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a b s t r a c t

Based on disappointing results of stem cell-based application in clinical trials for patients with critical
limb ischemia, we hypothesized that the acidic environment might be the key factor limiting cell survival
and function. In the present study, we used microdialysis to determine presence of acidosis and meta-
bolic imbalance in critical ischemia. Moreover, we explored the effect of extracellular acidosis on
adipose-derived stem cells (ADSCs) at molecular and transcriptional level. Our data demonstrate that low
pH negatively regulates cell proliferation and survival, also, it results in cell cycle arrest, mitochondrial
dynamics disorder, DNA damage as well as the impairment of proangiogenic function in a pH-dependent
manner. Further transcriptome profiling identified the pivotal signaling pathways and hub genes in
response to acidosis. Collectively, these findings provide strong evidences for a critical role of acidosis in
ADSCs impairment with ischemic condition and suggest treatments focus on tissue pH balance and
acidosis-mediated hub genes may have therapeutic potential in stem cell-based application.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In peripheral arterial disease (PAD), flow restriction is mainly
due to atherosclerosis and thrombus leading to lower limb
ischemia. Critical limb ischemia (CLI) is regarded as the most severe
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impossible [3,4] the mortality rate ups to 40 % within just one year
[3,5]. Thus, there is an urgent need to develop novel therapies to
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improve the outcome in non-revascularizable patients. Stem cell-
based therapy is a promising option in this regard. A growing
number of pro-clinical studies suggest that stem cell-based therapy
may offer a safe and effective approach to promote angiogenesis
and blood flow recovery [6e11], acting not only on paracrine
functions [12e14], but also on differentiation and vessel formation
[14,15]. However, results from several clinical trials of stem cell
transplanting have failed to meet expectations and did not result in
reduced amputation rates [16e18].

A key factor in these studies is the poor stem cell survival in the
ischemic microenvironment [19e22]. Specifically, the tissue
ischemia of CLI patients suffering from diabetes is particularly
problematic, due to the chronic metabolic dysfunction [21]. Tissue
acidosis, a common characteristic feature of ischemia and inflam-
mation can affect the function and survival of transplanted cells
[22]. Previous studies showed that the mean muscle surface pH in
patients with ischemic gangrene is decreased to 6.85, at the same
time, the alteration of tissue pH precedes changes in arterial flow
[23]. Likewise, another evidences indicated that the ischemic tissue
pH varies substantially between CLI patients which potentially may
be importance for local energy metabolism, cell viability, senes-
cence and apoptosis [24,25].

In this study, we analyzed the effect of critical hindlimb
ischemia on tissue metabolism by microdialysis and confirmed the
presence of acidosis in ischemic areas. Human adipose-derived
stem cells (ADSCs) were cultured with conditions ranging from a
pH of 7.4 to 6.5, to explore the effect of extracellular acidosis at
molecular and transcriptional level. This study expands our
knowledge of stem cell physiology and angiogenic function in
ADSCs with acidic environments and suggests possible options for
future stem cell-based therapy.

2. Methods

2.1. Induction of hindlimb ischemia and laser Doppler perfusion
imaging (LDPI)

BALB/c nude male mice at an age of 10 weeks were purchased
from the Institute of Laboratory Animal Science CAMS & PUMC
(Beijing, China) and kept in the animal center of Naval Medical
University in a 12-h light/dark cycle, with sterilized food and water
ad libitum during the experimental period. All procedures on ani-
mals were approved by the Ethics Review of Animal Use Applica-
tion of Naval Medical University and conducted in conformity with
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. The generation of mouse model with hindlimb
ischemia was performed as previous report [26]. In this case, the
left hindlimbs of nude mice were treated as ischemic ones, and the
right femoral arteries were exposed without damage as the non-
ischemic controls. To evaluate blood flow and confirm the success
of the ischemia models, LDPI (Perimed Instruments AB, Sweden)
was conducted on mice immediately before and after surgery.
Briefly, the anesthetized mice with oxygen-carried isoflurane were
placed on a homeothermic heating pad and blood flow perfusion
was quantified via scanning an equal area of both hindlimbs by
LDPI: blood flow ratio ¼ ischemic limb perfusion (left hindlimb)/
non-ischemic limb perfusion (right hindlimb) � 100 %.

