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Bone marrow mesenchymal stem cells (BMSCs) are capable of multidirec-
tional differentiation, and engrafted BMSCs can be used to replace dam-
aged chondrocytes for treatment of intervertebral disc disease. However,
chondroblast differentiation of implanted BMSCs is inhibited by the anoxic
environment of the articular cavity. Here, we found that leptin enhanced
the transformation of BMSCs into chondrocytes under hypoxic conditions.
BMSCs isolated from mice were cultured in medium supplemented with
leptin under hypoxia. The expression of MFNI1/2 and OPA1l were
increased only in BMSCs cultured in an anoxic environment. In addition,
in hypoxic environments cell energy metabolism relies on glycolysis regu-
lated by leptin, rather than by mitochondrial oxidation. The expression of
the de-SUMOylation protease SENP1 was elevated, leading to SIRT3-
mediated activation of PGC-la; these processes were regulated by CREB
phosphorylation, and promoted mitochondrial fusion and cell differentia-
tion. The chondrogenic activity of BMSCs isolated from SIRT3-knockout
mice was lower than that of BMSCs isolated from wildtype mice. Implan-
tation of SIRT3-knockout murine-derived BMSCs did not significantly
improve the articular cartilage layer of the disc. In conclusion, the hypoxic
microenvironment promoted BMSC differentiation into chondrocytes,
whereas osteoblast differentiation was inhibited. SENP1 activated SIRT3
through the deSUMOylation of mitochondria and eliminated the antago-
nistic effect of SIRT3 acetylation on phosphorylation. When phosphoryla-
tion activity of CREB was increased, phosphorylated CREB is then
transferred to the nucleus, affecting PGC-1a. This promotes mitochondrial
fusion and differentiation of BMSCs. Leptin not only maintains chondro-
genic differentiation homeostasis of BMSCs, but also provides energy for
differentiation of BMSCs under hypoxic conditions through glycolysis.

In line with the worldwide aging trend, diseases associ-
ated with low back pain are growing. Intervertebral
disc degeneration (IVDD) is often one of the main
causes of low back pain [1,2]. The degeneration of
intervertebral disc cartilage is one of the most critical

Abbreviations

factors that causes IVDD [3]. Therefore, to find an
alternative to repairing the degenerating chondrocyte
layer of the disc has become a useful treatment for low
back pain. In bone marrow stem cells (BMSCs), the in-
herent properties include chondrogenic transformation

BMSCs, bone marrow mesenchymal stem cells; ECAR, rate of extracellular acidification; FCCP, carbonylcyanide-4 (trifluoromethoxy)phenyl-
hydrazone; IVDD, intervertebral disc degeneration; LEP, leptin gene; OCR, oxygen consumption rate; PGC-1a, preceptor (PPAR) y coactivator
Ta; SENP1, De-SUMOylation protease SUMO-specific protease1; SIRT3, Sirutin3; TEM, transmission electron microscopy.
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BMSCs transformation signaling activation

potential, deemed as potential vectors of a modifying
treatment in degenerative disc disease [4,5]. Therefore,
it is possible to use BMSCs as an alternative source of
degenerative chondrocytes in replenishing degenerative
disc degeneration [6,7]. However, the low survival rate
and multiple differentiation of BMSCs in the hypoxic
environment became the greatest obstacle to therapy
[8-10]. How to improve the survival rate of trans-
planted BMSCs and the orientation of chondroblast
differentiation became particularly important in trans-
plantation therapy.

Leptin is a 16 kDa adipokine, and is encoded by the
leptin gene (LEP) [11,12]. The leptin receptor (also
known as OB-R) contains a transmembrane domain,
belongs to the family of cytokine-like receptors, a sin-
gle transmembrane domain [13]. Leptin exert their bio-
logical effects by binding to the specific leptin receptor
(Ob-R), regulates the signal pathways involved in cell
functioning, differentiation, and proliferation [14-16].
Leptin receptors are also found to be expressed on the
surface of bone marrow stem cells (BMSCs) [17]. Pre-
vious reports show that leptin promotes cellular glycol-
ysis to provide the energy necessary for cellular
activities under hypoxic conditions [18,19]. In addition,
glycolysis is widely considered as a pro-differentiation
metabolic pathway [20]. Therefore, we speculated that
leptin was an effective source of regulating BMSCs
energy metabolism and affecting the differentiation of
BMSC:s cells under the hypoxia environment.

