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Abstract
Adipose stem cell (ASC) transplantation is a promising therapeutic strategy for diabetic renal fibrosis. Hypoxia-inducible factor
1α (HIF1α) is a negative regulatory factor of mitochondrial function. In the current study, we aimed to explore if HIF1α deletion
protects against hyperglycemia-induced ASC damage and enhances the therapeutic efficiency of ASCs in diabetic renal fibrosis.
Our data indicated that HIF1α was upregulated in ASCs in response to high glucose stimulation. Higher HIF1α expression was
associated with ASC apoptosis and proliferation arrest. Loss of HIF1α activated mitophagy protecting ASCs against high
glucose-induced apoptosis via preserving mitochondrial function. Transplanting HIF1α-deleted ASCs in db/db mice improved
the abnormalities in glucose metabolic parameters, including the levels of glucose, insulin, C-peptide, HbA1c, and inflammatory
markers. In addition, the engraftment of HIF1α-modified ASCs also reversed renal function, decreased renal hypertrophy, and
ameliorated renal histological changes in db/db mice. Functional studies confirmed that HIF1α-modified ASCs reduced renal
fibrosis. Collectively, our results demonstrate that ASCs may be a promising therapeutic treatment for ameliorating diabetes and
the development of renal fibrosis and that the loss of HIF1α in ASCs may further increase the efficiency of stem cell-based
therapy. These findings provide a new understanding about the protective effects of HIF1α silencing on ASCs and offer a new
strategy for promoting the therapeutic efficacy of ASCs in diabetic renal fibrosis.
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Introduction

Over the last few decades, type 2 diabetes mellitus (T2DM)
has been a leading cause of death worldwide. Notably, it has
been proposed that 40% of T2DM patients may develop renal
fibrosis, which is a major cause of end-stage renal disease
(ESRD) (Lu et al. 2017). The hallmarks of renal fibrosis in-
clude glomerular cell apoptosis due to high glucose-induced
stress and renal interstitial fibrosis owing to the accumulation
of extracellular matrix (ECM), which contribute to the irre-
versible decline in renal function (Haller et al. 2017;
Azushima et al. 2018). Unfortunately, the molecular

mechanisms underlying renal fibrosis development are still
unclear, and thus, no effective drugs are available to control
renal fibrosis. Recently, stem cell transplantation-based thera-
py has emerged as a novel therapeutic strategy for renal fibro-
sis (Paulini et al. 2016; Jiang et al. 2017). This regenerative
medicine offers a new method for replenishing damaged cells
and promoting the recovery of renal function via differentia-
tion into glomeruli or the activation of paracrine cytokine
signaling (Baban et al. 2016; Nagaishi et al. 2016). Recent
data have shown that adipose-derived mesenchymal stem cell
(ASC) treatment may ameliorate the development of diabetes
in a rodent model (Liu and Tang 2016). For renal fibrosis,
although both animal and clinical studies have provided infor-
mation that stem cell transplantation improves renal function
through possible glomerular formation and/or angiogenesis,
few studies have investigated the effects of ASC treatment
on renal fibrosis progression.

In addition, the major dilemma in stem cell therapy for
renal fibrosis is the low survival of transplanted cells in re-
sponse to high glucose-induced stress (Abdel Aziz et al. 2014;
Pan et al. 2014). Endogenous factors, such as inflammatory
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and immune responses, may contribute to cell death via ex-
cessive oxidative stress and mitochondrial damage. Thus, im-
proving the resistance of grafted cells to oxidative stress and
increasing cellular survival are critical for enhancing the effi-
cacy of stem cell therapy. In oxidative stress-mediated cellular
apoptosis, mitochondria have been documented to transmit
apoptotic signals through the release of cytochrome c (cyt-c)
into cytoplasm (Fuhrmann and Brune 2017; Griffiths et al.
2017). Recently, several researchers have demonstrated that
mitochondria use mitophagy, a mitochondrial autophagy sys-
tem (Jin et al. 2018), to remove damaged mitochondria and
inhibit mitochondrial apoptosis (Zhou et al. 2017a, b, c, d, e,
2018). However, whether mitophagy contributes to stem cell
survival is unclear.

Several researchers have found that hypoxia-inducible fac-
tor 1α (HIF1α) is a negative factor for stem cells in response
to stress attack (Bakker et al. 2007). Excessive HIF1α activa-
tion would induce the p53 (Zhao et al. 2016) or Bnip3
(Macher-Goeppinger et al. 2017) upregulation promoting the
mitochondrial potential collapse and cellular apoptosis (Feng
et al. 2014). Interestingly, HIF1α is also a regulator of
mitophagy (Martinez-Outschoorn et al. 2010; Capparelli
et al. 2012). Based on this information, we wondered whether
modulating HIF1α may enhance stem cell survival after en-
graftment via modifying mitophagy (Han et al. 2017; Tamura
et al. 2017). Accordingly, the present study was designed to
evaluate the possible effect of HIF1α-modified ASCs on the
development of renal fibrosis. The results demonstrated that
HIF1α deletion protected ASCs against high glucose-induced
apoptosis via the preservation of mitochondrial homeostasis
by activating mitophagy. Subsequently, the transplantation of
HIF1α-deleted ASCs attenuated the glucose metabolic abnor-
malities and ameliorated the renal structural and functional
injuries via reducing renal fibrosis.