2.2. Microdialysis

The theory and protocol of microdialysis have been reported
clearly before [27]. Due to the existence of a concentration gradient,
extracellular metabolites were diffused via a double-lumen probe
with an integrated semipermeable membrane. The concentration
of target molecules was measured in the microdialysis solution
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equilibrated with the surrounding tissue fluid, to gauge the level of
metabolism in the tissues. In our study, a double-lumen micro-
dialysis probe with a membrane (0.5 mm diameter, 10 mm length
and 20.00 kDa molecular weight cut off) (CMA 20, CMA Micro-
dialysis, Sweden), which connected to a precision infusion pump
(CMA 102, CMA Microdialysis, Sweden), was used to collect the
microdialysis solution by exchanging with physiological saline so-
lution at a flow rate 2 ml/min. To minimize the impact from probe
insertion damage, microdialysis solution was equilibrated for
30min [28] after probe imbedding hind limbmuscle, then collected
to be analyzed by CMA 600 Microdialysis Analyser (CMA Micro-
dialysis, Sweden). In this case, we detected the concentrations of
lactate and glucose in microdialysis liquid from the hind limb
muscles after surgery. The recovery rates [29] were also determined
with a calibration solution (2.50 mmoL/l lactate and 5.55 mmoL/l
glucose) ordered from CMA Microdialysis for calculating the prac-
tical concentration of substances in vivo.

2.3. Cell culture and acidic treatments

The ADSCs were obtained from QuiCell (Shanghai, China). Cells
were maintained in DMEM/F12 (Gibco, USA) supplemented with
10 % fetal bovine serum (FBS, Gibco, USA) or mesenchymal stem cell
medium (MSC, ScienCell, USA) contained 5 % FBS and 1 % mesen-
chymal stem cell growth supplement (MSCGS, ScienCell, USA).
Penicillin and streptomycin (1 %, Gibco, USA) were always appen-
ded in the culture medium. ADSCs at passage 3e6 were chosen for
further experiments in this study. The pH of the complete culture
medium was measured as 7.4 using a pH meter (Wiggens, Ger-
many). For the stability of pH treatment, additional HEPES buffer
(Gibco, USA) was added into the culture medium for a concentra-
tion of 25 mM. Then the mediumwas adjusted with pre-calculated
volumes of HCL (SigmaeAldrich) to achieve the indicated pH
(pH ¼ 7.2, 7.0 and 6.5) as acidic treatment.

2.4. Fluorescence ubiquitination-based cell cycle indicator (FUCCI)
system and live cell time-lapse images

The plasmid of pBOB-EF1-FastFUCCI-Puro (RRID: Addgene
86849) fusing the fluorescent probes of mKO2-hCDT1 and mAG-
hGEM was subjected to track the stage of cell cycle. After plasmids
transfection and lentiviral transduction, stable FUCCI-expression
ADSCs were obtained via introduction of FUCCI system into
ADSCs, which indicated cells in G1 phase, the G1/S transition phase,
and S and/or G2-M phases as red, yellow and green as previous
reports [30,31]. The time-lapse images of live cells with low pH
stimulation for 48 h were recorded using an inverted widefield
fluorescence microscope (Zeiss, Axio Observer, Germany) equipped
with an incubation chamber.

2.5. Immunofluorescence staining

Cells on coverslips were fixed with 4 % paraformaldehyde for
12 min and permeabilized with 0.5 % Triton X-100 after washing
with DPBS. Then samples were blocked with 3 % bovine serum al-
bumin (SigmaeAldrich, USA) for 60 min at room temperature and
stained with primary antibodies at 4 �C overnight. On the second
day, samples were incubated with the Cy3 -conjugated (167416,
1:1000, Jackson, USA) or ALEXA 480 conjugated (166,827, 1:1000,
Jackson, USA) secondary antibodies for 60 min at room tempera-
ture. Nuclei were labeled with 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI, 1 mg/ml, SigmaeAldrich, USA). The primary
antibodies were listed: Ki67 (ab16667, 1:100, Abcam, UK), Lamin B1
(ab16048, 1:500, Abcam, UK), Tomm 20 (PA5-52843, 1:100,
Thermos Fisher, USA). The images were recorded using a Nikon A1R
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confocal microscope (Nikon, USA) and analyzed with ImageJ soft-
ware. Data were obtained from 3 independent replicates of each
group. For Ki67þ counting, we used 8 random fields from4 different
wells per group for each repeat, at least 738 cells were analyzed
each condition. For measurement of mitochondrial length, results
were quantified from at least 30 cells every group.
2.6. Cell cycle and cell apoptosis