Mitochondrial biogenesis plays an important role in
the mitochondrial dynamics required during cell differ-
entiation [21]. The peroxisome proliferator-activated
receptor gamma coactivator-la (PGC-la), a nuclear
receptor coactivator, stimulate the mitochondrial bio-
genesis, and play multiple roles in diverse metabolic
events [22,23]. PGC-la, acts as a transcriptional co-
activator, and plays an important role in mitochon-
drial fusion [24]. In addition to transcriptional activa-
tion by CREB [25], it has been shown that SIRTI
(SIRT1) also increases PGC-la expression and acti-
vates it by direct phosphorylation [26]. SIRTuins are
protein deacylases including the SIRT family (SIRTI1-
7) [27]. Mitochondrial energy metabolism is regulated
by SIRTI1 as well as SIRT3 [28]. SIRT1 promotes the
deacetylation of PGC-la, which is an activated state
of PGC-la during mitochondrial biogenesis [29].
SIRT3, a main mitochondrial acetyllysine deacetylase,
is also a SUMOylated protein in mitochondria in
physiological states [30]; it has wide-ranging roles in
cell metabolism and differentiation [31]. SIRT3 acts
directly as an activator of essential proteins for oxida-
tive phosphorylation and indirectly as an activator of
PGC-1a [31].
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In the present study, we demonstrated that leptin
stimulated an increase in the BMSCs chondrocyte
markers, SOX9 and collagen, under hypoxia and chon-
drogenic differentiation. It also promotes glucose
absorption, increases glycolysis and regulates cellular
energy metabolism. However, interestingly, the cellular
pathway affected by SIRT1 did not change signifi-
cantly. The upregulated SNEP1 stimulated by the
anoxic microenvironment promoted the energy meta-
bolism required for mitochondrial fusion, renewal, and
differentiation through the SIRT3/CREB/PGC-1a axis
and accelerated the progress of cell differentiation.
This pathway involves increasing SNEP1 protein
expression, while SENP1 regulates SIRT3 by deSUMO
and activates SIRT3 deacetylation. SIRT3 also stimu-
lates CREB deacetylases and promotes CREB Phos-
phorylation activity, and then phosphorylated CREB
transferred into the nucleus to activate the PGC-la
promoter.

Materials and methods

Animal studies

All animal experiments were approved by the Animal
Ethics Committee of Shanghai Jiaotong University School
of Medicine (ethics approval number: WYLS2022-20).
Eight-week-old male C57BL6/J mice were used for these
studies. Mice were housed in well-ventilated cages under a
12-h light-dark cycle at 24 + 2 °C with free access to food
and water. Three to five mice were raised in groups in each
cage, which were obtained from the Zhejiang Medical Ani-
mal Centre (Hangzhou, China), weighing ~20 g. To develop
the injury-induced disc degeneration models, all the mice
used for modeling were preanesthetized with isoflurane (2%
induction and 1.5% maintenance) and
(5 mg-mL™") was injected subcutaneously before surgery,
and then the tail disc Co6/7 was exposed by making an
approximately 1-inch longitudinal incision along the outer
side of the tail. Next we inserted a needle (Model Number:
16G) into the disc for 1.2 mm and remained in the disc for
about 30 s before exiting. After this procedure, the muscle
and skin were sutured and antibiotic ointment was applied
to the wound margin. A homoeothermic blanket system
was used during the whole procedure to maintain the core
body temperature at approximately 37 °C until the mice
woke up. The mice were given ticarcillin after surgery
(50 mg-kg™!, IP, for 2 days) as postoperative care.

lidocaine

Primary cells isolation, culture, and glucose/
hypoxia injury

Mice BMSCs were isolated and harvested from C57BL/6
mice. The ends of bones were cut and the marrow was
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flushed from femurs and tibiae. BMSCs were cultured in
Dulbecco’s Modified Eagles Medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
at 37 °C with 5% CO,, then BMSCs were isolated with the
adherence separation method. BMSCs were treated with
glucose-free DMEM medium and leptin/normoxia, no-
leptin/normoxia, leptin/hypoxia, or no-leptin/hypoxia dif-
ferent culture conditions for 48 h to simulate lack of oxy-
gen and glucose environment. The leptin concentration in
the medium was set as 100 ng-mL™" at 37 °C for 24 h and
50 ng-mL™" under the hypoxia condition for 48 h; the
hypoxia condition was 0.5% O,/5% CO,.

