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Abstract

Objective Hypoxia can promote stem cell proliferation and migration through HIF-1a. Hypoxia can regulate cellular
endoplasmic reticulum (ER) stress. Some studies have reported the relationship among hypoxia, HIF-a, and ER stress,
however, while little is known about HIF-a and ER stress in ADSCs under hypoxic conditions. The purpose of the study
was to investigate the role and relationship of hypoxic conditions, HIF-1a and ER stress in regulating adipose mesen-
chymal stem cells (ADSCs) proliferation, migration, and NPC-like differentiation.

Method ADSCs were pretreated with hypoxia, HIF-1a gene transfection, and HIF-1a gene silence. The ADSCs prolif-
eration, migration, and NPC-like differentiation were assessed. The expression of HIF-1a in ADSCs was regulated; then,
the changes of ER stress level in ADSCs were observed to investigate the relationship between ER stress and HIF-1a'in
ADSCs under hypoxic conditions.

Result The cell proliferation and migration assay results show that hypoxia and HIF-1a overexpression can signifi-
cantly increase the ADSCs proliferation and migration, while HIF-1a inhibition can significantly decrease the ADSCs
proliferation and migration. The HIF-1a and co-cultured with NPCs played an important role in the directional differ-
entiation of ADSCs into NPCs. The hypoxia-regulated ER stress in ADSCs through the HIF-1a pathway, thereby regulat-
ing the cellular state of ADSCs, was also observed.

Conclusion Hypoxia and HIF-Ta play important roles in proliferation, migration, and NPC-like differentiation of
ADSCs. This study provides preliminary evidence that HIF-1a-regulated ER stress thus affects ADSCs proliferation,
migration, and differentiation. Therefore, HIF-1a and ER may serve as key points to improve the efficacy of ADSCs in
treating disc degeneration.
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Introduction

Intervertebral disc degeneration (IDD) refers to patho-
logical processes such as nucleus pulposus cell (NPCs)
apoptosis, extracellular matrix (ECM) degeneration,
inflammation stimulation, and vascular ingrown [1]. The
increasing low back pain and neck pain caused by IDD
in modern life have become a serious public health prob-
lem [2, 3]. At present, the clinical treatments for IDD are
mainly conservative management and surgical treatment,
neither of which can reverse the IDD process [4].

Transplanting self-renewing stem cells into the degen-
erative intervertebral discs (IVD) is a hot topic in recent
years [5], while the IVD has been shown to be in a physi-
ological hypoxic state and oxygen partial pressure was
shown to be decreased from the outer annulus fibrosus
(AF) (7.5 kpa) to nucleus pulposus (NP) (0.5 kpa) [6].
Multiple factors in degenerative IVD including hypoxia
(1.04-12.67 kPa), inflammation, and oxidative stress may
lead to the low survival rate of transplanted stem cells.
These greatly restricted the effect of stem cell therapy for
IDD [7-9]. It is necessary to optimize stem cell culture
conditions for the preservation of cell properties. Stud-
ies have shown that hypoxia is a powerful endogenous
protective mechanism, which can improve the ability of
stem cells to resist injury significantly [10]. The innate
ability to survive in a low-oxygen environment is a strik-
ing feature of stem cells [11]. Efforts have been made to
develop culture conditions similar to the original hypoxic
microenvironment of stem cells and find effective culture
protocols in vitro ultimately [12]. Since oxygen is a sub-
strate for cellular metabolism, it can even regulate the
fate of stem cells directly, as well as their ability to differ-
entiate in multiple directions [13]. Hypoxic-treated stem
cells have been used in the treatment of liver and kidney
ischemia—reperfusion injury [14, 15], spinal cord injurie
[11]. Our previous study showed that hypoxic precondi-
tioning of mesenchymal stem cells (MSC) improved the
survival rate of transplanted cells (although the survival
rate remains to be improved); thus, improving the effec-
tiveness of stem cell transplantation for IDD is urgent
[16]. We also found that hypoxia-inducible factor (HIF)
was significantly increased in stem cells pretreated with
hypoxic conditions, but the mechanism was not further
studied [16]. Therefore, finding a way to keep stem cells
active and functional for a long time is the key to solve
this problem.

It is proved that the widely expressed HIF-1a is the
most important transcription factor that regulates
and promotes cell adaptation to hypoxia environment
[17]. Many studies have reported that HIF-1a is highly
expressed in NP cells (NPCs) and is critical for IDD
development and balance [18-20]. Recently, several stud-
ies have found that promoting HIF-1a expression in stem
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cells by gene editing can regulate cell function signifi-
cantly [21-23]. A series of studies have shown that it is
possible to regulate stem cell function to enhance cell-
specific functions by editing HIF-1 a genes. There have
been no reports that show the enhancement of the effi-
cacy of stem cells for the treatment of IDD by HIF-1 «a
gene-edited cells.

The endoplasmic reticulum (ER) is a highly conserved
organelle responsible for folding and maturing newly
synthesized secretory and transmembrane proteins [24].
ER homeostasis may be influenced by various factors,
such as high protein requirements, inflammatory pro-
cesses, reactive oxygen species, or mutated proteins. ER
stress, an important mechanism for cell survival, refers to
the adaptive response caused by the accumulation of mis-
folded and unfolded proteins in ER [25]. Oxygen concen-
tration is an important factor in regulating endoplasmic
reticulum stress levels [17]. Interestingly, some studies
have reported the relationship among hypoxia, HIF-q,
and ER stress [26, 27], while little is known about HIF-«a
and ER stress in ADSCs under hypoxic conditions.

Based on the beneficial effect of hypoxia on stem cells
and the special hypoxic microenvironment in IVD as
well as on the close relationship between oxygen con-
centration and ER, a scientific hypothesis was made that
hypoxia regulates ER stress in adipose mesenchymal
stem cells (ADSCs) through the HIF-la pathway, thus
affecting the biological behavior of ADSCs. Therefore,
in this study, the expression of HIF-1la in ADSCs was
regulated by gene editing. The effects of HIF-1a on pro-
liferation, apoptosis, migration, and NPC-like differentia-
tion of ADSCs were investigated in vitro. In addition, the
changes of ER stress of ADSCs under hypoxic conditions
were observed, and their relationships with HIF-1a were
preliminarily verified. We expect that this study will pro-
vide more effective therapeutic strategies and new targets
for the treatment of IDD by stem cell transplantation.

Methods
Isolation, identification of ADSCs and NPCs
All SD rats were obtained from the Animal Center of
Naval Medical University (Shanghai, China), and all pro-
cedures were approved by the Institutional Animal Care
and Use Committee of the Naval Medical University. The
extraction and identification of ADSCs were performed
as reported in our previous study [28]. The third passage
(P3) ADSCs were used for subsequent experiments. Sim-
ilarly, NPCs of SD rats were isolated and digested by type
II collagenase at 37 °C for 1 h, and adherent cells were
finally obtained.