Cell samples with specific acidic treatment for 48 h were
dissociated from 6-well plates and washed twice with pre-cold
DPBS. For cell cycle analysis, 1 ml DPBS was used to resuspend
cells after centrifugation. Cells were fixed by dropping into 4 ml
pre-cold 70 % ethanol in DPBS and kept at �20 �C for at least 24 h.
After that, the samples were centrifuged and washed again, fol-
lowed by staining with 20 mg/ml propidium iodide (PI,
SigmaeAldrich, USA) in DPBS containing 10 mg/ml RNase for 30min
in the dark. The APC Annexin V kit (BD, USA) and PI were performed
to determine cell apoptosis. According to the manufacturer's in-
structions, binding buffer was used to resuspend ADSCs and 100 ml
of the solution containing 105 cells was transferred to a new tube.
After staining with APC Annexin V and PI for 15 min in the dark, an
additional 400 ml of binding buffer was added to each tube. All
samples were analyzed by flow cytometry (BD, USA). Data were
calculated by FlowJo and ModFit LT software.
2.7. Cell viability and caspase-Glo 3/7 assay

The CellTiter-Glo Luminescent Cell Viability Assay and Caspase-
Glo 3/7 Assay (Promega, USA) were performed to evaluate ADSCs
viability and apoptosis. Cells were seeded at 3 � 103/well on 96-
well plates. For cell viability assessment, ADSCs were conducted
with acidic treatments for 0, 24 and 48 h. For cell apoptosis assay,
the acidic conditions on cells were maintained for 48 h. Subsequent
steps were performed following the manufacturer's instructions.
Data were read by the GloMax-Multi Detection System (Promega,
USA).
Table 1
Primers used in the present study for qRT-PCR.

Accession number Gene Sequence (50e30)

NM_001025366 VEGF-A-F TTGCCTTGCTGCTCTACCTCCA
VEGF-A-R GATGGCAGTAGCTGCGCTGATA
2.8. Enzyme-linked immunosorbent assay (ELISA)

Culture medium from ADSCs with acidic exposures for 48 h was
collected to measure secreted vascular endothelial growth factor A
(VEGF-A) protein. The level of released protein was detected with
Human VEGF-A Elisa Kit (RayBio, USA) according to the manufac-
turer's protocols. Data was read at 450 nm using Synergy h1
microplate reader (BioTek, USA).
NM_001791 CDC42-F TGACAGATTACGACCGCTGAGTT
CDC42-R GGAGTCTTTGGACAGTGGTGAG

NM_033360 KRAS-F CAGTAGACACAAAACAGGCTCAG
KRAS-R TGTCGGATCTCCCTCACCAATG

NM_183001 SHC1-F ACAGCCGAGTATGTCGCCTATG
SHC1-R CAATGGTGCTGATGACATCCTGG

NM_181523 PIK3R1-F CGCCTCTTCTTATCAAGCTCGTG
PIK3R1-R GAAGCTGTCGTAATTCTGCCAGG

NM_000546 TP53-F CCTCAGCATCTTATCCGAGTGG
TP53-R TGGATGGTGGTACAGTCAGAGC

NM_007313 ABL1-F CCAGGTGTATGAGCTGCTAGAG
ABL1-R GTCAGAGGGATTCCACTGCCAA

NM_016823 CRK-F CCAATGCCTACGACAAGACAGC
CRK-R TGGGAAGTGACCTCGTTTGCCA

NM_000600 IL-6-F AGACAGCCACTCACCTCTTCAG
IL-6-R TTCTGCCAGTGCCTCTTTGCTG

NM_004530 MMP-2-F AGCGAGTGGATGCCGCCTTTAA
MMP-2-R CATTCCAGGCATCTGCGATGAG

NM_002046 GAPDH-F GTCTCCTCTGACTTCAACAGCG
GAPDH-R ACCACCCTGTTGCTGTAGCCAA
2.9. Tube formation

Human umbilical vein endothelial cells (HUVECs) on 6-well
plates were starved with medium 200 (Gibco, USA) containing
0.5 % low serum growth supplement (LSGS, Gibco, USA) for 24 h.
TrypLE Express (Gibco, USA) was used to dissociate adherent cells.
After centrifuge, endothelia cells were resuspended in collected
culturemedium fromADSCs stimulated by specific pH condition for
48 h. Next, cells with different treatment were seeded at a density
of 1.0 � 104/well in m-Slide Angiogenesis (Ibidi, USA) pro-coated
with Geltrex reduced growth factor basement membrane matrix
(Gibco, USA). After 12 h of incubation, randomized images were
captured using an inverted microscope (Nikon, Eclipse TE2000-U,
Japan) and the quantifiablemeasurement was performed by ImageJ
software with Angiogenesis Analyzer plug-in (pixel/unit).
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2.10. Quantitative real-time PCR (qRT-PCR) and RNA-sequencing
analysis