Animal treatment

On the day before surgery, all mice were fasted for 24 h.
On the surgery day, all the model mice were preanes-
thetized with isoflurane (2% induction and 1.5% mainte-
nance), except for sterile normal saline-treated mice used as
a normal control group, The treatment group mice were
implanted into about 30 pL cell suspensions containing
BMSCs 1 x 10° (with 10 ngmL~" leptin) through a 1-mL
sterile syringe with a 16G needle. BMSCs were slowly
injected into the joint cavity of the mice tail disc Co6/7.
After withdrawal of needles, tissue adhesives were used to
block puncture holes to prevent cell outflow. The mice were
sutured muscle and skin tissue to continue feeding after
wound disinfection. After the operation, ticarcillin was
injected to prevent infection.

Metabolic flux analyses using seahorse XFe96
analyzer

Mitochondrial rate of extracellular acidification (ECAR)
and oxygen consumption rate (OCR) were measured with
the XFe96 Flux Analyzer (Agilent Technologies, Santa
Clara, CA, USA). BMSCs were plated in the Matrigel pre-
coated 96-well plate at a density of 100,000 cells per well
24 h prior. Before putting it on the machine, media were
replaced with 175 pL fresh DMEM medium. Seahorse ana-
lyzer injection ports were filled with 1 pm oligomycin, 1 pm
carbonylcyanide-4  (trifluoromethoxy) phenylhydrazone
(FCCP), or 0.5 pm each of rotenone and antimycin A for
OCR. First, oligomycin was added into the wells for
adenosine-5'-triphosphate (ATP) synthase inhibition, FCCP
acts as an uncoupling agent to prevent ATP synthesis and
OCR will arrive at its maximum level. The FCCP-
stimulated OCR can be used to calculate spare respiratory
capacity. Finally, rotenone and antimycin A inhibit com-
plex I and III, respectively, of the electron transport chain.
Nonmitochondrial respiration can be calculated.

The extracellular acid produced by cells was measured
through glycolysis and tricarboxylic acid cycle (ECAR).
First, measured basal acidification, contributed to by pyruvic
acid and carbonic acid at the start of the assay. Once added,
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10 mm glucose glycolysis is initiated. Subsequently, the pyru-
vic acid and lactic acid production increase, resulting in acidi-
fication. Next, we added 1 pm oligomycin to block ATP
production from mitochondrial respiration. This process
allowed the glycolytic capacity to be established. Lastly, we
added 50 mm 2-deoxy-glucose (2-DQG) as a glycolysis inhibi-
tor for the measurement. Glycolytic capacity was calculated
by the difference between ECAR after the injection of 1 pm
oligomycin, and the basal ECAR.

Flow cytometry analysis of the BMSCs

BMSCs were identified by cell surface markers. Briefly,
BMSCs were digested with 0.25% trypsin to a concentra-
tion of 1 x 10° cellssmL~!, which was rinsed and resus-
pended in cold phosphate-buffered saline (PBS). We added
fluorescently-labeled antibodies: CD34 (BD, Franklin
Lakes, NJ, USA), CD45 (Biolegend, San Diego, CA, USA)
into cell suspensions for 30 min at 4 °C protected from
light. Afterwards, the BMSCs were washed twice with cold
PBS and assessed via a flow cytometry (Becton Dickinson,
Franklin Lakes, NJ, USA).

Immunostaining

Paraffin sections (5 pm thickness) were used for immunos-
taining. Briefly, sections were deparaffined in xylene for
10 min and then were dewaxed in fresh xylene for 10 min,
hydrated in ethanol from 95% to 75% ethanol, and washed
with distilled water. Then antigen was repaired with the
microwave heating method (heating in 0.01 m citrate buf-
fer/pH 6), and incubated with blocking buffer (10% normal
goat serum, 5% bovine serum albumin [BSA], and 0.1 Tri-
ton X-100 in PBS) for 1 h at room temperature. The slides
were incubated with primary antibodies overnight at 4 °C,
followed by incubation with Alexa 488 fluorophore or
HRP-Rabbit/Mouse  secondary  antibodies  (Jackson
Immuno Research Laboratories, West Grove, PA, USA).
To quantify the number of positive cells, they were counted
from on six different fields per experimental group under
the microscope on well-oriented sections.