Methods

Isolation and characterization of ASCs for transplantation
ASCs were isolated from inguinal adipose tissue of mice with
a C57 background (as previously described (Zhou et al.
2015a, b)). Cells were cultured in StemPro MSC SFM
(serum-free medium) supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and were incubated at
37°C with 5% carbon dioxide. Culture medium was changed
every 3–4 d. For cellular identification, ASCs at passage 3
were collected to assess surface antigens by flow cytometric
analysis on a BD FACSCalibur flow cytometer. After being
washed in PBS, ASCs were incubated with the following anti-
mouse monoclonal fluorescent antibodies at the concentra-
tions recommended by the manufacturer for 30 min in the
dark: FITC-labeled CD29, CD31, CD34, CD45, CD90 (BD
Biosciences, Franklin Lakes, NJ), or IgG.

For adipogenic and osteogenic differentiation, StemPro®
adipogenesis and osteogenesis differentiation media
(Invitrogen, Carlsbad, CA) were used according to the manu-
facturer’s protocol. Cultures were refreshed every 2 to 3 d.
After 3–4 wk of culture, adipogenesis was assessed by incu-
bating cells with Oil Red O solution to stain the neutral lipids
in the cytoplasm (de Luxan-Delgado et al. 2016). Alizarin Red
S (Sigma-Aldrich, St. Louis, MO) was used to evaluate oste-
ogenic differentiation. To assess ASC viability, normal glu-
cose medium (5.5 mmol/L) and high glucose medium
(25 mmol/L) were used.

Animals and treatment Our study was carried out in accor-
dance with the guidelines of the Ethics Committee of Hunan
University of Chinese Medicine, Changsha, China. The ex-
perimental protocol was approved by Ethics Committee of
Hunan University of Chinese Medicine, Changsha, China.
Male db/m mice (wild type) and C57BL/KsJ db/db obese
(db/db) mice were obtained from Jackson Laboratory (Bar
Harbor, ME). Eight-week-old db/db mice were engrafted with
ASCs (1 ml of ASCs, 3 × 106 cells/ml, was slowly injected
into the mouse kidney). The db/db mice were randomized into
three groups (n = 20 for each group, matched for weight): the
(i) control group (ctrl), (ii) db/db mice + ASCs transfected
with shRNA against HIF1α (sh-HIF1α), and (iii) db/db mice
+ ASCs transfected with control shRNA group (sh-ctrl).
Before each local injection, the syringe was pushed backwards
to confirm that the needle was not present inside the vessel.
All mice were maintained on a 12-h/12-h light/dark cycle with
free access to tap water and laboratory chow. The animal ex-
periments were performed for a 12-wk period (Ho et al. 2016).
In the end, blood pressures were measured on conscious, ac-
climatized mice using the tail-cuff method. Blood samples
were collected, and kidney tissues were harvested; one part
of the kidney was snap-frozen in liquid nitrogen, and the other
part was fixed with 10% phosphate-buffered saline (PBS)-
buffered formalin, processed and embedded in paraffin
(Smith et al. 2016).

shRNA against HIF1α To evaluate the functional role of
HIF1α, shRNAwas used to reduce its expression. The selec-
tive shRNA duplex and a nonspecific control duplex were
obtained from Yangzhou Ruibo Biotech Co., Ltd.
(Yangzhou, China). Transfection of shRNA into cells was
performed using Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA) transfection reagent according to
the manufacturer’s protocol (Lee and Back 2017). Briefly,
cultured cells were washed with Opti-Minimal Essential
Medium without serum or antibiotics and seeded in 6-well
plates to 30–40% confluence. The transfection reagent and
shRNA were diluted separately in serum-free media, mixed
and incubated for 10 min at room temperature to form the
shRNA/lipid complex. This complex was then added to each
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well at a final concentration of 70 nM/well of shRNA. At 48 h
after transfection, cells were collected to determine HIF1α
protein expression levels by western blot analysis (Yu et al.
2017).

Sample preparation and histological analysis The kidneys
were excised and rapidly frozen in optimal cutting tempera-
ture medium at room temperature (Agar Scientific Ltd.,
Stansted, UK) for the preparation of frozen sections (4-μm
thickness). Hematoxylin-eosin stain, Masson trichrome stain,
and periodic Schiff-methenamine (PASM) staining were per-
formed at room temperature and were observed with an
inverted microscope (magnification, ×40; BX51; Olympus
Corp., Tokyo, Japan) (Mailloux et al. 2016).

Immunofluorescence staining The samples were washed in
PBS and permeabilized for 10 min at 4°C in a solution of
0.1% Triton X-100. Then, the samples were blocked with
10% goat serum albumin (Invitrogen, Carlsbad, CA) for 1 h
at room temperature and subsequently incubated with primary
antibodies overnight at 4°C (Xu et al. 2016). After three rinses
in PBS, secondary antibodies were added to the samples for
1 h at room temperature (Zhu et al. 2016). The following
primary antibodies were used in this study: mitochondrial im-
port receptor subunit TOM20 homolog (Abcam, Cambridge,
UK; cat. no. ab78547), lysosome-associated membrane gly-
coprotein 1 (Abcam; cat. no. ab24170), cytochrome-c (cyt-c;
Abcam; cat. no. ab133504), and caspase-3 (Cell Signaling
Technology, Inc., Danvers, MA; cat. no. 9664). Images were
observed with an inverted microscope (magnification, ×40;
BX51; Olympus Corp., Tokyo, Japan).