ADSCs on 6-well plates treated with different pH condition for
24 h or 48 h were lysed with Trizol reagent (Invitrogen, CA, USA) to
extract the total RNA. Then synthesis of cDNA and qRT-PCR reaction
were carried out with miScript II RT kit and miScript SYBR Green
PCR kit (Qiagen, Valencia, CA). All primers were purchased from
qSTAR qPCR primer pairs (OriGene, USA). The mRNA expression of
GAPDH from samples was used as endogenous control for
normalization. The sequences of primers were listed in Table 1. For
RNA-sequencing analysis, all the processes including mRNA
enrichment, reverse transcription after RNA fragment, end repair, A
tailing adding, adaptor ligation, PCR amplification, denaturing and
cyclization, and sequencing on BGISEQ-500 platform were per-
formed at BGI. Tech (Shenzhen, China). The filtered clean reads
were mapped to reference using Bowtie2 [32], then the levels of
gene and isoform expressionwere calculated by RSEM [33]. Finally,
the differentially expressed genes (DEGs) were detected basing on
FPKM values. In this study, we used Morpheus (https://software.
broadinstitute.org/morpheus/) to show DEGs between control
and acidic groups. DAVID (https://david.ncifcrf.gov/) was carried
out to analyze gene ontology (GO) and kyoto encyclopedia of genes
and genomes (KEGG) pathway enrichment. ToppCluster online tool
(https://toppcluster.cchmc.org/) was used to analyze the functional
enrichment and reveal the interaction network among DEGs.
Pathways and gene ontologies containing molecular functions,
biological process and cellular component were selected to identify
the enrichment of gene modules. The top modules with the
greatest gene enrichment score 10 were performed to generate the
proteineprotein interaction (PPI) networks and Cytoscape (v3.9.1)
software was applied to visualize the cluster network maps.

2.11. Statistical analyses

GraphPad Prism 9.0 software was performed to analyze exper-
imental data. Data was presented as means ± standard deviation
(SD) in Fig. 1 and presented as means ± standard error of mean
(SEM) in other figures. Student's unpaired t test was used to assess
the differences between two groups, one-way ANOVA with Dun-
nett's multiple comparisons test was carried out for a single control

https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://david.ncifcrf.gov/
https://toppcluster.cchmc.org/


Fig. 1. Microdialysis revealed the raised lactate and reduced glucose level in hindlimb muscle after ischemia. (A) Representative images showed the blood flow in hindlimbs before
and after femoral artery ligation. (B) The blood perfusion was evaluated by scanning an equal area of both hindlimbs using laser doppler perfusion imaging (LDPI) and quantified as
the ratio of ischemic (right) to non-ischemic (left) side of hindlimb. (CeD) Microdialysis detecting displayed the concentration of lactate (C) and glucose (D) in hindlimb muscle at
0.5 h, 24 h, 48 h and 72 h of post-ischemia. The level of lactate and glucose in non-ischemic hind limbs was used as respective control. Data are presented as means ± standard
deviation (SD), n ¼ 5e6 per group. Student's unpaired t test for B, two-way ANOVA followed with Sidak's multiple comparisons test for C and D.
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and each of a number of treated groups. For Microdialysis experi-
ment, two-way ANOVA followed with Sidak's multiple compari-
sons test was used. Results were considered significant at P < 0.05.
3. Results

3.1. Microdialysis revealed the raised lactate and reduced glucose
level in hindlimb muscle after ischemia

To research the alteration of metabolic microenvironment in
response to ischemia in hindlimbs, a mouse model with hindlimb
ischemia and microdialysis technology were performed. The liga-
tion of femoral artery led to a decrease on blood flow by around
95 %, which confirmed by noninvasive LDPI evaluation (Fig. 1A, B).
The concentration of lactate and glucose in non-ischemic hind
limbs was detected as control level of muscular lactate and glucose
in vivo, respectively (Fig. 1C, D). An increased lactate level was
observed at 30 min after induction of ischemia. During 0.5e72 h of
post-ischemia, the content of extracellular lactate in the hindlimb
was consistently higher than it in control side. It is interesting to
note that the lactate level reaches the peak value of
4.77 ± 0.58 mmol/L at 24 h after femoral artery occlusion, which is
more than sevenfold higher than control value at the same time-
point. In sharp contrast, the muscular glucose level was
decreased at the first 0.5 h following ischemia and continued to
reduce during 72 h of ischemia (Fig. 1. C) . At the end-point of
detection, the glucose level in ischemic muscle tissue lowered at
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0.40 ± 0.18 mmol/L, whereas that in control tissue maintained at
3.67 ± 0.10 mmol/L. All data of microdialysis was calibrated with
recovery rates.
3.2. Extracellular acidosis affected cell proliferation, cell apoptosis
and cell cycle in ADSCs with a pH-dependent manner