ADSCs were identified by flow cytometry and three-
way induced differentiation. The surface antigen (CD29,
CD105, CD45, and CD90) positivity rates of P3 ADSCs
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were evaluated by flow cytometry (BD, San Jose, CA,
USA) to follow the instruction. ADSCs were cultured in
induced differentiation medium (Cyagen Biosciences,
Santa Clara, CA, USA) according to the instruction. Adi-
pogenesis, differentiation, osteogenic differentiation, and
chondrogenic differentiation were verified by Oil Red O
staining, alizarin red staining, and Alcian blue staining,
respectively. The expression of collagen I and collagen II
was determined by immunofluorescence staining to iden-
tify the NPCs. Antibodies against collagen I (ab260043,
Abcam, Cambridge, MA, USA) and collagen II (ab34712,
Abcam, Cambridge, MA, USA) were used. The images
were observed and collected under a fluorescence
microscope.

P3 ADSCs were planted in culture plates at a density
of 1x10°. When ADSCs were co-cultured with NPCs,
the ratio of ADSCs to NPCs was 1:1. For normoxia cul-
ture, ADSCs were cultured in complete medium and 21%
oxygen concentration at 37 °C for 48 h. ADSCs under
hypoxic conditions were cultured in a hypoxic incuba-
tor (YCP-30/Q, Huaxi Electronics, Changsha, China)
with 1% O,, 5% CO,, and 94% N, at 37 °C for 48 h. For
the detection of ADSCs differentiation, ADSCs were
cultured under various conditions for 2 weeks, and the
medium was changed every 48 h.

Overexpression of HIF-1a in ADSCs

P3 ADSCs were digested with 0.25% trypsin and centri-
fuged, and then, serum-free medium was added to pre-
pare 1 mL single-cell suspension (1x10° cells/L). Then,
sufficient HIF-la overexpressing lentiviral particles
(about 2 pg) (Funeng, Guangzhou, China) was added to
the cell suspension and transfected with a cell electro-
fusion apparatus (voltage 180 V, pulse width 40 ps). For
screening out HIF-la (4) cell lines with high HIF-la
expression, the change of HIF-1« protein level was deter-
mined by Western blot.

Low expression of HIF-1a in ADSCs

Four target mRNA sequences were designed and syn-
thesized according to the full-length rat HIF-la gene
(no. Nm-024359) provided by GenBank database. The
four target mRNA sequences from 5’ to 3’ are UUC
AUAAAUUGAACGGCCCTT, AUAAGGGACAAA
CUCCCUCTT, UUAAGCUUGUCGAAGAGGCTT,
and UUUAUCAAGAUGGGAGCUCTT. BLAST search
of siRNA in GenBank database showed that the siRNA
matched only the rat HIF-1a sequence. Cells were with
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. One siRNA without target gene
was used as a negative control for RNA interference. The
changes of HIF-1a protein level were determined by WB
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to identify, and the ADSCs lines with low expression of
HIF-1a were screened.

Cell migration assay

Transwell was used to determine the migration of
ADSCs. ADSCs were divided into 6 groups according
to different pretreated conditions. Normal ADSCs cul-
tured in normoxic (21%) 24 h were NM-NC group; nor-
mal ADSCs cultured in hypoxic (1%) 24 h were NM-HC
group. ADSCs overexpressing HIF-lacultured under
normoxic conditions (21%) 24 h were the OE-NC group;
ADSCs overexpressing HIF-lacultured under hypoxic
conditions (1%) 24 h were the OE-HC group; ADSCs with
HIF-1a knock cultured under hypoxic conditions (1%)
24 h were the KD-NC group; and ADSCs with HIF-1a
knock down cultured under hypoxic conditions (1%)
24 h were the KD-HC group. The ADSCs concentration
was adjusted to 1x10° cells/mL, 100 pL of which was
inoculated into the upper chamber of Transwell (8 pm,
Conring, USA). In addition, 600 puL complete medium
was added to the lower chamber and cultured for 6 h or
12 h at 37 °C, washed culture medium with PBS, immo-
bilized the cells with 4% paraformaldehyde (PFA) (Ser-
vicebio, Wuhan, China) for 30 min, and then removed
the upper layer of unmigrated cells with wet wipes. The
remained cells were stained with 0.1% crystal violet for
20 min. Three fields were randomly selected for observa-
tion under the microscope. The migration of ADSCs was
observed at 6 and 12 h, respectively.

Cell proliferation assay

Cell proliferations were determined by an EdU assay.
ADSCs were divided into 6 groups as above. After 48 h
of culture, the EdU detection was performed accord-
ing to the manufacturer’s instructions (C0078S, beyo-
time). Before the cells were incubated in a shaker for
10 min, 100 pL 0.5% TritonX-100 was added into each
well and then rinsed with PBS. The cells were incubated
with Edu solution for 30 min, then washed, and dried
subsequently. DAPI staining (Servicebio, Wuhan, China)
was used to estimate the total cell number. The slides
were sealed and photographed under a fluorescence
microscope. Three random fields of each sample were
observed and photographed under a fluorescence micro-
scope (Olympus, Japan). The number of positive cells was
quantified by the software of Image].

Western blot

NPCs differentiation and ER stress were measured by
WB. Markers of NPCs differentiation included HIF-1a,
collage II, aggrecan, and Sox9. ADSCs were grouped
according to the HIF expression levels and whether
cocultured with NPCs. Transwell co-culture system was
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used to coculture ADSCs with NPCs. The ADSCs and
NPCs concentration was adjusted to 1x10° cells/mL,
100 pL of NPCs was inoculated into the upper cham-
ber of Transwell (0.4 pm, Conring, USA), and 100 uL of
ADSCs was inoculated into the lower chamber of Tran-
swell. Then the Transwell co-culture system was cultured.
ER stress indicators included CHOP, ATF6, and ERK.
ADSCs were divided into three groups: normal ADSCs
cultured in normoxic conditions (NM-NC), normal
ADSCs cultured in hypoxia (NM-HC), and HIF knockout
ADSCs cultured in hypoxic conditions (KD-HC).

ADSCs were lysed by RIPA buffer. The proteins were
quantified with a BCA protein assay kit (Thermo Fisher
Scientific Inc., Waltham, MA), followed by being sepa-
rated by SDS-PAGE and transferred onto polyvinylidene
fluoride (PVDF) membranes. The PVDF membranes
were blocked by 5% bovine serum albumin (BSA) and
cultured with the primary antibody against the following:
HIF-1a (ab8366, Abcam, USA), collagen II (GB11021,
Servicebio, Wuhan, China), aggrecan (sc166951, Santa
Cruz, Dallas, TX, USA), sox9 (ab185966, Abcam, USA),
CHOP(2895,CST), ATF6 (1-40,256, NBP), and ERK
(5683p, CST) and p-actin (ab 8226, Abcam, USA). The
membrane was washed and incubated with secondary
antibodies (Beyotime, Shanghai, China) for 2 h at room
temperature; then, ECL kit (Millipore, Bedford, MA,
USA) was used to visualize the immunoreactive bands.
Image] software was used to calculate the band density.