Western blotting A mass of 40–60 μg proteins was loaded on
a 12–15% SDS-PAGE gel. Following electrophoresis, pro-
teins were transferred to a polyvinylidene fluoride western
blotting membrane (Roche Applied Science, Penzberg,
Germany) (Han et al. 2016). Bands were detected using an
enhanced chemiluminescence substrate (Applygen
Technologies, Inc., Beijing, China). Band intensities were nor-
malized to the respective internal standard signal intensity (β-
actin, 1:2000; Abcam; cat. no. ab8224) (Zhou et al. 2017a, b,
c, d, e). The experiment was repeated three times. The pri-
maries antibodies used in the present study were against the
following proteins: Pro-caspase3 (1:1000; Cell Signaling
Technology, #9662), cleaved caspase3 (1:1000; Cell
Signaling Technology, #9664), caspase9 (1:1000; Abcam;
#ab32539), microtubule-associated protein light chain
(LC)3II (1:1000; Cell Signaling Technology, #3868),
sequestome-1 (p62; 1:1000; Abcam; #ab56416), Beclin1
(1:1000; Cell Signaling Technology, #3495), autophagy pro-
tein 5 (Atg5; 1:1000; Cell Signaling Technology, #12994),
transforming growth factor (TGF)β (1:1000; Cell Signaling
Technology, #3711), matrix metalloproteinase (MMP)9

(1:1000; Cell Signaling Technology, #13667), collagen I
(1:1000; Abcam; #ab34710), collagen I (1:1000; Abcam;
#ab7778), and Bax (1:1000; Abcam; #ab32503).

Mitochondrial reactive oxygen species detection, JC-1 stain-
ing, and adenosine 5′-triphosphate detection Mitochondrial
reactive oxygen species (mROS) measurements were con-
ducted using the MitoSOX red mitochondrial superoxide in-
dicator (Molecular Probes, Eugene, OR). Mitochondrial po-
tential was assessed using a JC-1 probe, a sensitive fluorescent
dye used to detect alterations in mitochondrial potential (Zhou
et al. 2014). Following treatment, cells were incubated with
10 mg/ml JC-1 for 10 min at 37°C in the dark and monitored
with a fluorescence microscope (magnification, ×100; BX51;
Olympus Corp., Tokyo, Japan) (Zhou et al. 2015a, b). Red-
orange fluorescence was attributable to potential-dependent
dye aggregation in the mitochondria. Green fluorescence,
reflecting the monomeric form of JC-1, appeared in the cyto-
sol following mitochondrial membrane depolarization (Liu
et al. 2017a, b).

The ATP level in cells was determined using an ATP
Bioluminescence Assay kit (Beyotime, Haimen, China)
(Bhatia et al. 2016). Cells were lysed with PBS (Sigma-
Aldrich, St. Louis, MO) lysis buffer, followed by centrifuga-
tion at 10,000×g for 2 min at 4°C. The ATP level was deter-
mined by mixing 50 μl of supernatant with 50 μl of luciferase
reagent, which catalyzed the light production from ATP and
luciferin. The emitted light was measured using a microplate
luminometer and was linearly compared with the ATP con-
centration (Lin et al. 2016).

Mitochondrial respiratory function, mPTP opening measure-
ment, and mitochondrial calcium [Ca2+] overload detection
Mitochondrial respiratory function was measured polaro-
graphically at 30°C using a Biological Oxygen Monitor
System (Hansatech Instruments, King’s Lynn, UK) and a
Clark-type oxygen electrode (Hansatech DW1, Norfolk,
UK). Mitochondrial respiration was initiated by adding gluta-
mate and malate to the reaction mixture at a final concentra-
tion of 5 and 2.5 mmol/L, respectively (Dong et al. 2017).
State 3 respiration was initiated by adding ADP (150 nmol/
L); state 4 was measured as the rate of oxygen consumption
after ADP phosphorylation. The mitochondrial respiratory
function (state 3/state 4) was calculated as previously de-
scribed (Zhou et al. 2017a, b, c, d, e).

The mPTP opening assay was performed via the
established calcein-cobalt loading procedure by incubating
cells with calcein-acetoxymethyl ester (calcein-AM) accord-
ing to a previous study (Zhou et al. 2017a, b, c, d, e). The
immunofluorescence intensity of calcein-AM was measured
as an indicator of mPTP opening.

To assess the [Ca2+]m, Rhod-2 (Molecular Probes) was
used, and the images were captured by confocal microscopy.
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The fluorescence intensity of Rhod-2 was measured at the
excitation wavelengths and emission wavelengths of 550
and 570 nm, respectively (Zhu et al. 2017).

BrdU assay To evaluate cellular proliferation, the BrdU assay
(RiboBio Co., Guangzhou, China) was used according to a
previous study (Yang et al. 2017). First, cells with or without
HIF1α deletion were fixed via 4% paraformaldehyde at 4°C,
followed by permeabilization with 0.5% Triton X-100 for ap-
proximately 20 min at room temperature. Subsequently, sam-
ples were incubated in 2N HCl solution for 30 min at 37°C to
unmask the antigen, followed by a neutralization step with
0.1 M sodium tetraborate. Then, BrdU antibody (1:200;
Abcam, #ab8152) was used to incubate with samples over-
night. After three rinses in PBS, secondary antibodies were
added to the samples for 1 h at room temperature (Iggena et al.
2017). At last, the cells were stained with DAPI (Sigma-
Aldrich) for 5 min to distinguish the nuclei. Subsequently,
the samples were viewed under a fluorescence microscope.
Photos were captured, and the number of BrdU positive cells
was measured via counting at least three random separate
fields.