With the acidification of culture medium, a decreased ADSCs
proliferation was identified by Ki67 staining in a pH-dependent
way (Fig. 2A). Only 30 % of ADSCs were still in cell cycle (Ki67þ)
after incubation with medium at pH 6.5 for 48 h, however, the
percentage in the control group was 85 % (Fig. 2B). Consistent with
the Ki67 index, a reduced cell viability was also observed at pH 7.0
and 6.5 conditions (Fig. 2C). Next, we investigated the effect of
extracellular acidosis on cell apoptosis using flow cytometry and
activated caspase-3/-7 detection. The moderate acidic environ-
ments did not affect cell apoptosis, however, the percentage of
Annexin V þ cells was significantly enhanced when the pH was
lowered to 6.5 and this was associated with a ~10 % increase in
frequency apoptotic cells (Fig. 2D). In line with the data from flow
cytometry analysis, acidosis-mediated apoptosis at the lowest pH
groupwas also confirmed by the elevated level of active caspase-3/-
7 (Fig. 2E). There were some evidences to indicate that acidosis
induces quiescent phenotype in cancer cells and dental pulp stem
cells [34]. To confirm this in ADSCs, a FUCCI systemwas established
to monitor the progression of cell cycle in live cells with low pH
stimulations. The FUCCI system depends on the combination of 2



Fig. 2. Extracellular acidosis suppressed cell proliferation and viability, induced cell apoptosis and cell cycle arrest in ADSCs using a pH-dependent manner. (A) Representative
images of Ki67 and DAPI staining in ADSCs incubated with culture medium at indicated pH (scale bar ¼ 100 mm). (B) The quantification of Ki67þ index was performed to evaluate
cell proliferation. (C) The ATP production of active cells with different pH treatments for 0 h, 24 h and 48 h were assessed by luminescent signals. (DeE) Cell apoptosis induced by
acid exposure for 48 h was determined by APC Annexin V plus PI staining and luminescent signals of activate of caspase-3 and caspase-7. (F) Cell cycle-dependent changes of
fluorescence in ADSCs applied with cell cycle reporter FUCCI system. (G) Representative pictures of cell cycle progression in ADSCs with acid exposure for 0 h and 48 h. Cells in G1,
G1/S, and S/G2/M displayed as red, yellow and green (scale bar ¼ 100 mm). (H-I) The distribution of cell cycle phases in ADSCs with different pH treatments based on Fucci system.
(J) Flow cytometry analysis of ADSCs cultured with the specific pH condition for 48 h using PI staining. Data are presented as means ± SEM, **P < 0.01, ***P < 0.001, and
****P < 0.0001 by one-way ANOVA and Dunnett's post-hoc test.
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Fig. 3. Extracellular acidosis aggravated mitochondrial fragmentation and nuclear damage in ADSCs, impaired its contribution to angiogenesis in vitro. (A) The morphological
changes of mitochondria induced by acidic treatments for 48 h Tomm20 (Green) and DAPI (blue) were used to label mitochondria and nucleus, respectively. Representative
immunofluorescence staining was shown (scale bar ¼ 10 mm). (B) The quantification of mitochondrial length control and experimental groups. (C) LAMIN B1 (red) and DAPI (blue)
staining was performed to determine morphological characteristics of nuclei. Representative images of nuclear staining stimulated with doxorubicin and low pH were displayed
(scale bar ¼ 10 mm). (D)Nuclear membrane indentation and chromatin condensation in ADSCs were observed with exposure of DNA damage inducer and acidic pH. The percentage
of cells with these morphological changes was used to quantify the nuclear damage in different acidic conditions. (EeF). ADSCs were incubated with the culture medium at specific
pH for 48 h. The culture medium was collected to determine the secreted protein level of vascular endothelial growth factor-A (VEGF-A) and effect on tube formation of human
umbilical vein endothelial cells (HUVECs) (scale bar ¼ 150 mm in F). (GeJ) The quantification of total length (G), total master segments length (H), total branching length (I) and total
segments length (J)was performed to evaluate angiogenesis in vitro. Data are presented as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-way ANOVA
and Dunnett's post-hoc test.
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fluorescent probes for visualizing cells at different cell cycle phase
with different color. In this study, stable FUCCI system-expressed
ADSCs in G1, G1/S, and S/G2/M displayed as red, yellow and
green, respectively (Fig. 2F). Thenwe applied time-lapse imaging to
record the cell cycle-dependent changes of fluorescence and a
typical progression of cell cycle in ADSCs with control mediumwas
shown (Supplementary Figure.S1). Initially, there was no obvious
difference on the distribution of cell cycle before acidic treatments
(Fig. 2G, H). After the exposure of low pH for 48 h, the population of
G1 cells in pH 7.0 and 6.5 group was significantly enhanced in
comparison with that in control group. In sharp contrast, the
reduced percentage of G1/S and S/G2/M cells was observed at these
groups (Fig. 2I), suggesting acidic environments induces the delay
in cell cycle and suppress cell division. In line with that, flow
cytometry analysis also revealed a G0/1 arrest and reduced fre-
quency of cells in G2/M phase trigged by culture medium at pH 7.0
and 6.5 (Fig. 2J). Those results provide strong evidences that
extracellular acidosis suppresses cell proliferation, induces cell
apoptosis and cell cycle arrest in ADSCs using a pH-dependent
manner.