Quantitative real-time polymerase chain reaction
(qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA, Thermo Fisher Scientific, Wilmington,
DE, USA) and the RNA concentration quality were
detected by a Nanodrop spectrophotometer (Thermo). The
reverse-transcribed ¢cDNA samples were diluted 10-fold,
forward and reverse primers corresponding to different
individual were added into the qPCR reaction system. Rel-
ative gene expression levels were measured by 2x SYBR
Green qPCR Master Mix (Takara, Dalian, China), the data
were analyzed using the 2724¢T method.
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Western blot

We collected the cells or tissues from each group, washed
in cold PBS twice, tissue or cell total protein extracts
were obtained by ripa lysis buffer (with protease and
phosphatase inhibitors), the total protein concentration
was calculated by BCA assay. All the proteins were firstly
separated by SDS/PAGE gel electrophoresis according to
different molecular weight, and then the proteins in the
gel was transferred to PVDF membrane, PVDF mem-
branes were incubated with primary and secondary anti-
bodies sequentially. After washing with TBST for 3 times,
the protein bands were exposed by chemiluminescence
method with enhanced chemiluminescence (Millipore, Bil-
lerica, MA, USA), the gray levels of protein bands were
analyzed using IMAGE J (NIH, Bethesda, MD, USA) soft-
ware.

TEM

Transmission electron microscopy (TEM) was used to
detect the BMSCs mitochondrial network ultrastructure.
Specimens were fixed with 2.5% glutaraldehyde at 4 °C for
> 4 h, and then exposure to 1% OsO4 for 1-2 h. Next, the
specimens were dehydrated by ethanol from 50% to 100%,
acetone infiltration overnight. After infiltration, the speci-
mens were embedded in resin and sectioned with a Leica
EMUC?7 (Leica, Wetzlar, Germany). At last, the sections
were stained with uranyl acetate and alkaline lead citrate,
the image procured at x30,000 magnification by TEM
(Hitachi Model H-7650, Hitachi, Tokyo, Japan). The mito-
chondrial length and fusion degree were measured.

Statistical analysis

All data are presented as mean = SEM. Data analysis and
statistical analysis were performed by GRAPHPAD PRISM (ver-
sion 8.0; San Diego, CA, USA). Student’s z-test was used
for comparison of two datasets and one-way ANOVA for
three or more sets of data. P < 0.05 was defined as statisti-
cally significant. All the experiments were run at least three
times.

Results

Leptin promoted hypoxia-conditioned BMSCs
transformation in vitro

In order to clarify the effects and mechanism of leptin
on BMSCs differentiation, BMSCs were isolated from
the bone marrow of C57BL6/J mice (6 weeks), which
were treated with recombinant leptin under normal
culture conditions BMSCs-Lep-Normoxia(N) and
exposed to hypoxia conditions BMSCs-Lep-Hypoxia
(H) for 48 h in vitro. The solvent of leptin, PBS buffer,
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was used as the control; BMSCs-Con-Normoxia(IN)
and exposed to hypoxia BMSCs-Con-Hypoxia(H). Cell
morphology was detected: BMSCs showed a typical
spindle-like and elongated fibroblastic shape, while
BMSCs-Lep-hypoxia volume gradually increased,
which together indicated that leptin can stimulate cell
morphological changes under hypoxia (Fig. 1A). The
BMSCs under normoxia are mostly polygonal cells.
BMSCs under hypoxia had abnormal cell morphology,
and most cells showed a long spindle shape, and the
leptin-added co-cultured cells recovered the polygonal
shape under hypoxia. The expression profiles of the
Sox9, Col2al genes were used to assess the different
stages of chondrocytes transformation [32]. Western
blot showed that the expression of Sox9 was increased
in induced BMSCs-Lep-H compared to other groups
(Fig. 1B). The cell transformation marker phenotype
was analyzed by flow cytometry to evaluate the expres-
sion of the cultured BMSCs markers, and found that
the markers CD73and CD105 were highly expressed,
while CD34 and CD45 were of low expression. Under
hypoxic conditions, a substantial increase in the cellu-
lar differentiation rate was observed in BMSCs-Lep-H
compared with the BMSCs-Con-H. But no significant
changes between BMSCs-con-N and BMSCs-Lep-N
under normoxia conditions were observed (Fig. 1C).
Gene expression analysis further showed that articular
chondrocytes expressed two chondrocytic markers:
Sox9 and Col2al, which BMSCs did not or expressed
at very low levels (P = 0.0062; Fig. 1D). These findings
suggested that BMSCs  differentiation  into
chondrocyte-like cells could be induced under hypoxia
conditions.