MTT, TUNEL assays, caspase-3, and MMP9 activities detection
MTT experiments were performed in 96-well plates. Samples
were washed three times with PBS, and 50 μl of MTT reagent
was added to each well. The samples were subsequently in-
cubated for 4 h at 37°C in a humid atmosphere containing 5%
CO2. The MTT solution was removed, 200 μl of dimethyl
sulfoxide was added to each sample, and the samples were
incubated for 10 min (Han et al. 2017; Xu et al. 2017).
Following the addition of Sorensen’s buffer, the absorbance
at a wavelength of 570 nm was determined. ATUNEL assay
to detect DNA fragmentation in the cell nuclei (a marker for
apoptosis in testicular tissue) was performed using an In Situ
Cell Death Detection kit (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s proto-
col. DAPI was used to label the nuclei (at room temperature
for approximately 30 min). Caspase-3 and MMP9 activities
kit (Beyotime Institute of Biotechnology) were used accord-
ing to the manufacturer’s protocols (Iggena et al. 2017; Sigala
et al. 2017). The relative caspase-3 and MMP9 activities were
calculated from the ratio of treated cells to untreated cells. The
assays were repeated three times.

Measurement of biochemical parameters After 12 h of
fasting, the blood glucose level of venous blood from the tail
vein was measured using a glucometer (Roche, Mannheim,
Germany). Blood and urine samples were collected. Kidney
tissues were homogenized for further biochemical analysis
(Peleli et al. 2016). Glycated hemoglobin (HbA1c) was mea-
sured using the in2it A1C system (Bio-Rad, Hercules, CA).
The triglyceride and cholesterol levels in the serum and

kidney and the TBARS, GSH, and GSSG levels in the kidney
were determined using commercial assay kits (Nanjing
Jiancheng Company, Shanghai, China) (Mailloux and
Treberg 2016).

To collect morning spot urine samples, animals were
placed in metabolic cages at the beginning of the light cycle
and were kept for 2 h with water but without food. To obtain
the 24-h urine samples, animals were placed in metabolic
cages at the beginning of the light cycle and were kept for
24 h with free access to water and a standard laboratory diet.
The levels of creatinine and blood urea nitrogen (BUN) were
determined using a Cobas® C311 Autoanalyzer (Roche
Diagnostics, Indianapolis, IN) as per the manufacturer’s pro-
tocols (Carloni et al. 2016). The urinary albumin concentra-
tion was determined using an ELISA kit obtained from Bio-
Medical Assays (Beijing, China). The levels of insulin, gluca-
gon, C-reactive protein, C-Peptide, TNFα, MCP-1, and IL-6
were determined using ELISA kits obtained from Cusabio
Technology (Wuhan, China). The lipid hydroperoxides
(LPOs) in kidney homogenates were determined using an
LPO assay kit (Cayman Chemical, Ann Arbor, MI).

RNA isolation qPCR analysis Total RNA was isolated from
cells using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). A total of 1 μg RNA from each sample was
reverse-transcribed into cDNA using an RT kit (Eurogentec,
Liege, Belgium) (Yang et al. 2017). The qPCRwas performed
with primers and matched probes from the Universal
Fluorescence-labeled Probe Library (Roche Diagnostics
GmbH) (Heppner and van der Vliet 2016). Quantification of
gene expression was performed using an ABI PRISM 7500
Sequence Detection system (Applied Biosystems Life
Technologies, Foster City, CA) with SYBR® Green
(TransGen Biotech Co., Ltd., Beijing, China). The relative
mRNA expression levels were normalized to that of β-actin
using the 2−ΔΔCT method (Tan et al. 2016). The experiments
were repeated three times with triplicates.

Statistical analysis All data are expressed as the mean ± stan-
dard deviation. Statistical analyses were performed with SPSS
software (version 17.0; SPSS, Inc., Chicago, IL). Results for
more than two groups were evaluated by one-way analysis of
variance with the least significant difference test. P < 0.05 was
considered to indicate a statistically significant difference.

Results

The identification of isolated ASCsAs indicated in Fig. 1a, the
majority of ASCs in the third passage were adherent, in a
fibrocyte-like form, and had a long shuttle shape. To ensure
their multipotency, ASCs were transdifferentiated into adipo-
cytes, which was confirmed by Oil Red O staining; red oil
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drops were observed in the ASCs (Fig. 1b). Similarly, ASC
osteogenesis was identified with Alizarin Red staining of cal-
cified nodules; red calcium nodules were identified after ASC
differentiation (Fig. 1c). Third generation ASCs were harvest-
ed, and the cell phenotypes were detected using flow cytom-
etry. Most of the ASCs expressed the specific stem cell
markers CD29 and CD90 (Fig. 1d), which is consistent with
the phenotypical characteristics of mesenchymal stem cells. In
contrast, the ASCs seldom expressed the hematopoietic
markers CD34 and CD45. These cells were also negative for
the expression of the vascular endothelial cell marker CD31.