3.3. Extracellular acidosis aggravated mitochondrial fragmentation
and nuclear damage in ADSCs, impaired its contribution to
angiogenesis in vitro

Mitochondrial dynamics play the pivotal role in stress/injury
response and regenerative function of mesenchymal stem cells
[35]. We thus explored the effect of extracellular acidosis on the
mitochondrial fission and fusion of ADSCs. As shown in Fig. 3A,
compared with the long and tubular mitochondrial networks
determined by immunofluorescence staining of mitochondrial
outer membrane (Tomm20) at control pH, the ones at low pH
becamemuch shorter and fragmented (Fig. 3B), which is associated
with mitochondria impairment and apoptosis enhancement
[36,37]. With further investigation, LaminB1 and DAPI staining
were performed to observe the alteration of nuclear morphology. A
well-known antitumor drug with cardiotoxicity, doxorubicin,
which has been proved to induce cell cycle arrest and cell death via
DNA damage in bone marrow mesenchymal stem cells (BM-MSCs)
[38], was used to stimulate ADSCs as DNA damage inducer (15 mM)
here. In the control group, culture cells had rounded and intact
nuclear membranes, however, cells undergoing nuclear in-
dentations and chromatin condensation were observed in the
present of acidosis and doxorubicin (Fig. 3C). The percentage of
cells with those morphological changes was increased following a
decreased pH (Fig. 3D), indicating that acidic conditions induce
nuclear damage in a pH-dependent way. Paracrine secretion is the
most important mechanism in therapeutic angiogenesis of ADSCs
transplant for ischemic diseases. To investigated the role of acidic
environment in angiogenetic factor secretion from ADSCs and the
interaction between endothelial cells and ADSCs, culture medium
was collected after 48 h-incubation with the specific pH in ADSCs.
Based on Elisa detecting, a stimulated VEGF-A secretion from
ADSCs was observed at the condition of pH 7.0, while the effect was
attenuated at the lowest of pH (Fig. 3E). We next used the culture
medium to treat HUVECs for tube formation evaluation (Fig. 3F). It's
interesting to note that medium from the mild pH group promotes
the endothelial tube formation assessed by total length, total
Fig. 4. Key genes and pathways regulated with acidic pH in ADSCs. (A) RNA-Sequencing ana
48 h. Clustering analysis of differentially expressed genes (DEGs) from control and experime
(KEGG) enrichment analysis of DEGs with up-regulation and down-regulation. (FeG) Prote
acidosis-related gene modules using ToppCluster online tool. The most up-regulated gene
collagen catabolic process, angiogenesis and positive regulation of cell death (F). The most d
DNA repair and macromolecule catabolic process mainly (G). The relative genes of these m
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master segments length, total branching length and total segments
length (Fig. 3GeJ), however, the collected medium from pH 7.0 and
6.5 group remarkably impaired the ability of tube formation in spite
of the increased level of VEGF-A protein in that. Taken together,
these observations demonstrate that acidosis induces disorder of
mitochondrial dynamics and nuclear damage in ADSCs, and also
impairs its proangiogenic effect in vitro.
3.4. Acidosis-driven genes and pathways in ADSCs