Statistics analysis

SPSS 20.0 (IBM) and GraphPad 7.0 were used for statis-
tical analysis. Data are presented as the mean +standard
deviation. For normally distributed data, comparisons
among groups were made by one-way ANOVA fol-
lowed by multiple comparisons test (Bonferroni test),
and comparisons between two groups were made by ¢
test. For non-normal data, the Kruskal-Wallis test was

B g > Vs Ny Py
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used for comparison. P<0.05 was considered statistically
significant.

Results

Identification of NPCs and ADSCs

NPCs were cultured and observed under a light micro-
scope, and evenly distributed adherent spindle-shaped
cells can be observed (Fig. 1A). Immunofluorescence
staining of NPCs showed that the cells were positive for
COL-2 and COLL1 (Fig. 1B-C), indicating that the cells
were NPCs. ADSCs (P3) were cultured in osteogenic,
adipogenic, and chondrogenesis induction conditions
for 2—3 weeks. After that, cells were stained with aliza-
rin red, and many red nodules were observed (Fig. 2B).
The cells were stained with Oil Red O, and many red-
stained lipid droplets were observed (Fig. 2C). Cells were
stained with Alcian blue, and a large amount of blue-
stained matrix could be observed (Fig. 2D). The results
of the three-way induced differentiation test showed that
the extracted ADSCs had good multidirectional differen-
tiation potential. The extracted ADSCs were assessed by
flow cytometry, and the results of the cell surface anti-
gen assessments showed that the positive rate of CD29
and CD31 was high (>90%, and that the positivity rate of
CD90 and CD45 was low (<5%) (Fig. 2E-H)). It is proved
that most of the obtained cells were ADSCs, which were
used in the subsequent experiments.

The effects of HIF-1a gene expression in ADSCs on cell
proliferation

ADSCs (P3) were transfected with a HIF-1la plasmid,
and the changes of HIF-1a protein level in ADSCs after
transfection were determined by WB. ADSCs with stable
expression (OE) of the HIF-1a protein were used for sub-
sequent experiments. The HIF-1a gene in ADSCs (P3)
was silenced by siRNA technology, and a siRNA without
any target gene was used as a negative control for the
RNA interference. The changes of HIF-1a protein levels

Fig. 1 Identification of NPCs. A The morphology of NPCs observed under a light microscope; B NPCs observed under fluorescence microscope (red
staining for COL-2, blue staining for nuclei); € NPCs observed under fluorescence microscope (red staining for COL-1, blue staining for nuclei)
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Fig. 2 Identification of ADSCs. A The morphology of ADSCs observed under a light microscope; B the results of alizarin red staining after ADSCs
cultured for osteogenic induction. C The results of Oil red O staining after ADSCs cultured for adipogenic induction. D The results of Alcian blue
staining after ADSCs cultured for chondrogenic induction. E-H: The positive rate of ADSCs antigens CD29 (E), CD31 (F), CD90 (G), and CD45 (H)

detected by flow cytometry

were determined by WB. ADSCs with the HIF-1a gene
knocked down (KD) were used for subsequent experi-
ments. The results of EAU proliferation assay showed that
the ADSC proliferation was significantly increased in 1%
hypoxia (NM-HC) for 48 h compared with that in nor-
moxic conditions (NM-NC) (Fig. 2, P<0.05). In normoxic
conditions (NC), overexpression of HIF-1a (OE-NC) in
ADSCs could significantly increase cell proliferation com-
pared with that in the NM-NC group (Fig. 3, P<0.05),
while low expression of HIF-la in ADSCs (KD-NC)
could significantly reduce cell proliferation compared
with that in the NM-NC group (Fig. 3, P<0.05). The pro-
liferation of HIF-1a-overexpressing ADSCs (OE-HC) was
the greatest (P<0.05) in hypoxic state (HC). The prolifer-
ation of ADSCs with low expression of HIF-1a (KD-HC)

NC

HC

A

in hypoxic state (HC) was lower than that of NM-HC
group (P<0.05). It is proved that the promoting effect of
hypoxia on the proliferation of ADSCs may be through
the HIF-1a pathway.

The effects of HIF-1a gene expression in ADSCs on cell
migration

The results of Transwell showed that the migration
of ADSCs was significantly increased in 1% hypoxic
conditions (NM-HC) for 12 h compared with that in
normoxia (NM-NC) (Fig. 4, P<0.05). In normoxic con-
ditions (NC), overexpression of HIF-la (OE-NC) in
ADSCs could significantly increase migration compared
with that in the NM-NC group (Fig. 4, P<0. 05), while
low expression of HIF-la in ADSCs (KD-NC) could

*#S

F
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Fig. 3 The effects of HIF-1a gene expression in ADSCs on cell proliferation. A The red-stained cells were proliferating cells stained with EdU, and

the blue fluorescence was stained with nuclei of DAPI. B Immunofluorescence cell count in EJU detection. *P<0.05 versus NM-NC, *P < 0.05 versus
NM-HC, *P< 0.05 versus OE-NC, ¥P < 0.05 versus OE-HC (n=S5). (NM normal, OF overexpression, KD knock down, NC normoxic conditions, HC hypoxic
conditions)



(2023) 18:339

Wu et al. Journal of Orthopaedic Surgery and Research

Page 6 of 13

cell countting
*

50 -

*#H5&

B NM-NC NM-HC OE-NC OE-HC KD-NC KD-HC

Fig. 4 The effects of HIF-1a gene expression in ADSCs on cells migration. A Purple represents migrated cells stained with crystal violet. B Mean cell
counts. *P<0.05 versus NM-NC, 7P < 0.05 versus NM-HC, *P< 0.05 versus OE-NC, ¥P< 0.05 versus OE-HC, @P< 0.05 versus KD-HC (n=5). (NM normal,
OE overexpression, KD knock down, NC normoxic conditions, HC hypoxic conditions)

significantly reduce migration compared with that in the
NM-NC group (Fig. 4. P<0.05). The cell migration of
HIF-1a-overexpressing ADSCs (OE-HC) was the great-
est (P<0.05) in hypoxic state (HC). The cell migration
of ADSCs with low expression of HIF-1a (KD-HC) in
hypoxic conditions (HC) was lower than that of NM-HC
group (P<0.05). It is proved that the promoting effect of
hypoxia on the migration of ADSCs may be through the
HIF-1a pathway.

The effects of HIF-1a gene expression in ADSCs on cell
directed differentiation into NPC-like cells

The effects of different conditions on the directed differ-
entiation of ADSCs into NPC-like cells were determined
by WB (Fig. 5A). The results showed that hypoxia could
not significantly increase the expression of Collage II
(Fig. 5B), Aggrecan (Fig. 5C), and Sox9 (Fig. 5D) proteins

in ADSCs compared with the ADSCs under normoxic
conditions (P>0.05). In normoxic conditions, coculture
of ADSCs and NPCs could significantly increase the Col-
lagen II, Aggrecan, Sox9 protein expression (P<0.05).
When ADSCs were co-cultured with NPCs in hypoxic
conditions, the differentiation of ADSCs into NPC-like
cells was the most obvious (P <0.05, Fig. 5).