High glucose reduces cellular viability and proliferation via
the upregulation of HIF1α Next, we investigated the role of
HIF1α in ASC viability under high glucose stimulation. First,
our results showed that HIF1α expression was progressively
upregulated under high glucose treatment (25 mM) in a time-
dependent manner and that HIF1α expression was highest
after 8 h of treatment with high glucose (Fig. 2a, b).
Therefore, 25 mM high glucose stimulation for 8 h was used
in following experiments. To explain the causal role of HIF1α
in regulating ASC viability, we silenced HIF1α in ASCs using
shRNA-based method (sh/HIF1α). The transfection efficien-
cy is shown in Fig. 2c. Meanwhile, the knockdown efficiency
was confirmed by western blotting (Fig. 2d, e). Subsequently,
the ability of HIF1α to affect ASC viability and proliferation

was tested. MTT assay results showed that sh/HIF1α signifi-
cantly increased cellular viability under high glucose treat-
ment (Fig. 2f). The change in caspase-3 activity (Fig. 2g)
was also similar to the MTTassay results, suggesting that loss
of HIF1α sustains the adipose stem cell viability under high
glucose-induced stress. Then, BrdU incorporation assay was
used to detect cell duplication. As shown in Fig. 2h, i, high
glucose stimulation reduced the number of BrdU positive
cells. However, HIF1α deletion rescued the proliferative ca-
pacity of ASCs after exposure to high glucose treatment.

HIF1α deficiency promotes ASC survival via blocking mito-
chondrial apoptosis We further determined the effect of
HIF1α on ASC apoptosis under high glucose-induced stress.
TUNEL assays demonstrated that the number of TUNEL pos-
itive cells was decreased after sh/HIF1α transfection in re-
sponse to high glucose-induced stress (Fig. 3a, b), suggesting
that the loss of HIF1α reduces ASC apoptosis under high
glucose-induced stress. Considering that HIF1α is a negative
factor for mitochondrial function, we wondered whether the
pro-apoptotic effect of HIF1α results from mitochondrial
damage. First, we found that compared to the control group,
the HIF1α deletion group presented with sustained mitochon-
drial membrane potential (MMP), as evidenced by a higher
red fluorescence and lower green fluorescence (Fig. 3c, d).
The MMP is derived from the proton gradient (Han et al.

Figure 1. The identification of ASCs. a The morphology of ASCs under a microscope. b The adipogenic differentiation of ASCs, as detected byOil Red
O staining. c The osteogenic differentiation of ASCs, as detected by Alizarin Red staining. d Flow cytometry results determining the ASC phenotype.
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2016). After the mitochondrial permeability transition pore
(mPTP) is opened, protons are released into the cytoplasm,
leading to MMP collapse. Therefore, we examined changes
in the mPTP opening. High glucose increased the mPTP open-
ing rate (Fig. 3e), and this change was reversed by sh/HIF1α
after exposure to high glucose.

In addition, the opening of the mPTP establishes a channel
that links the mitochondria and cytoplasm, promoting the
leakage of the mitochondrial pro-apoptotic factor cyt-c from
the mitochondria into the cytoplasm, where cyt-c has the abil-
ity to initiate mitochondrial apoptosis (Zhang et al. 2016).
Using immunofluorescence (Fig. 3f, g), we found that high
glucose triggered cyt-c diffusion into the cytoplasm and even
into the nucleus, and this change was recused by sh/HIF1α in
the presence of high glucose. Next, as a consequence of cyt-c

release into the cytoplasm, the expression levels of pro-
apoptotic proteins were increased, whereas the levels of anti-
apoptotic factors were reduced (Fig. 3h–l). However, HIF1α
deletion corrected the imbalance between pro-apoptotic pro-
teins and anti-apoptotic factors. Altogether, these data demon-
strated that HIF1α deletion protected ASCs against high
glucose-induced stress via maintaining mitochondrial
function.

HIF1α deficiency activates mitophagy to sustain mitochondri-
al function and structure Mitophagy is vital for mitochon-
drial homeostasis (Shi et al. 2018). In response to mito-
chondrial damage, the mitochondria utilize the lysosome
to degrade damaged mitochondria in order to sustain the
quantity and quality of the mitochondrial mass (Zhou

Figure 2. HIF1α is involved in ASC viability and proliferation under
high glucose stimulation. a, b The change in the HIF1α level in
response to the high glucose treatment. c The transfection efficiency of
sh-HIF1α in ASCs. d, e The knockdown efficiency of HIF1α in ASCs
was confirmed via western blotting. f The MTT assay was used to detect

cellular viability. g Caspase-3 activity was measured to assess cellular
apoptosis. h, i The BrdU assay was used to label proliferating cells.
*P < 0.05 vs the ctrl + normal medium or sh-ctrl + normal medium group,
#P < 0.05 vs the sh-ctrl + high glucose group.
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et al. 2017a, b, c, d, e). We wondered whether mitophagy is
involved in HIF1α-related mitochondrial protection. Through
co-staining of the mitochondria and lysosome, we found that
compared to the normal group, the group treated with high
glucose had mitochondrial separation from the lysosome
(Fig. 4a). However, silencing HIF1α caused fusion of the
mitochondria and lysosome (Fig. 4a). These data indicated
that mitophagy was actually inhibited by high glucose and
that the knockdown of HIF1α reversed mitophagy activity.

Next, to quantitatively detect mitophagy activity, western
blotting was used to analyze the mitophagy markers. As
shown in Fig. 4b–f, high glucose reduced the expression
of mitochondrial LC3II (mito-LC3II), Beclin1, and Atg5.
In contrast, p62 expression was increased. After transfec-
tion with sh/HIF1α, mitophagy parameters including
mito-LC3II, Beclin1, and Atg5 were increased, suggesting
that mitophagy activity was enhanced by HIF1α deletion
under high glucose-induced stress.