The mitochondrial fusion of BMSCs was
increased under the hypoxia condition

Upregulation of mitochondrial metabolism has been
linked to mitochondrial fusion in various cells. The
mitochondrial morphology change is strongly related
to cell transformation [33]. We used the fluorescent
probe Mito-Tracker Red to evaluate mitochondrial
fusion. BMSCs-Con-N presented sparse and dendritic
spines and mitochondria distributed throughout the
cells’ cytoplasm. Mitochondria of BMSCs- Con-H
demonstrated dense and some bold appearance tubular
mitochondria (Fig. 2A). In addition, mitochondrial
shapes were analyzed and the ultrastructure of mito-
chondria by TEM (Fig. 2B). Western blot analysis
showed that the Drpl protein was nearly reduced by
~50% in BMSCs-Lep-H. However, the expression of
Mfnl and Mfn2 proteins increased in BMSCs-Lep-H
(Fig. 2C).
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Fig. 1. Morphology and characterization of bone marrow mesenchymal stem cells (BMSCs) in vitro culture. (A) o-tubulin stained BMSCs,
which were isolated from 8-week-old male mice. (B) Western blot analysis of Sox9 and Col2a1 in articular chondrocytes. (C) Flowcytometry
analysis of the BMSCs surface markers are CD73 and CD105. (D) Gene expression analysis of Col2a1, aggrecan, and Sox9 in four groups.
The expression level in the treatment group was significantly higher than in the degeneration group. Representative microscope images are
magnified 400x (scale bar = 20 pm). Error bars indicate standard error (n = 3); one-way ANOVA was used for statistical analysis,
**P < 0.01; ***P < 0.001.

Mitochondrial regulatory protein PGC-1a was
activated under hypoxia

Having established that mitochondrial

twofold increase in PGC-la at the protein level was
compared to control cells (Fig. 3A). Usually, PGC-la
fusion is regulated by SIRTI, which activated PGC-la

increased during the BMSCs differentiation, we tried
to seek the mechanism of PGC-la activation. We first
investigated if the mitochondrial fusions were inti-
mately connected with the increased expression of
mitochondrial proteins. In western blot analysis, the
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through deacetylation [34]. Interestingly, we found no
significant change in SIRTI in transplanted BMSCs,
and no significant change in the acetylation level of
PGC-l1a (Fig. 3B). We also found that, under
hypoxia conditions, the expression of SENPI was
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Fig. 2. Leptin promotes BMSCs mitochondrial fusion under hypoxia conditions. (A) BMSCs (cocultured with leptin) stained with Mito-tracker
red exhibited an active mitochondrial fusion in hypoxia conditions and the effects of leptin on protein expression of mitochondrial fusion
related-proteins Mfn2, OPA1 under normoxia or hypoxia were clearly quite distinct. (B) Mitochondrial ultrastructures were analyzed by elect
micrograph with representative images showing significant changes in mitochondrial length after hypoxic preconditioning (HP) compared
with those pretreated with the solvent alone (magnification was set at x15 000); scale bar, 500 nm. (C) Protein expression implicated mito-
chondrial homeostasis including fusion and fission were assessed by western blot for BMSCs-control-Normoxia (BMSCs cultured under nor-
mal oxygen condition) and BMSCs-control-hypoxia (BMSCs cultured under hypoxic condition), quantified by densitometry using p-tubulin as
the control. (D) The expression of proteins that control mitochondrial fusion and fission was analyzed, including the mitochondrial fusion pro-
tein Mfn1/Mfn2 and mitochondrial fission proteins DRP1. An increase in mitochondrial fusion proteins Mfn1/Mfn2. The expression of mito-
chondrial fission proteins DRP1 was reduced significantly. Representative microscope images are magnified 600x (scale bar = 10 pm). Error
bars indicate standard error (n = 3); one-way ANOVA was used for statistical analysis, *P < 0.05.

elevated in hypoxic environments, regulatory factor
SENPI1 transport into the mitochondria, and SENPI
could specifically catalyze the de-SUMOylation of
SIRT3 (Fig. 3C). It has been reported previously that
SIRT3 acts on the PGC-la promoter [35]. Subse-
quently, we assessed whether SIRT3 is indispensable

for the fusion promoting effects on BMSCs; SIRT3
expression was knocked-down using siRNA specific
for SIRT3, whereas scrambled siRNA (si-Con) served
as the control. The western blot results suggested
knockdown of SIRT3 exhibited the opposite results
(P = 0.0355; Fig. 3D).
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Fig. 3. SIRT3 activates the expression of mitochondrial regulatory protein PGC-1a. (A) Constitutive expression of SIRT3 promotes activation
of CREB. Cells were harvested, and phospho-CREB and total CREB were detected by immunoblot analysis. (B) Effect of SIRT1 acetylation
level on PGC-1a expression level in the hypoxic environment. (C) SENP1 is increased in BMSCs under hypoxia. (D) The differential expres-
sion levels identified by western blot using the specific antibody; each experiment was repeated three times. Error bars indicate standard
error (n = 3), Student’s t-test was used for statistical analysis, *P < 0.05.