To determine the transcriptional changes induced by acidosis in
ADSCs, we performed the RNA-sequencing analysis of cells exposed
with different acidic environment for 24 and 48 h. DEGs between
low pH (pH ¼ 7.2/7.0/6.5) and control groups (pH ¼ 7.4) were
screened with a threshold of log2FoldChange �1.0 as well as false
discovery rate (FDR) �0.001, and then subjected for clustering
analysis (Fig. 4A). The results of volcano plots and venn diagrams
analysis revealed that transcriptional changes depend on the pH
level mainly (Supplementary Figure. S2 A-B). Next, the GO term
analysis revealed that the up-regulated DEGs trigged by acidosis are
mainly involved extracellular matrix organization, collagen catab-
olism and angiogenesis, whereas the down-regulated genes are
mostly related to cell division, cell cycle as well as cell proliferation
(Fig. 4B, C). In line with that, KEGG pathway profiling showed that
the most upregulated genes are connected with extracellular ma-
trix (ECM)-receptor interaction, TGF-b signaling pathway, and
inflammation activating pathway, while the down-regulated genes
are largely enriched in cell cycle, actin cytoskeleton regulation,
endocytosis together with cancer-related pathways (Fig. 4D, E).
Furthermore, to have a better understanding of molecular in-
teractions affected by extracellular acidosis, the PPI network
enrichment analysis was subjected. DEGs were input to the Top-
pCluster online tool and a 0.05 p-value cutoff with Bonferroni test
was set for functional enrichment analysis. Pathways and gene
ontology features were applied for the enrichment of gene mod-
ules. Gene enrichment score (-log10 p value) was used to evaluate
the power of association between gene modules and the top
modules were selected to generate the interaction networks. We
identified that the most up-regulated modules were linked to the
response to hypoxia, collagen catabolic process, angiogenesis, and
positive regulation of cell death (Fig. 4F), and the most down-
regulated modules were related to the cell cycle, DNA repair and
macromolecule catabolic process (Fig. 4G). All genes in those
modules were listed as right. Based on the observed phenotypes on
cell proliferation, cell cycle and DNA damage in ADSCs exposed
with acidosis, we thus further examined the genes expressions
linking these pathways. Consistent with the data of cell experi-
ments, acidic conditions suppressed expressions of DNA repair,
DNA replication, cell cycle-relative genes, and accelerated the
expression level of genes associated with senescence (Fig. 5A),
reflecting that alternative mechanisms and damages of DNA pro-
cesses had been triggered before cell death. Our observations,
combined with the results from cell examinations, suggest that
extracellular acidosis triggers cell cycle arrest, disorder of collagen
metabolism, senescence progression, DNA damage and cell death
enhancement.
lysis was performed in ADSCs stimulated with the indicated pH condition for 24 h and
ntal groups. (BeE) Gene ontology (GO) and Kyoto encyclopedia of genes and genomes
ineprotein interaction (PPI) network enrichment analysis showed the relationship of
modules conducted by acidic conditions were connected with response to hypoxia,
own-regulated gene modules induced by low pH conditions were related to cell cycle,
odules were listed on right.
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3.5. Identification of hub genes for extracellular acidosis in ADSCs

To research genes interaction and identify the hub genes of
acidic pH regulation in ADSCs, a PPI network including 441 nodes
and 1170 edges was constructed with search tool for the retrieval of
interacting genes (STRING) online database. Using Cytoscape soft-
ware and cytohubba plug-in, the top 10 hub genes were selected
with maximal clique centrality (MCC) score (Fig. 5B). The genes
with up-regulation and down-regulation were displayed as orange
and blue circles, respectively. To further confirm the results from
bioinformatics analysis, we used qRT-PCR to determine the tran-
scriptional changes of these hub genes (Fig. 5CeL). Except for CRK
proto-oncogene, adaptor protein (CRK, also known as p38) and
matrix metallopeptidase 2 (MMP2), the enhanced mRNA expres-
sion of VEGF-A, ABL proto-oncogene 1, non-receptor tyrosine ki-
nase (ABL1) and interleukin 6 (IL-6) togetherwith the reduced gene
expressions of cell division cycle 42 (CDC42), KRAS proto-oncogene,
GTPase (KRAS), SHC adaptor protein 1(SHC1), phosphoinositide-3-
kinase regulatory subunit 1(PIK3R1) and tumor protein p53 (TP53)
were noted in ADSCs with low pH stimulations, which was in
accord with the findings from RNA-sequencing. Collectively, these
results identify and validate hub gens of extracellular acidosis in
ADSCs, suggesting treatments aimed at those genes may have
therapeutic potential in acidic conditions for ADSC-based therapy.