In ADSCs overexpressing HIF-1a gene, the expression
of HIF-1la protein was significantly increased, while the
Collage II, Aggrecan, and Sox9 proteins showed no signif-
icant change when compared with normal ADSCs (Fig. 6.
P>0.05). Co-culture of ADSCs and NPCs could signifi-
cantly increase the Collage II, Aggrecan, and Sox9 pro-
tein expression (Fig. 6. P<0.05). The results of coculture
of ADSCs overexpressing HIF-1a gene with NPC showed
that the protein expressions of HIF-1a, Col II, Aggrecan,
and Sox9 in ADSCs were significantly enhanced (Fig. 6.
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P<0.05). These results indicated that overexpression
of HIF-1a alone could not induce the differentiation of
ADSC:s into nucleus pulposus cells. The ability of ADSCs
to differentiate into NPCs was the greatest under the
conditions of co-culture with NPCs and overexpression
of HIF-1a gene. These results indicated that co-culture
and HIF-1a genes both play an important role in the
directional differentiation of ADSCs into NPCs.

HIF-1a was significantly decreased in ADSCs with low
expression of HIF-1a gene compared with other groups
(Fig. 7, P<0.05). The low expression of HIF-1a in ADSCs
significantly reduced the protein expression of Collage
II and Sox9 (P<0.05), indicating that low expression
of HIF-1a could inhibit the differentiation of ADSCs
into NPCs. The coculture of ADSCs with a low expres-
sion of HIF-1a gene and NPCs showed that the protein
expressions of HIF-1a, Aggrecan, and Sox9 in ADSCs
were not significantly enhanced (P> 0.05). These results
suggest that both HIF-la and NPCs coculture have

significant roles in regulating the directed differentia-
tion of ADSCs into NPCs. The expression of HIF-1a gene
plays an important role in the directional differentiation
of ADSCs into NPCs. Inhibiting the expression of HIF-1a
gene can effectively inhibit the directional differentiation
of ADSCs into NPCs.

Hypoxia regulates endoplasmic reticulum stress in ADSCs
via the HIF-1a pathway

Normal ADSCs (P3) and ADSCs with low expression
of HIF-1a were cultured in normoxic conditions and
1% hypoxic conditions for 48 h. Detection of ER stress-
related markers in ADSCs was carried out by WB. The
detection indicators include proteins that respond to
endoplasmic reticulum stress: C/EBP homologous pro-
tein (CHOP), activating transcription factor 6 (ATF6),
and protein kinase R-like endoplasmic reticulum kinase
(PERK) and phospho-PERK (p-PERK). The results
showed (Fig. 8) that after culturing ADSCs in normoxic
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conditions for 48 h, the proteins CHOP, ATF6, PERK, and  proteins inhibited endoplasmic reticulum stress (Fig. 8.
p-PERK that respond to endoplasmic reticulum stress P<0.05). The endoplasmic reticulum stress level in the
were at higher levels, while the hypoxic culture showed KD-HC group was significantly higher than that in the
significantly reduced levels of CHOP, ATF6, and p-PERK  NM-HC group (P <0.05) but significantly lower than that
in the ADSCs. The expression of PERK and p-PERK in the NM-NC group (P<0.05). These results suggested
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Fig. 8 Hypoxia regulates endoplasmic reticulum stress in ADSCs via the HIF-1a pathway. A WB detection of CHOP, ATF6, PERK, and p-PERK protein
expression in each group. B Quantitative counts for each group. *P < 0.05 versus NM-NC, #P < 0.05 versus NM-HC (n=5)

that hypoxia regulates ER stress in ADSCs through the
HIF-1a pathway, thereby regulating the cellular state of
ADSCs.

Discussion
In this study, we evaluated the effects of hypoxia and
HIF-1a on ADSCs and explored possible mechanisms.
We found that hypoxia can affect the function of ADSCs
(cell proliferation, migration, and directed differentiation
into NPCs) through the HIF-la-mediated endoplasmic
reticulum stress pathway. Our study found that the effect
of hypoxia on the proliferation, migration, and directed
differentiation of ADSCs was mediated by HIF-1a. When
the expression of HIF-la in ADSCs was reduced, the
cell proliferation and migration ability were significantly
inhibited. However, the directional differentiation of
ADSCs into NPCs could not be significantly enhanced
when the ADSCs were cultured in a hypoxic environ-
ment or by enhancing the expression of HIF-1a in stem
cells. The ability of ADSCs to differentiate into NPCs
was strongest when HIF-1a and co-cultured with NPCs.
This indicates that hypoxia and co-culture system are two
key factors that promote the differentiation of stem cells
into NPCs. We also found that when hypoxia triggered
HIF-1a activation, HIF-1la enhanced the proliferation
and migration of ADSCs through the endoplasmic retic-
ulum stress pathway, and directed differentiation toward
NPCs.

The key factor affecting the effect of stem cell therapy
on IDD is the special microenvironment in the IVD,

such as low oxygen, high pressure, and low pH. Among
them, the microenvironment of IVD is mainly character-
ized by hypoxia, which is still the main obstacle to the
long-term survival of transplanted mesenchymal stem
cells. The hypoxic environment plays a crucial role in
the progression of IDD [29]. Under physiological condi-
tions, the oxygen partial pressure in the intervertebral
disc decreased sharply from the outer annulus fibrosus
(7.5 kPa) to the nucleus pulposus (0.5 kPa) [6]. During
IDD, the oxygen partial pressure in the nucleus pulposus
increases (1.04—12.67 kPa) due to the ingrowth of blood
vessels and the rupture of the annulus fibrosus [7]. Dur-
ing IDD, the water in NP tissues is reduced, and the dif-
fusion of oxygen, nutrients, and metabolic wastes is
restricted. In the IVD microenvironment, oxygen tension
is low due to poor diffusion, followed by increased lac-
tate production through anaerobic metabolism [30]. Lac-
tic acid excretion is blocked and gradually accumulates,
which leads to a decrease in pH, which affects cellular
metabolism and function [30]. With the progression of
IDD, the microenvironment within the IVD deteriorates,
which leads to a significant decrease in the efficacy of cell
transplantation in the treatment of IDD. Our study found
that hypoxic preconditioning of mesenchymal stem cells
improved the survival rate of transplanted stem cells. We
also found that HIF was significantly increased in stem
cells pretreated with hypoxic conditions [16]. However,
the hypoxic environment in vitro (1%) cannot fully simu-
late the hypoxic environment in IVD. Stem cells need to
undergo a multistep process in a normoxic environment
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before transplantation into IVD, which leads to changes
in stem cell status and function. In addition, the com-
plex microenvironment in IVD may affect the long-term
maintenance of specific functions of stem cells after
hypoxic preconditioning. Therefore, finding a way to keep
stem cells active and functional in hypoxic conditions for
a long time is the key to solving this problem. This arti-
cle provided a theoretical basis for gene-edited stem cell
transplantation for the treatment of IDD, by studying
the effect of hypoxia-critical HIF-1a gene expression in
ADSCs on stem cell proliferation, migration, and direc-
tional differentiation into NPCs.

