (C).

pretreatment with neutralization anti-TGF-p1 antibody in the culture
medium, there was no significant change in the mRNA expression levels
of type II collagen (Fig. 3B), SOX9 (Fig. 3C), aggrecan (Fig. 3D), and
collagen type X (Fig. 3E) compared to the GLEXG-treated group. These
results suggest that production of endogenous TGF-p is not the main
mechanism by which GLEXG-induced hMSCs chondrogenesis occurs.

3.3. Exosomes released from hMSCs

There is consensus that hMSCs excretes exosomes into their culture
medium. After GLEXG treatment in serum-free culture medium for 2 d,
we found that there was an increase in hMSCs-derived exosomes in the
GLEXG-treated group compared to the vehicle group (Fig. 4 A). Western
blot analysis showed that CD63 and CD81 protein expression levels were
higher in GLEXG-treated group than in the vehicle group (Fig. 4B and C).

3.3.1. Proteomics analysis of the GLEXG-hMSCs-exosomes

To elucidate the differences in peptide expression between GLEXG-
treated and vehicle-treated hMSCs-derived exosomes, proteomic anal-
ysis was performed on these two groups of exosomes. Ingenuity pathway
analysis of the peptides from the proteomics analysis of the GLEXG-
hMSCs-exosomes showed that the cell death and survival pathway
(Fig. 4D) was the top pathway present in the GLEXG-treated hMSCs
exosomes, while the senescence pathway showed reduced activation in
the GLEXG-treated group compared to the vehicle-treated group
(Fig. 4E).

3.4. GLEXG decreases hMSCs senescence in vitro

Since senescence is a typical feature of transformed hMSCs and
because this process results in a loss of cells from the population, we next
explored the effects of GLEXG on hMSCs senescence. The results showed
that GLEXG was able to increase cumulative population doubling
(Fig. 5A) and decrease the level of senescence of hMSCs after four pas-
sages in cultures (Fig. 5B and C).
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3.5. Effects of GLEXG on an in vivo OA model

A rat OA model was established by injecting mono-iodoacetate (MIA)
into intra-articular space of rats for 14 days, which was followed by
micro-CT analysis to detect bony lesions, fracture callus, and bone
remodeling. After intra-articular treatment with GLEXG (0, 0.1, or 0.3 pug
every two weeks, well-anesthetized animals were sacrificed at day 42
and their joints were harvested for pathology examination and safranin
O staining (Fig. 6A). The results showed that treatment with GLEXG (0.3
ug, i.a.) rescued cartilage defects in this OA knee model (Fig. 6B).

4. Discussion

There is consensus that MSCs play an important role in processes
involved in regenerating bone clinically; these process include MSC-
derived osteogenesis and chondrogenesis. In the present study we
have demonstated that GLEXG is able to promote MSC-derived chon-
drogenesis, both in vitro and in vivo, via MSC-secreted exosomes. A
reduction in the senescence processese within MSCs is postulated here to
be part of the many mechanisms that occur during GLEXG-induced MSC-
derived chondrogenesis.

Among many compound remedies commonly used to treat OA pa-
tients clinically, Du-Huo-Ji-Sheng-Tang has been shown to promote
hMSC-induced osteogenic differentiation (J. Y. Wang et al., 2017) and
has the potential to decrease cartilage degradation in an OA rabbit
model (Chen et al., 2011). However, our screening results show that
GLEXG, but not Du-Huo-Ji-Sheng-Tang, is able to induce MSC-derived
chondrogenesis in vitro. GLEXG is composed of deer antlers 1 gm, tur-
tle shell 0.5 gm, Ginseng 0.1 gm, and Goji berry 0.2 gm. Recent in-
vestigations have shown that anlter extract is able to enhance
proliferation and differentiation activity in chondrocytes (Yao et al.,
2019), which provides suporting evidence for GLEXG having the po-
tential to promote hMSC-derived chondrogenesis. Using MSCs as an in
vitro model, Dioscorea opposita Thunb (Yang et al., 2020), the Epime-
dium genus (Wang et al., 2018), and Arctium lappa L. (Wu et al., 2020)
have also been demonstrated to promote hMSCs-induced
chondrogenesis.

TGF-p plays an important role in hMSCs-induced chondrogenesis.
However, clinical application of TGF-p in chondrogenesis is still
controversial. For examples, TGF-f induces cell hypertrophy in terminal
chondrogenic differentiation (Mardani et al., 2013) and evokes synovial
membrane inflammation and osteophyte formation (Pelttari et al.,
2006). Using CIM without TGF-f1 as induction medium, we found that
GLEXG enhanced hMSCs-induced chondrogenesis. We postulate that
GLEXG possesses an activity similar to TGF-f. However, after pretreat-
ment with neutralization anti-TGF-f1 antibody in the culture medium,
there was no significant changes in the mRNA expression levels of type
II/X collagen, SOX9, and aggrecan compared to the GLEXG-treated
group. These results suggest that production of endogenous TGF-f
contributes little to GLEXG-induced hMSCs chondrogenesis. The exact
mechanism by which GLEXG promotes hMSCs chondrogenesis remains
to be further elucidated, which is now on going.