Leptin promotes glycolysis to provide energetic
metabolism for transformation

No obvious changes of leptin-mediated mitochondrial
fusion were observed under normal oxygen conditions.
We measured the mitochondrial respiratory function,
compared with the BMSCs-Con-H group, a lower
OCR was found in the BMSCs-Lep-H groups
(Fig. 4A). These data suggested that leptin promoted
glycolysis under hypoxia conditions. Glycolysis is key
to BMCSs differentiation and energy uptake, especially
in the anoxic environment [36,37]. To determine the
changes in glycolysis of BMSCs, the levels of glucose
in cells were analyzed by an oxidase method (Fig. 4B).
Compared with BMSCs-con, leptin intervention
induced an increase in glucose uptake under hypoxia.
In addition, compared with BMSCs-con-H, ECAR
was increased in BMSCs-Lep-H (Fig. 4C), which indi-
cated that leptin could activate glycolysis to generate
ATP.
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BMSCs could transform into CEP chondrocytes
inhibited intervertebral disc degeneration

We used the annular puncture method established in
the mouse IVDD models successfully. Subsequent
BMSCs were injected into the intervertebral discs
2 weeks later. Samples were uniformly stained with
safranin O, and histology observation revealed that
the normal CEP chondrocytes were increased and reg-
ularly aligned (Fig. 5A). In the degeneration group,
the CEP chondrocytes became decreased and disorga-
nized at 4 weeks, and the safranin O staining results
were reversed (Fig. 5B). However, such progressive
degenerative changes were arrested in the treatment
group; the results showed that the cellular components
in the cartilage layer were still abundant at 4 weeks
postinjection (Fig. 5C). When we measured the 12-
week treatment sample, the structure of the cartilage
layer was still relatively intact and the cartilage layer
became dominantly positive for safranin O (Fig. 5D).
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Fig. 4. Glycolysis was induced by leptin treatment in the hypoxic environment. (A) Following leptin treatment, BMSCs were exposed to
hypoxia and glucose for 48 h. The glucose content was determined using the glucose oxidase method. (B) Mitochondrial oxygen
consumption rate (OCR) was determined in BMSCs-control (without leptin) and BMSCs-leptin (with leptin) using an Oroboros instrument.
(C) Following exposure to hypoxia for 48 h, the rate of extracellular acidification (ECAR) of BMSCs was measured and is shown as a per-
centage relative to untreated control BMSCs. Error bars indicate standard error (n = 3); one-way ANOVA was used for statistical analysis.

Fig. 5. The progressive degeneration of the murine disc was arrested by BMSC. Safranin O staining of intervertebral discs isolated from the
normal group. (A) Normal group (B) degeneration group (C) treatment group at 4 weeks. (D) Treatment group at 12 weeks. Representative
microscope images are magnified 200x (scale bar = 200 pm).
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Fig. 6. Morphological changes of BMSCs after transplantation. Immunohistochemical (IHC) staining showed that the expression of Sox9 (A-
C) and Col2a1 (D-F) at 0/4/12 weeks postinjection. The cartilage markers Sox9 and Col2alexpression level in the treatment group was
significantly higher than the degeneration group. Representative microscope images are magnified 200x (scale bar = 100 um).

The population and expression of chondrocytic
markers Col2a1 and Sox9 were increased after
BMSCs injection

Col2al and Sox9 are BMSCs positive markers in
chondroid differentiation. Intervertebral disc immune
staining revealed transplanted BMSCs in cartilage dif-
ferentiation. No obvious cartilage markers were found
in the control group after 0 weeks of BMSCs injection
(Sox9 and Col2al; Fig. 6A,D). Subsequently, Col2al-
and Sox9-positive cells were increased after 4 weeks of
treatment (Fig. 6B,E). The Col2al and Sox9 protein
expression was only moderately increased at 12 weeks
(Fig. 6C,F).