Hypoxia can activate the expression of HIF-1a, which
is widely expressed in almost all cells in the human body.
Benita et al. [31] proposed that HIF la has the poten-
tial to regulate 81 genes under hypoxic conditions in
multiple cell types. It also plays an important role in the
occurrence and progression of many diseases, includ-
ing myocardial ischemia [32, 33], tumors [32, 34], and
chronic degenerative diseases [35—40]. HIF has a unique
regulatory role in the function of NPCs and is closely
related to the occurrence and progression of IDD [41].
The HIF pathway can regulate various functions such as
cell proliferation, cell metabolism, glycolysis, mitochon-
drial electron transport chain (ETC), lactate/H+ efflux,
which plays an important role in the normal metabolism
and degeneration of IVD. Hypoxia significantly increases
the phenotype of NPCs with little effect on the annulus
fibrosus, suggesting that HIF-1a may serve as a marker
for NPCs [36, 42]. However, the findings regarding the
regulation of ECM metabolism by HIF la remain con-
troversial. A growing number of studies have shown that
hypoxia induces upregulation of HIF-1a and promotes
ECM synthesis, including NPCs [36, 42, 43], chondro-
cytes [44, 45], fibroblasts [46], and mesenchymal stem
cells [45]. Animal and human studies have shown that the
content of ECM synthesis is inversely correlated with the
degree of hypoxia [36, 42, 47, 48]. The ideal hypoxia level
to promote NPC survival is 1% of the physiological oxy-
gen concentration [49], and therefore 1% oxygen concen-
tration was used as the hypoxic culture condition in this
experiment. The synthesis of glycosaminoglycans (GAGs)
in NPCs has been shown to increase significantly with
the gradual decrease of oxygen content in the medium.
However, at 2% oxygen, no increase in ECM synthesis
was observed despite HIF-1a activation [48]. These sug-
gest that HIF-1a is not the only factor promoting ECM
synthesis. Factors affecting the progression of IDD may
also include age, gender, histological origin, and severity
of injury model [48]. HIF-1a plays a complex and impor-
tant role in IVD metabolism. Therefore, regulating the
functional status of the intervertebral disc through the
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HIF-1a pathway is a promising direction for the treat-
ment of IDD, but its specific mechanism remains to be
further studied. Exploring and analyzing the pathway of
HIF-1a promoting or inhibiting ECM synthesis in NPCs,
and finding out its most critical regulatory mechanism
will be the focus of future research.

Hypoxia can modulate stem cell plasticity through the
action of HIF. The stable and high expression of HIF in
stem cells can stably regulate the state and function of
stem cells. HIF-1a regulates cellular metabolism through
transcriptional activation of genes that regulate glyco-
lysis, such as GLUT1 and PDK1, and anaerobic metabo-
lism [50, 51]. Oxygen concentration maintains stem cell
function by regulating HIF-1la and energy metabolism
[52]. HIF also affects the immunomodulatory proper-
ties of stem cells. Silencing of HIF-1a in MSCs reduces
inflammation and inhibits pro-inflammatory T cell gen-
eration [53]. HIF can reduce apoptosis by downregulating
p53 [54]. p53 can induce the transcriptional activation of
p21 and participate in the regulation of apoptosis and
cell cycle [55]. The ability of HIF to significantly enhance
stem cell function has been demonstrated in ADSCs [56],
foreskin mesenchymal cells [57], and bone marrow mes-
enchymal cells [57]. Under hypoxic conditions, HIF-1a
stabilizes and accumulates in the nucleus and triggers
transcriptional activation [58]. We demonstrated a sig-
nificant increase in cell proliferation and migration in
hypoxic conditions. We also found that upregulation of
HIF-1a can also increase the proliferation and migration
of ADSCs and that downregulation of HIF-1a can reduce
the proliferation and migration of ADSCs. This indicated
that hypoxia increased the proliferation and migration of
ADSCs through HIF-1a-dependent transcriptional activ-
ity. In addition, HIF-1a upregulation can significantly
increase the directed differentiation ability of ADSCs
into NPCs. Previous studies have shown that hypoxic
preconditioning significantly enhances mesenchymal
stem cell extracellular matrix synthesis and migration,
both of which are dependent on HIF-1a [16, 59]. In addi-
tion, in severely degenerative IVD, neovascularization
is accompanied by an increase in oxygen concentration
and a decrease in pH, which may impair the efficacy of
stem cell therapy [60]. However, whether the transplan-
tation of exogenous HIF-la-overexpressing ADSCs can
improve its therapeutic effect on IDD remains to be fur-
ther investigated.

The endoplasmic reticulum stress level in ADSCs under
hypoxic culture conditions was significantly decreased,
and the expression of HIF-a was significantly increased.
The endoplasmic reticulum (ER) is a highly conserved
organelle responsible for the folding and maturation of
newly synthesized secreted and transmembrane proteins.
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ER homeostasis may be affected by different stimuli,
such as high protein demand, inflammatory processes,
reactive oxygen species, or mutated proteins, leading to
the accumulation of misfolded and unfolded proteins in
the ER lumen. This condition is known as ER stress and
results in an adaptive response known as the unfolded
protein response, which is known to be an important
mechanism for cell survival [25]. Oxygen concentration
is an important factor in the regulation of ER stress lev-
els. HIF-1a plays a central role in the hypoxia signaling
pathway [17]. The regulation of the self-renewal proper-
ties of stem cells by oxygen concentration is also indi-
rectly dependent on the stabilization of HIF-1la. HIF-1a
can directly regulate the activation of stem cell genes
(such as Oct-4, Sox-2, or Nanog) and is a key determi-
nant of factors affecting cell metabolism [61]. The inter-
relationship of hypoxia, HIF-1a, and ER stress has been
reported in other cell types [26, 27].Our findings further
confirmed that hypoxia regulates endoplasmic reticulum
stress in ADSCs via the HIF-1a pathway, thereby regulat-
ing the cellular state of ADSCs. The specific mechanism
and in vivo application of ER stress in regulating the pro-
liferation, migration, and differentiation of ADSCs into
NPCs through HIF-la pathway remains to be further
being verified and studied.

There were some limitations in this study. First, this
study was only in vitro cell tests. We found that hypoxia
can regulate ADSCs proliferation, migration, and nucleus
pulposus-like differentiation by regulating endoplasmic
reticulum stress via the HIF-1a pathway at the cellular
level. The molecular mechanism needs further confir-
mation in vivo animal experiments. Secondly, the direct
relationship between ER stress and ADSCs proliferation,
migration, and differentiation, and the target genes up-
regulated by HIF-1a/ER stress in ADSCs need to be fur-
ther studied. In the future, preclinical trials and animal
studies should be using ADSCs overexpressing HIF-1a
for intervertebral disc injection, which may provide a
therapeutic strategy for optimizing stem cell therapy for
IDD.