Although MSCs are pluripotent cells that can be differentiated into
osteocytes and chondrocytes, there are still arguments that they are
good therapeutic candidates for the treatment of many bone diseases.
The major debate is the uncertainty associated with the tumorigenic
potential of hMSCs when treating human diseases. In many countries,
including Taiwan, the use of hMSC-based cell therapy in clinical appli-
cations is limited by government regulations. Therefore, hMSC-secreted
exsomes have potential in regeneration bone diseases. There is
consensus that exosomes, a subtype of extracellular vesicles that are
released from MSCs, play an important role in intercellular communi-
cation and have the potential to be used in regeneration medicine,
including cardiac repair (Han et al., 2019), neurodegeneration treat-
ment (Masoudi Asil, Ahlawat, Guillama Barroso and Narayan, 2020),
and wound repair (Hu et al., 2016). Furthermore, MSC-secreted
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Fig. 6. Effects of GLEXG on in vivo osteoarthritis (OA)
model. Rat OA model was established by injecting
mono-iodoacetate (MIA) into intra-articular space as
described in Methods. After intra-articular treatment
of GLEXG (0-, 0.1-, 0.3 pg) in SD rats, each rat was
anesthetized, and micro-CT scans were taken at day
14 and 42, using a U-CTHR. The CT images (A)
including sagittal view (1) and coronal view (2) were
reconstructed as described in Methods. At day 42,
anesthetized animals were sacrificed and the joints
were harvested for further histopathology (H & E
staining, 3) and Safranin-O/Fast green staining (4).
The pink region of rat cartilage in Safranin-O staining
(B, left insert) was quantified and analyzed. *, p <
0.05, Mann-Whitney U test. #, p < 0.05, one way
ANOVA with Dunnet post hoc test. Bar indicates 2000
pM.

area (mm2)

exosomes also have the potential to treat many bone/joint diseases
(Meng et al., 2018; Zhai et al., 2020). Recent studies have demonstrated
that low-intensity pulsed ultrasound (LIPUS)-mediated BMSC-derived
exosomes promote an increase in chondrocyte proliferation and the
synthesis of extracellular matrix while at the same time suppressing
interleukin-1p-induced activation of the nuclear factor kappa B pathway
(Q. Liao et al., 2021). Furthermore, kartogenin-treated MSC-derived
exosomes have been shown to enhance cartilage regeneration (Shao
et al., 2021; Xu et al., 2021). Our findings that GLEXG promotes
MSC-derived chondrogenesis via MSC-secreted exosomes are consistent
with above-mentioned studies.

002
ooo L1 . .
GO OA = + o+
GLEXG - 0.1 03
| (ng/50uL)

It is well known that aging process occurs when MSCs are cultured
for a long time. A previous study has suggested that Chinese herbal
remedies possess activities that can slow down the aging process of MSCs
(J. Y. Wang et al., 2017). Furthermore, it has been shown that Guilu
Erxian decoction is able to attenuate cisplatin-induced damage to
BM-MSCs (Ke et al., 2018). Using proteomics and ingenuity pathway
analysis of hMSC-secreted exosomes, we found that the senescence
pathway showed lower activatioin in GLEXG-treated exosomes
compared to the vehicle-treated group. Ginseng is one of the compo-
nents of GLEXG. A recent study has demonstrated that Rg3 in Ginseng
improves the proliferation and differentiation activity and prevents the
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senescence process of human mesenchymal stem cells via enhancing
capabilities of mitochondrial functions through a Ca2-+-dependent
pathway (Hong et al., 2020). In addition, Ginsenoside Rgl has been
shown to improve differentiation by inhibiting senescence of human
bone marrow mesenchymal stem cell (Wang et al., 2020). The fact that
Ginsenoside Rgl can also be detected during the HPLC profiling of
GLEXG (referred to Fig. 1b) provides evidence to support our findings.

In summary, we conclude that GLEXG promotes in vitro MSC-induced
chondrogenesis possibly via exosomes release and delays aging in the
MSC senescence process and that treatment with GLEXG (0.3 pg, i.a.)
rescued cartilage defects in rat OA knee model. These results suggest
that the application of hMSCs-secreted exosomes to the treatment of OA
patients has potential in the future.
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