Effects of leptin on chondroid transformation
after transplantation of mesenchymal bone
marrow stem cells were derived from SIRT3™
mice

/-

To investigate the effect of the SIRT3 gene on the
chondroid transformation of BMSCs after interverte-
bral disc transplantation, we isolated BMSCs from
SIRT3/"mouse and SIRT3** mouse and trans-
planted them into the SIRT3** mouse circular degen-
eration model, with seven mice in each group. Western
blot was used to assay the knockout efficiency of
SIRT3, In the hypoxic environment of BMSCs with
SIRT3 knocked out, no obvious activation of CREB
into the nucleus was found to bind PGC-1la (Fig. 7A).

Interestingly, Alcian blue staining showed that
SIRT37/~ mouse-derived mesenchymal bone marrow
stem cells did not show a significant chondrocyte
increase in the transplanted mice (Fig. 7B). The specu-
lative mechanism diagram containing the transforma-
tion of BMSCs to vertebral epiphyseal plate
chondrocytes regulating activity of SIRT3 through
SUMO-specific protease SENPI is shown (Fig. 7C).
These results suggested that BMSCs lacking the SIRT3
gene were impeded in species differentiation during
transplantation.

Discussion

Bone marrow mesenchymal stem cells (BMSCs) are
thought to be able to replace cells lost through aging
or damage to tissue cartilage [38,39]. Its inherent chon-
drogenic differentiation potential make them an attrac-
tive cell population for osteoarticular cartilage repair
[40,41]. To decelerate or stop the degeneration of inter-
vertebral discs it is necessary to understand the home-
ostasis of chondrogenic differentiation of BMSCs in
an anoxic microenvironment. Attenuating disc degen-
eration though BMSCs transplantation is largely safe
and effective based on reported studies [42]. However,
the low survival rate limits the therapeutic potential of
BMSCs [43,44]. The enhanced survival rate of trans-
planted BMSCs may be an effective method to combat
disc degeneration caused by cartilage [45]. But

FEBS Open Bio 13 (2023) 293-306 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 301

Federation of European Biochemical Societies.



BMSCs transformation signaling activation

(A) (B)
=
=
E
=
g
IP:CREB -

IB:PGC-1a |

X. Lietal

Cor_ltrol

~ @

Deacetyl

Fig. 7. Transplantation BMSCs cells with SIRT3 knockout showed low differentiation. Sirutin 3 (SIRT3) was knocked out in BMSCs of mice
(A). The improvement of cartilage level after treatment was observed by Alcian staining. Representative microscope images are magnified
200 x (scale bar = 100 pm) (B). A schematic illustration showed that leptin regulates the ability of mesenchymal stem cells to differentiate
into endplate chondrocytes under hypoxic conditions. Mitochondrial fusion promotes the differentiation of BMSCs, and mitochondrial fusion
is achieved by SIRT3-mediated peroxisome proliferator-activated receptor (PPAR) y coactivator 1a (PGC-1a) (C). Error bars indicate standard

error (n = 6). Student’s t-test was used for statistical analysis, *P < 0.05.

improving the survival rate of transplanted cells still
faces many challenges. This study attempted to
improve the therapeutic efficiency of BMSCs trans-
plantation by promoting the differentiation of BMSCs
into chondrocytes. Leptin acts as an adipokine that
has a significant regulatory effect on bone metabolism.
Previous studies have shown that leptin played an
important role in the proliferation and survival of
BMSCs. But there were few reports on whether leptin
regulates chondrogenic differentiation of bone marrow
mesenchymal stem cells. In this study, we confirmed
that leptin promotes the differentiation of BMSCs into
chondrocytes under hypoxia. The above effects can be
regulated by the deacetylase SIRT3 in the SNEPI sig-
naling pathway. Although BMSCs are pluripotent
cells, they have the ability to differentiate osteoblasts,