Conclusion

This study confirmed that hypoxia promotes ADSC pro-
liferation, migration, and directed differentiation into
NPCs, by activating the HIF-la-mediated endoplas-
mic reticulum stress signaling pathway. These reveal
the adaptation of ADSCs to hypoxia in the degenerative
disc microenvironment mechanism. However, the tar-
get genes upregulated by HIF-1a/ER stress remain to be
further investigated. Further studies should investigate
the long-term survival effects of transplanted ADSCs
overexpressing HIF-la or ER stress in animal models
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of IDD. Preclinical and animal experiments using HIF-
la-overexpressing ADSCs for intradiscal injection may
provide a therapeutic strategy for optimizing stem cell
therapy in IDD therapy.

Abbreviations
ER Endoplasmic reticulum

NPCs Nucleus pulposus cells

ADSCs Adipose mesenchymal stem cells
IDD Intervertebral disc degeneration
ECM Extracellular matrix

VD Degenerative intervertebral discs
AF Annulus fibrosus

NP Nucleus pulposus

MSC Mesenchymal stem cells

HIF Hypoxia-inducible factor

PVDF Polyvinylidene fluoride

NM Normal

OE Overexpression

KD Knock down

NC Normoxic conditions

HC Hypoxic conditions

Acknowledgements
The authors acknowledge the patients who participated in this research.

Author contributions

All authors contributed to the study conception and design. WW, SZ, and

YX conceived and designed the project. BX and XY collected the data and
analysis. JW, LY, and YL wrote the paper. HZ revised this article. All authors

contributed to the article and approved the submitted version.

Funding

This work is sponsored by the National Key R and D Program of China
(2020YFC2008404) and the National Natural Science Foundation of China (No.
82102605).

Availability of data and materials
All data relevant to the study are included in the article. Please contact the
corresponding author if additional information is required.

Declarations

Ethics approval and consent to participate
The animal study was reviewed and approved by the Institutional Animal Care
and Use Committee of the Naval Medical University, China.

Consent for publication
Not applicable.

Competing interests
The author(s) declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Author details

'Department of Orthopaedics, First Affiliated Hospital of Naval Medical
University, No. 168 Changhai Road, Shanghai, People’s Republic of China.
’Department of Orthopedic Surgery and Neurosurgery, No. 906 Hospital

of the People’s Liberation Army, Ningbo, Zhejiang, People’s Republic of China.
3Departmen‘[ of Orthopedics, Tianjin First Central Hospital, School of Medicine,
Nankai University, No. 24 Kangfu Road, Tianjin, People’s Republic of China.
“Department of Orthopaedics, Second Affiliated Hospital of Naval Medical
University, No. 415 Fengyang Road, Shanghai, People’s Republic of China.
°Department of Orthopaedics, Tongren Hospital of Shanghai Jiaotong Univer-
sity, No. 1111, Xianxia Road, Shanghai, People’s Republic of China.



Wu et al. Journal of Orthopaedic Surgery and Research

(2023) 18:339

Received: 19 February 2023 Accepted: 1 May 2023
Published online: 08 May 2023

References

1.

Lipson SJ, Muir H. 1980 Volvo award in basic science. Proteoglycans in
experimental intervertebral disc degeneration. Spine (Phila Pa 1976).
1981,6(3):194-210.

Steel N, Ford JA, Newton JN, Davis ACJ, Vos T, Naghavi M, Glenn S,
Hughes A, Dalton AM, Stockton D, et al. Changes in health in the
countries of the UK and 150 English local authority areas 1990-2016: a
systematic analysis for the global burden of disease study 2016. Lancet.
2018;392(10158):1647-61.

Babu A, McCormick Z, Kennedy D, Press J. Local, national, and service
component cost variations in the management of low back pain: consid-

erations for the clinician. J Back Musculoskelet Rehabil. 2016;29(4):685-92.

Okuda S, Nagamoto Y, Matsumoto T, Sugiura T, Takahashi Y, Iwasaki

M. Adjacent segment disease after single segment posterior lumbar
interbody fusion for degenerative spondylolisthesis: minimum 10 years
follow-up. Spine (Phila Pa 1976). 2018;43(23):E1384-8.

Han |, Ropper AE, Konya D, Kabatas S, Toktas Z, Aljuboori Z, Zeng X,

Chi JH, Zafonte R, Teng YD. Biological approaches to treating interver-
tebral disk degeneration: devising stem cell therapies. Cell Transplant.
2015;24(11):2197-208.

Urban JP. The role of the physicochemical environment in determining
disc cell behaviour. Biochem Soc Trans. 2002;30(Pt 6):858-64.

Bartels EM, Fairbank JC, Winlove CP, Urban JP. Oxygen and lactate con-
centrations measured in vivo in the intervertebral discs of patients with
scoliosis and back pain. Spine (Phila Pa 1976). 1998;23(1):1-7 (discussion
8).

Navone SE, Marfia G, Giannoni A, Beretta M, Guarnaccia L, Gualtierotti R,
Nicoli D, Rampini P, Campanella R. Inflammatory mediators and signalling

pathways controlling intervertebral disc degeneration. Histol Histopathol.

2017,32(6):523-42.

Skovrlj B, Cunn G, Guzman JZ, Qureshi SA. Mesenchymal stem cell tech-
nology in the treatment of degenerative disc disease. J Neurosurg Sci.
2015;59(1):25-35.

Torras J, Herrero-Fresneda |, Lioberas N, Riera M, Ma Cruzado J, Ma Grinyo
J. Promising effects of ischemic preconditioning in renal transplantation.
Kidney Int. 2002;61(6):2218-27.

Wang W, Huang X, Lin W, Qiu Y, He Y, Yu J, Xi Y, Ye X. Hypoxic precondi-
tioned bone mesenchymal stem cells ameliorate spinal cord injury in rats
via improved survival and migration. Int J Mol Med. 2018;42(5):2538-50.
Abdollahi H, Harris LJ, Zhang P, Mcllhenny S, Srinivas V, Tulenko T, DiMuzio
PJ. The role of hypoxia in stem cell differentiation and therapeutics. J Surg
Res. 2011;165(1):112-7.

El-Badawy A, Amer M, Abdelbaset R, Sherif S, Abo-Elela M, Ghallab Y,
Abdelhamid H, Ismail Y, EI-Badri N. adipose stem cells display higher
regenerative capacities and more adaptable electro-kinetic properties
compared to bone marrow-derived mesenchymal stromal cells. Sci Rep.
2016,6:37801.

Feng J, Yao W, Zhang Y, Xiang AP, Yuan D, Hei Z. Intravenous anesthetics
enhance the ability of human bone marrow-derived mesenchymal stem
cells to alleviate hepatic ischemia-reperfusion injury in a receptor-
dependent manner. Cell Physiol Biochem. 2018;47(2):556-66.