Figure 3. HIF1α deletion protected ASC mitochondrial function. a, b
The TUNEL assay was used to detect cellular apoptosis. c, d Changes
in mitochondrial membrane potential were analyzed via JC-1 staining.
Red fluorescence represents normal mitochondrial potential, whereas
green fluorescence is indicative of a damaged mitochondrial potential. e
The mPTP opening rate. f, g The staining of cyt-c in ASCs. In response to

mitochondrial damage, cyt-c is released from the mitochondria into the
cytoplasm and even into the nuclei. h–l Proteins were isolated from
ASCs, and then, western blotting was conducted to measure changes in
the levels of proteins related to cellular apoptosis. *P < 0.05 vs the normal
group, #P < 0.05 vs the sh-ctrl + high glucose group.
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To further understand the role of mitophagy in mitochon-
drial protection, we detected caspase-3 activity. Meanwhile,
we inhibited mitophagy activity via 3-MA in sh/HIF1α-
treated ASCs. As shown in Fig. 4g, compared to the sh/
HIF1α-treated ASCs, the inhibition of mitophagy abrogated

the anti-apoptotic effects of HIF1α. In addition to cellular
apoptosis, we also observed a change in mitochondrial func-
tion when mitophagy was inhibited. Compared to the sh/
HIF1α-treated cells, cells in which mitophagy was inhibited
had reduced levels of ATP production (Fig. 4h). Moreover, the

Figure 4. HIF1α deletion sustained mitochondrial function via activating
mitophagy. a Co-staining of the mitochondria and lysosome. Orange
fluorescence represents fusion of the mitochondria and lysosome, indic-
ative of mitophagy. b–f Changes in mitophagy-related parameters. g
Caspase-3 activity was used to detect the role of mitophagy in cellular
apoptosis. 3-MA was used to inhibit mitophagy. h ATP production was

detected. i, j Mitochondrial ROS (mROS) was observed via immunoflu-
orescence. k, lMitochondrial respiratory function measurements via state
3 and state 4 respiratory function assessment. *P < 0.05 vs the normal
group, #P < 0.05 vs the sh-ctrl + high glucose group,@P < 0.05 vs the sh-
HIF1α + high glucose group.
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level of mitochondrial ROS (mROS) was actually decreased
after HIF1α deletion but was re-increased once mitophagy
was inhibited via 3-MA (Fig. 4i, j). Mitochondrial respiratory
function (state 3/4 respiratory activity) was also reduced in
cells with mitophagy inhibited compared to sh/HIF1α-
treated cells (Fig. 4k, l). In summary, these data indicated that
HIF1α deletion protected ASCs against high glucose-induced
apoptosis via the preservation of mitochondrial function by
mitophagy activation.

HIF1α deletion enhanced ASC transplantation therapy in dia-
betes We further explored the effects of HIF1α-deleted ASC
engraftment on changes in kidney function in diabetes. The
results in Fig. 5a show that, as expected, the body weights of
the db/db mice were significantly higher than those of the
wild-type mice, and the administration of ASCs significantly
reduced the body weights of db/db mice. In addition, the sh/
HIF1α-treated ASCs further reduced the body weights. The
fasting blood glucose (Fig. 5b) and serum insulin (Fig. 5c)
levels in the db/db mice were markedly higher than those of
the wild-type mice, and ASCs engraftment substantially de-
creased fasting blood glucose and serum insulin levels in db/
db mice. Notably, sh/HIF1α-treated ASCs further reduced the
fasting blood glucose and serum insulin levels compared to
the effect of sh/ctrl-treated ASCs (Fig. 5b, c). Moreover, the
levels of serum C-peptide (Fig. 5d) and glycosylated hemo-
globin A1c (HbA1c, Fig. 5e) in the db/db mice were markedly

higher than those in the wild-type mice. The administration of
ASCs significantly reduced the levels of serum C-peptide and
HbA1c in db/db mice. However, sh/HIF1α-treated ASCs
exerted a greater inhibitory effect on serum C-peptide and
HbA1c levels than that induced by sh/ctrl-treated ASCs. In
addition, the high level of glucagon in the db/db mice was
alleviated by ASC transplantation (Fig. 5f), and this effect
was enhanced by sh/HIF1α-treated ASCs.

In addition, the increased systolic blood pressure of the db/
db mice was also inhibited by ASCs in a HIF1α-dependent
manner (Fig. 5g). Furthermore, during the development of
diabetes, inflammatory marker levels are increased in the db/
db mice compared to those in the wild-type mice (Fig. 5h–j).
ASC administration markedly reduced the levels of these cy-
tokines in the db/db mice, and this effect was enhanced by
HIF1α deletion. In summary, these data illustrated that ASC
engraftment exhibited an anti-diabetic effect, which was im-
proved by HIF1α deletion.