chondrocytes, and adipocytes. We confirmed that in
the hypoxic environment, BMSCs tended to be chon-
drocyte differentiation. Sox9 is a key factor in the dif-
ferentiation and proliferation of chondrocytes [46].
Sox9 is always actively expressed from chondrocyte
progenitors to endstage chondrocytes and is necessary
for the maintenance of chondrocyte lineages [45,46].
Type II collagen (encoded by the COL2AI1 gene) is a
protein marker in hyaluronic cartilage. It is produced
and secreted in chondrocytes and plays an important
role in the activation of chondrocyte signaling path-
ways and the maintenance of cartilage matrix func-
tions [47,48]. This is consistent with previous reports
that BMSCs are inhibited in cartilage and osteogenesis
in an anoxic environment. However, due to the low
differentiation efficiency of BMSCs in the anoxic
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environment, we revealed that the mitochondrial pre-
sentation network of BMSCs treated with Ieptin
(BMSCs-Lep-H) were elongated and thickened, sug-
gesting an important role of leptin in promoting mito-
chondrial fusion under hypoxic conditions. Under
normoxia, however, leptin did not increase chondrob-
last differentiation under normal oxygen conditions.
This indicated that leptin maintained the differentia-
tion homeostasis of BMSCs and did not change the
expression of chondrogenic marker in BMSCs. Mean-
while, an increase in lactic acid production in BMSCs
suggested that the energy required for BMSCs trans-
formation was from leptin-dependent glycolytic ATP
production. In addition, we found that leptin plays an
important role in providing energy for cartilage differ-
entiation under hypoxia conditions through glycolysis
experiments, and the energy of cell transformation
under the hypoxia condition depended on the energy
of leptin’s glycolysis promotion.

Why did BMSCs show differentiation trends only in
the hypoxic environment? SNEP1 acts as a hypoxic
response gene and a de-SUMOylation enzyme [49]; the
expression of SNEPI is increased in a hypoxic envi-
ronment [50]. In the cell, the activity of SUMOylated
SIRT3 deacetylase is inhibited, thus affecting mito-
chondrial metabolism [51,52]. We hypothesized that
the phenomenon was linked to the differential regula-
tion of SNEP1, SNEP1 deSUMOylates, and SIRT3
activation. Interestingly, how does the mitochondrial
localization of SIRT3 activate nuclear genes such as
PGC-la. It was demonstrated previously that phos-
phorylated CREB binding to the PGC-la promoter
stimulated the expression of PGC-la, and the CREB
phosphorylation was regulated by SIRT3. The SIRT1
signaling pathway did not change significantly. The
changes of SIRTI in PGC-la tested by us did not
show significant changes. The SIRT3/PGC-1a pathway
is an important regulatory protein of mitochondria,
and also a key regulatory pathway of chondrocyte ter-
minal differentiation, which is necessary to maintain
the homeostasis of chondrogenic differentiation.

In vivo, transgenic mouse models may further help
us understand the mechanisms of IVDD regeneration
based on BMSCs. Our data suggested that the high
expression of Sox9 in BMSCs-treated intervertebral
discs indicated that the BMSCs differentiate into chon-
dropheno types. The increase in Col2al from 4 to
24 weeks suggested that BMSC-treated intervertebral
discs became a chondrocyte. Leptin plays an active
role in promoting BMSCs transformation to chondro-
cytes, which is associated with mitochondrial fusion.
Furthermore, transformation of BMSCs derived from
SIRT3™~ mice was blocked during transplantation,

BMSCs transformation signaling activation

which further proved that SIRT3 played a key regula-
tory role in the transplantation and differentiation of
BMSCs. At the same time, the transplanted BMSCs
successful transformation to chondrogenic lineages
under leptin induction after 4 weeks later, and the
intervertebral disc cartilage layer was increased.

Our findings of leptin’s role in the process of regen-
eration based on BMSCs transformation, providing
insights in the design of new regenerative therapies for
IVDD. But there were also some limitations in this
study. First of all, although we found that BMSCs
softening under hypoxia showed a chondrogenic differ-
entiation trend, its mechanism has not been further
investigated. Second, p-CREB is indeed a marker of
CREB activation, but it further verifies how PGC-la
is regulated by a nuclear entry. In the future, we will
conduct more carefully designed studies on the
upstream and downstream genes of the SENPI/
SIRT3/PGC-la pathway to further explore the regula-
tory role of leptin in the BMSCs signaling pathway.

Conclusion

Here we demonstrated, first that BMSCs transplanta-
tion in anoxic environments is improved by leptin-
mediated mitochondrial fusion, which promotes cells
transformation. Differentiation of BMSCs depends
on SIRT3 activation via the SENPI-mediated
deSUMOylation, which translocate into the nucleus
after CREB phosphorylation and upregulation of PGC-
la. Leptin can provide glucose and ATP for mitochon-
dria fusion by affecting glycolysis. This may provide a
new pharmacological approach on IDD diseases.
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