Jang MJ, You D, Park JY, Kim K, Aum J, Lee C, Song G, Shin HC, Suh N, Kim
YM, et al. Hypoxic preconditioned mesenchymal stromal cell therapy

in a rat model of renal ischemia-reperfusion injury: development of
optimal protocol to potentiate therapeutic efficacy. Int J Stem Cells.
2018;11(2):157-67.

Wang W, Wang Y, Deng G, Ma J, Huang X, Yu J, Xi Y, Ye X. Transplanta-

tion of hypoxic-preconditioned bone mesenchymal stem cells retards
intervertebral disc degeneration via enhancing implanted cell survival
and migration in rats. Stem Cells Int. 2018;2018:7564159.

Lee KE, Simon MC. SnapShot: hypoxia-inducible factors. Cell.
2015;163(5):1288-1288.e1281.

LiY, Liu'S, Pan D, Xu B, Xing X, Zhou H, Zhang B, Zhou S, Ning G, Feng S.

The potential role and trend of HIF-1a in intervertebral disc degeneration:

friend or foe? (Review). Mol Med Rep. 2021;23(4):1-1.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 12 of 13

Kim JW, An HJ, Yeo H, Jeong Y, Lee H, Lee J, Nam K, Lee J, Shin DE, Lee

S. Activation of hypoxia-inducible factor-1a signaling pathway has

the protective effect of intervertebral disc degeneration. Int J Mol Sci.
2021,22(21):11355.

Meng X, Zhuang L, Wang J, Liu Z, Wang Y, Xiao D, Zhang X. Hypoxia-
inducible factor (HIF)-1alpha knockout accelerates intervertebral disc
degeneration in mice. Int J Clin Exp Pathol. 2018;11(2):548-57.

Chen C,Tang Q, Zhang Y, Dai M, Jiang Y, Wang H, Yu M. Metabolic
reprogramming by HIF-1 activation enhances survivability of human
adipose-derived stem cells in ischaemic microenvironments. Cell Prolif.
2017;50(5):e12363.

Sun R, Meng X, PuY, Sun F, Man Z, Zhang J, Yin L, Pu Y. Overexpression of
HIF-1a could partially protect K562 cells from 1,4-benzoquinone induced
toxicity by inhibiting ROS, apoptosis and enhancing glycolysis. Toxicol

in vitro: Int J Publ Assoc BIBRA. 2019;55:18-23.

Xiao C, PanY, Zeng X, Wang L, Li Z, Yan S, Wang H. Downregulation of
hypoxiainducible factor-1alpha inhibits growth, invasion, and angiogen-
esis of human salivary adenoid cystic carcinoma cells under hypoxia.
Oncol Rep. 2018;40(3):1675-83.

Winnay J, Kahn C. PI 3-kinase regulatory subunits as regulators of the
unfolded protein response. Methods Enzymol. 2011;490:147-58.
Oslowski CM, Urano F. Measuring ER stress and the unfolded protein
response using mammalian tissue culture system. Methods Enzymol.
2011;490:71-92.

Delbrel E, Soumare A, Naguez A, Label R, Bernard O, Bruhat A, Fafournoux
P, Tremblais G, Marchant D, Gille T, et al. HIF-1a triggers ER stress and
CHOP-mediated apoptosis in alveolar epithelial cells, a key event in
pulmonary fibrosis. Sci Rep. 2018;8(1):17939.

Burman A, Kropski JA, Calvi CL, Serezani AP, Pascoalino BD, Han W, Sherrill
T, Gleaves L, Lawson WE, Young LR, et al. Localized hypoxia links ER stress
to lung fibrosis through induction of C/EBP homologous protein. JCI
Insight. 2018;3(16):€99543.

YuL, LiuY,Wu J,Wang S, Yu J, Wang W, Ye X. Genipin cross-linked decel-
lularized nucleus pulposus hydrogel-like cell delivery system induces
differentiation of ADSCs and retards intervertebral disc degeneration.
Front Bioeng Biotechnol. 2021;9:807883.

Kuo YJ, Wu LC, Sun JS, Chen MH, Sun MG, Tsuang YH. Mechanical stress-
induced apoptosis of nucleus pulposus cells: an in vitro and in vivo rat
model. J Orthop Sci. 2014;19(2):313-22.

Guiot BH, Fessler RG. Molecular biology of degenerative disc disease.
Neurosurgery. 2000;47(5):1034-40.

Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC, Xavier RJ. An
integrative genomics approach identifies Hypoxia Inducible Factor-1
(HIF-1)-target genes that form the core response to hypoxia. Nucleic
Acids Res. 2009;37(14):4587-602.

Semenza GL. Hypoxia-inducible factor 1: control of oxygen homeostasis
in health and disease. Pediatr Res. 2001;49(5):614-7.

Liu FJ, Kaur P, Karolina DS, Sepramaniam S, Armugam A, Wong PT, Jeya-
seelan K. MiR-335 regulates Hif-1a to reduce cell death in both mouse
cell line and rat ischemic models. PLoS ONE. 2015;10(6):e0128432.

Eales KL, Hollinshead KE, Tennant DA. Hypoxia and metabolic adaptation
of cancer cells. Oncogenesis. 2016;5(1):e190.

Chen S, Fang XQ, Wang Q, Wang SW, Hu ZJ, Zhou ZJ, Xu WB, Wang JY, Qin
A, Fan SW. PHD/HIF-1 upregulates CA12 to protect against degenera-
tive disc disease: a human sample, in vitro and ex vivo study. Lab Invest.
2016;96(5):561-9.

Feng G, Li L, Hong Y, Liu H, Song Y, Pei F, Ma PX, Gong Q, Gupte MJ.
Hypoxia promotes nucleus pulposus phenotype in 3D scaffolds in vitro
and in vivo: laboratory investigation. J Neurosurg Spine. 2014;21(2):303-9.
Giatromanolaki A, Sivridis E, Maltezos E, Athanassou N, Papazoglou D,
Gatter KC, Harris AL, Koukourakis MI. Upregulated hypoxia inducible
factor-1alpha and -2alpha pathway in rheumatoid arthritis and osteoar-
thritis. Arthritis Res Ther. 2003;5(4):R193-201.

Yang S, Kim J, Ryu JH, Oh H, Chun CH, Kim BJ, Min BH, Chun JS. Hypoxia-
inducible factor-2alpha is a catabolic regulator of osteoarthritic cartilage
destruction. Nat Med. 2010;16(6):687-93.

Konisti S, Kiriakidis S, Paleolog EM. Hypoxia: a key regulator of angio-
genesis and inflammation in rheumatoid arthritis. Nat Rev Rheumatol.
2012;8(3):153-62.

Fujita N, Markova D, Anderson DG, Chiba K, Toyama Y, Shapiro IM, Risbud
MV. Expression of prolyl hydroxylases (PHDs) is selectively controlled by



Wu et al. Journal of Orthopaedic Surgery and Research (2023) 18:339

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

HIF-1 and HIF-2 proteins in nucleus pulposus cells of the intervertebral
disc: distinct roles of PHD2 and PHD3 proteins in controlling HIF-1a activ-
ity in hypoxia. J Biol Chem. 2012;287(20):16975-86.