HIF1α-deleted ASCs ameliorate renal structural and function-
al injury in diabetes Renal function was evaluated by the
determination of the blood urea nitrogen (BUN) (Fig. 6a)
and serum creatinine (Fig. 6b) levels at the end of the exper-
iment. We revealed that the levels of BUN and serum creati-
nine in the db/db mice were markedly higher than those in the
wild-type mice (Fig. 6a, b). ASC transplantation significantly
reduced the levels of BUN and serum creatinine in the db/db

Figure 5. Transplantation of
HIF1α-deleted ASCs attenuated
glucose metabolic abnormalities
in db/db mice. Body weights (a)
were measured, and fasting blood
glucose (b), serum insulin (c), C-
peptide (d), HbA1c (e), and glu-
cagon (f) levels were determined.
g Systolic blood pressure was
measured. h–j The serum con-
centrations of IL6, MCP1, and
TNFα were detected via ELISA
assays. *P < 0.05 vs WT mice,
#P < 0.05 vs the control group
(db/db mice), @P < 0.05 vs sh-
ctrl + db/db mice.
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mice. The sh/HIF1α-treated ASCs were also able to decrease
the BUN and creatinine levels. Additionally, the urinary albu-
min content and albumin/creatinine ratio (ACR) were mea-
sured to evaluate the progression of diabetic nephropathy.
As shown in Fig. 6c, d, compared with the wild-type mice,
the db/db mice exhibited a significantly higher urinary albu-
min content level and ACR. The transplantation of ASCs
markedly reduced the urinary albumin content level and
ACR in the db/db mice, and this protective effect was en-
hanced by HIF1α deletion.

To evaluate renal hypertrophy, the kidneys were weighed
after the mice were sacrificed. The absolute kidney weights
were significantly higher in the db/db mice than in the wild-
type mice (Fig. 6e). ASC transplantation resulted in a marked
decrease in kidney weight in the db/db mice (Fig. 6e).
Notably, sh/HIF1α-treated ASCs further reduced the kidney
we igh t s . These r e su l t s were suppor t ed by the

histopathological examination of H&E- and PASM-stained
kidney tissues (Fig. 6f–j). The histopathological results
showed that the db/db mice exhibited moderate of glomeruli
atrophy and fragmentation, epithelial desquamation, renal tu-
bule degeneration (Fig. 6f–i), and kidney glomerular basement
membrane thickening (Fig. 6j). However, these renal histo-
pathological changes in the db/db mice were attenuated by
ASC treatment. Notably, the sh/HIF1α-treated ASCs further
improved the renal structure.

The effect of ASCs on kidney oxidative stress in mice was
evaluated in this study. We showed that the levels of renal
cortical tissue lipid hydroperoxides (LPOs) and urinary 8-
isoprostane were notably higher in the db/db mice than in
the wild-type mice (Fig. 6k, l). ASC administration markedly
reduced the renal LPO and urinary 8-isoprostane content in
the db/db mice (Fig. 6k, l). These effects were enhanced by
HIF1α deletion in ASCs. In addition, the content of

Figure 6. Transplantation of HIF1α-deleted ASCs attenuated renal inju-
ry in db/db mice. a BUN level. b Serum creatinine level. c Urinary
albumin content. d ACR level. e Kidney weights. f H&E stains of kidney
sections. g Surface areas of Bowman’s capsule. h Bowman’s space. i

Glomerular tuft. j PASM staining of kidney tissues. k–n Oxidative stress
markers were examined in the kidney. o–p Lipid accumulation in the
kidney was evaluated. *P < 0.05 vs WT mice, #P < 0.05 vs the control
group (db/db mice), @P < 0.05 vs sh-ctrl + db/db mice.
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glutathione (GSH) in the renal cortical tissue of the db/dbmice
was notably lower than that of the wild-type mice (Fig. 6m).
ASC administration increased the renal level of GSH in the
db/db mice (Fig. 6m), while the content of GSSG (oxidized
form of GSH) in the renal cortical tissue of the db/db mice was
notably higher than that of the wild-type mice (Fig. 6n). The
high level of renal GSSG in the db/db mice was reduced by
ASC administration in a HIF1α-dependent manner (Fig. 6n).

Finally, lipid accumulation in the kidney tissues was mea-
sured in the animals. We revealed that the renal concentrations
of triglycerides (Fig. 6o) and cholesterol (Fig. 6p) were nota-
bly higher in the db/db mice than in the wild-type mice. As
expected, the high levels of renal triglycerides and cholesterol
were reduced by ASCs, and this effect was enhanced by
HIF1α deletion. The results illustrated that ASCs exhibited
anti-hyperlipidemic activity via HIF1α, which may be in-
volved in the renal protective effect of ASCs in diabetes.
These results indicated that ASCs protected against renal dys-
function in db/db mice, and the silencing of HIF1α in ASCs
further enhanced the therapeutic effect of ASCs on diabetic
kidney injury.

Transplantation of HIF1α-deleted ASCs reduces renal fibrosis
Subsequently, we observed renal fibrosis via Masson staining.
As shown in Fig. 7a, compared to the WT mice, the db/db
mice presented with severe kidney fibrosis, and this change
was partly reversed by ASC engraftment. When HIF1α was
knocked down in ASCs, renal fibrosis was further suppressed.
In addition, the expression levels of collagen I and collagen III
in the kidneys were assessed. Chronic hyperglycemia in-
creased the expression of collagen I/III, which was partly
inhibited by ASCs in a sh/HIF1α-dependent manner (Fig.
7b–f). Notably, the signaling factors related to fibrosis includ-
ing TGFβ and MMP9 were also higher in the kidney tissues
of db/db mice than in those of the wild-type mice (Fig. 7b–g).
Treatment with ASCs markedly reduced the TGFβ and
MMP9 expression levels in the db/db mice, and this effect
was enhanced by HIF1α deletion.