Silagi ES, Schipani E, Shapiro IM, Risbud MV. The role of HIF proteins in
maintaining the metabolic health of the intervertebral disc. Nat Rev
Rheumatol. 2021;17(7):426-39.

Feng G, Li L, Liu H, Song Y, Huang F, Tu C, Shen B, Gong Q, Li T, Liu L, et al.
Hypoxia differentially regulates human nucleus pulposus and annulus
fibrosus cell extracellular matrix production in 3D scaffolds. Osteoarthr
Cartil. 2013;21(4):582-8.

Liu Z, Li C, Meng X, Bai Y, Qi J, Wang J, Zhou Q, Zhang W, Zhang X.
Hypoxia-inducible factor-la mediates aggrecan and collagen I expres-
sion via NOTCH1 signaling in nucleus pulposus cells during intervertebral
disc degeneration. Biochem Biophys Res Commun. 2017;488(3):554-61.
Aro E, Khatri R, Gerard-O'Riley R, Mangiavini L, Myllyharju J, Schipani

E. Hypoxia-inducible factor-1 (HIF-1) but not HIF-2 is essential for
hypoxic induction of collagen prolyl 4-hydroxylases in primary

newborn mouse epiphyseal growth plate chondrocytes. J Biol Chem.
2012,287(44):37134-44.

Meretoja VV, Dahlin RL, Wright S, Kasper FK, Mikos AG. The effect of
hypoxia on the chondrogenic differentiation of co-cultured articular
chondrocytes and mesenchymal stem cells in scaffolds. Biomaterials.
2013;34(17):4266-73.

Gilkes DM, Bajpai S, Chaturvedi P Wirtz D, Semenza GL. Hypoxia-inducible
factor 1 (HIF-1) promotes extracellular matrix remodeling under hypoxic
conditions by inducing P4HAT1, P4HA2, and PLOD2 expression in fibro-
blasts. J Biol Chem. 2013;288(15):10819-29.

Mwale F, Ciobanu |, Giannitsios D, Roughley P, Steffen T, Antoniou J. Effect
of oxygen levels on proteoglycan synthesis by intervertebral disc cells.
Spine (Phila Pa 1976). 2011;36(2):E131-138.

Cigognini D, Gaspar D, Kumar P, Satyam A, Alagesan S, Sanz-Nogués

C, Griffin M, O'Brien T, Pandit A, Zeugolis DI. Macromolecular crowd-

ing meets oxygen tension in human mesenchymal stem cell culture: a
step closer to physiologically relevant in vitro organogenesis. Sci Rep.
2016;6:30746.

Feng G, Jin X, Hu J, Ma H, Gupte MJ, Liu H, Ma PX. Effects of hypoxias
and scaffold architecture on rabbit mesenchymal stem cell differ-
entiation towards a nucleus pulposus-like phenotype. Biomaterials.
2011;32(32):8182-9.

SudaT, Takubo K, Semenza GL. Metabolic regulation of hematopoietic
stem cells in the hypoxic niche. Cell Stem Cell. 2011;9(4):298-310.
Zhang CC, Sadek HA. Hypoxia and metabolic properties of hematopoi-
etic stem cells. Antioxid Redox Signal. 2014;20(12):1891-901.

Roy IM, Biswas A, Verfaillie C, Khurana S. Energy producing metabolic
pathways in functional regulation of the hematopoietic stem cells. [UBMB
Life. 2018;70(7):612-24.

Contreras-Lopez R, Elizondo-Vega R, Paredes MJ, Luque-Campos N,
Torres MJ, Tejedor G, Vega-Letter AM, Figueroa-Valdés A, Pradenas C,
Oyarce K, et al. HIFTa-dependent metabolic reprogramming governs
mesenchymal stem/stromal cell immunoregulatory functions. Faseb J.
2020;34(6):8250-64.

Gillory LA, Stewart JE, Megison ML, Waters AM, Beierle EA. Focal adhesion
kinase and p53 synergistically decrease neuroblastoma cell survival. J
Surg Res. 2015;196(2):339-49.

Pavlova S, Klucska K, Vasicek D, Ryban L, Harrath AH, Alwasel SH, Sirotkin
AV.The involvement of SIRTT and transcription factor NF-kB (p50/

p65) in regulation of porcine ovarian cell function. Anim Reprod Sci.
2013;140(3-4):180-8.

Najar M, Crompot E, van Grunsven LA, Dollé L, Lagneaux L. Aldehyde
dehydrogenase activity in adipose tissue: isolation and gene expression
profile of distinct sub-population of mesenchymal stromal cells. Stem
Cell Rev Rep. 2018;14(4):599-611.

Najar M, Crompot E, van Grunsven LA, Dollé L, Lagneaux L. Foreskin-
derived mesenchymal stromal cells with aldehyde dehydrogenase activ-
ity: isolation and gene profiling. BMC Cell Biol. 2018;19(1):4.

Li H, Liang CZ, Chen QX. Regulatory role of hypoxia inducible factor

in the biological behavior of nucleus pulposus cells. Yonsei Med J.
2013;54(4):807-12.

Chiang ER, Ma HL, Wang JP, Chang MC, Liu CL, Chen TH, Hung SC. Use of
allogeneic hypoxic mesenchymal stem cells for treating disc degenera-
tion in rabbits. J Orthop Res. 2019;37(6):1440-50.

Page 13 of 13

60. PaiRR, Dsa B, Raghuveer CV, Kamath A. Neovascularization of nucleus
pulposus. A diagnostic feature of intervertebral disc prolapse. Spine (Phila
Pa 1976). 1999,24(8):739-41.

61. Dengler VL, Galbraith M, Espinosa JM. Transcriptional regulation by
hypoxia inducible factors. Crit Rev Biochem Mol Biol. 2014;49(1):1-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Hypoxia regulates adipose mesenchymal stem cells proliferation, migration, and nucleus pulposus-like differentiation by regulating endoplasmic reticulum stress via the HIF-1α pathway
	Abstract 
	Objective 
	Method 
	Result 
	Conclusion 

	Introduction
	Methods
	Isolation, identification of ADSCs and NPCs
	Overexpression of HIF-1α in ADSCs
	Low expression of HIF-1α in ADSCs
	Cell migration assay
	Cell proliferation assay
	Western blot
	Statistics analysis

	Results
	Identification of NPCs and ADSCs
	The effects of HIF-1α gene expression in ADSCs on cell proliferation
	The effects of HIF-1α gene expression in ADSCs on cell migration
	The effects of HIF-1α gene expression in ADSCs on cell directed differentiation into NPC-like cells
	Hypoxia regulates endoplasmic reticulum stress in ADSCs via the HIF-1α pathway

	Discussion
	Conclusion
	Acknowledgements
	References