At last, the serum concentrations of laminin (Fig. 7h) and
precollagen III (Fig. 7i) were notably higher in the db/db mice
than in the wild-type mice. As expected, the high serum con-
centration of laminin and precollagen III was reduced by ASC
transplantation, and this effect was enhanced by HIF1α
knockdown. These results indicated that ASCs regulated renal
interstitial fibrosis, and sh/HIF1α-modified ASCs have a bet-
ter anti-fibrotic effect than normal ASCs.

Discussion

In the current study, in the context of diabetes, we investigated
a method for improving the therapeutic efficiency of ASCs
transplanted in kidney tissue by HIF1α silencing. We found

that sh/HIF1α-modified ASCs exerted a more potent protec-
tive effect against the development diabetic renal fibrosis than
that of normal ASCs. The transplantation of sh/HIF1α-
modified ASCs improved the abnormal changes in glucose
metabolic parameters, including the levels of glucose, insulin,
C-peptide, and HbA1c, and in the blood pressure of db/db
mice. In addition, the engraftment of sh/HIF1α-modified
ASCs further improved renal function, decreased renal hyper-
trophy, and ameliorated the renal histological changes ob-
served in db/db mice.

Diabetic kidney injury is one of the most common and
severe microvascular complications in patients with diabetes
mellitus and is the leading cause of end-stage renal disease
(ESRD). Furthermore, approximately 50% of patients with
diabetes develop chronic renal fibrosis (Lu et al. 2017).
Renal fibrosis is pathologically characterized by mesangial
dilatation, glomerulosclerosis, and renal interstitial fibrosis
(Wu et al. 2017). Notably, cellular apoptosis is one of the
leading causes of podocyte and renal tubular epithelial cell
defects and has a crucial role in renal fibrosis pathogenesis.
Although some reports have shown that several drugs slow the
progression of renal fibrosis, it is difficult to repair a damaged
kidney (Das et al. 2017). In recent years, many studies have
demonstrated that stem cell transplantation is effective and
safe for slowing the development of renal fibrosis via the
regeneration of glomerular tissue (Pan et al. 2014; Jiang
et al. 2017). However, transplanted stem cells seem to remain
in an oxidative environment, and oxidative stress induces ap-
optosis and cell cycle arrest, which reduce transplantation ef-
ficiency (Zhou et al. 2014). Thus, improving the viability of
transplanted cells is the key to successful stem cell-based ther-
apy. In the present study, we found that high glucose treatment
clearly triggered cellular apoptosis in ASCs. Interestingly, we
found that HIF1α was upregulated in response to high glu-
cose. The deletion of HIF1α into ASC reversed the decrease
in cellular viability and promoted cellular proliferation. These
results demonstrated that HIF1α is the potential target for
enhancing stem cell viability under high glucose-induced
stress. Notably, considerable disagreements exist with regard
to the functional effects of HIF1α signaling because both pro-
and anti-apoptotic regulatory roles have been reported.
Numerous studies have demonstrated that overexpression of
HIF1α in MSCs either by preconditioning with hypoxia or
genetic approaches have many beneficial effects on MSCs,
such as increasing their survival ability, the secretion of a
panel of soluble factors, the pro-angiogenic effects, and ther-
apeutic effects in various pathological settings (Liu et al.
2017a, b; Matsui et al. 2017). In contrast, it has been well
documented that excessive HIF1α activation promoted the
cellular apoptosis (Bakker et al. 2007; Capparelli et al. 2012;
Chen et al. 2018). One possibility is that the opposite func-
tions in cellular survival are cell-circumstance dependent.
Moreover, several researchers also argue that HIF1α
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activation is a double-edged sword. Like p53 or autophagy
(Zhou et al. 2017a, b, c, d, e, 2018; Jin et al. 2018), moderate
HIF1α activation provides the survival advantage for the cell
whereas excessive HIF1α activation triggers the programmed
cellular death. Therefore, how to regulate the HIF1α balance
is vital to influence the cellular viability.

At the molecular level, we demonstrated that HIF1α deletion
sustains mitochondrial function and structure. Furthermore, this
beneficial effect relied on mitophagy activation. HIF1α deletion
signals to mitophagy, which delivers the damaged mitochondria
to lysosome. As a consequence of mitophagy, mitochondrial
apoptosis is inhibited, contributing to stem cell survival under
high glucose-induced injury. To the best of our knowledge, this
is the first study to explore the role of HIF1α-mediated
mitophagy in ASC survival under high glucose stimulation.
Notably, this finding also suggests that the activation of
mitophagy is a key mechanism for suppressing stem cell
apoptosis.

In animal experiments, compared to normal ASCs, we
demonstrated that HIF1α-deleted ASC engraftment further
reduced diabetic kidney damage. Mechanistically, HIF1α-

deleted ASCs further promoted glomerular survival and re-
duced renal fibrosis. The additional anti-fibrotic effects may
contribute to diabetic nephropathy repair, but the underlying
mechanism was not fully investigated in this study. However,
based on our data, we confirmed that HIF1α-modified ASCs
may be more powerful than unmodified ASCs for treating
diabetic renal fibrosis. Notably, due to technical complica-
tions, we were unable to detect changes in the survival rate
of HIF1α-modified ASCs after transplantation. More studies
are needed in the future.

In conclusion, we explored the effectiveness of HIF1α-
modified ASCs in treating diabetic renal fibrosis. HIF1α de-
letion promotes ASC survival via mitophagy activation, lead-
ing to improved renal function. Our results provide a new
understanding about the protective effects of HIF1α silencing
on ASCs and offer a new strategy for promoting the therapeu-
tic efficacy of ASCs in diabetic renal fibrosis.
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