4. Discussion

In view of high morbidity and mortality in CLI, novel therapies
need to be developed urgently for patients who are ineligible for
endovascular treatment and surgical bypass [39,40]. In comparison
with gene therapy and sole growth factor stimulation, there are
obvious advantages of stem cell-based strategy such as multiple
capacities of differentiation and paracrine effects [41]. Thus, stem
cell-based therapies are promising and some of them have been
proved to promote angiogenesis effectively in ischemic conditions
[11]. Notably, ADSCs display an outstanding prospect for angiogenic
therapies with stem cells based on their sufficient donor sources,
multidifferentiation potential, powerful paracrine secretion and
immune system modulation [42,43]. However, many researches
didn't provide sufficient evidences to show clinical benefits on
outcomes in CLI patients, which are pivotal to become a regular
clinical treatment for stem cell-based therapies [11]. In this case,
reasons underlying the limited function of transplanted stem cells
need to be explored urgently. Tissue acidosis is a common char-
acteristic feature in various pathological conditions including
ischemia, inflammation, as well as tumor [44]. In this study, we
investigated the possibility that the acidic environment of ischemic
tissues negatively affects ADSCs function and survival. The meta-
bolic acidosis of ischemic limbs in our mousemodel was verified by
an increased concentration of lactate, which is highly sensitive
marker for the metabolic state in tissues [45,46]. Hypoxia results in
anaerobic glycolysis, which produces the lactate with Hþ, leading to
lactate accumulation and lowering the extracellular pH [47]. Thus,
lactate concentration reflects the pH of the environment partly. In
this setting, we observed an elevated concentration of lactate at
first 30 min after induction of ischemia and the concentration
remained elevated for 72 h. Especially, lactate concentration
reached the peak level at 24 h after femoral artery occlusion, sug-
gesting that there are other elements promoting lactate generation
at this time point. One of these could be inflammation, as it has
Fig. 5. Gene alteration of pivotal biological processes and hub genes induced by acidosis. (A)
replication, cell cycle and senescence. (B) The top 10 hub genes in response extracellular a
clique centrality (MCC) score. The orange and blue circles represent genes with up-regulat
presented as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one
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been reported that gene expression of many inflammatory cyto-
kines peaks during the 6e24 h period of ischemia [48]. Moreover,
we also measured the continuous changes of glucose level in the
ischemic tissues. Interestingly, it has been reported that the glucose
concentration in the back muscles of rats is unaffected by a 30 min
hypoxic exposure [27]. But, in our observation, the down-
regulation of glucose level was determined at the first 30 min of
ischemia. During 0.5e72 h of post-ischemia, there was a persistent
decline in extracellular glucose concentration in the ischemic tis-
sues, reflecting the imbalanced energy metabolism and glucose
exhaustion triggered by ischemia.

Considering the likely heterogeneity between CLI patients in
terms of the pH in ischemic tissues, we explored the effect of
acidosis ranging from pH 7.4 to 6.5 on ADSCs for experiments
in vitro. Previous studies have shown that acidic microenvironment
can inhibit cell proliferation [25,49]. In accord, our data confirmed
that acidic conditions suppress cell proliferation and cell viability
using a pH-dependent manner with Ki67þ index evaluation and
cell viability assay. For cell apoptosis, our results diverged from
previous studies. One study suggested that cell apoptosis could be
induced by an acidic exposure lasting as little as 30 s, in a time- and
pH-dependent way [22]. However, another study suggested that
24 h exposure of acidic pH reduces cell apoptosis and promotes
anti-apoptotic gene expression [25]. Therefore, we used two
different methods including annexin Vþ staining and caspase 3/7
activation to detect the effect of acidosis on cell apoptosis. In the
present study, both of these indicated that acidic conditions have
no significant effect on apoptosis in ADSCs except at pH of 6.5.
These observations can explain partly the poor survival of trans-
planted cells in ischemic areas [21].

With cell cycle reporter FUCCI system and PI staining, we found
that acidic medium at pH 7.0 and 6.5 for 48 h induced an obvious
G1 arrest and cell division inhibition in ADSCs, which was in line
with the observed proliferation limitation. In the previous report,
chromatin condensationwas regarded as an DNA damage indicator,
at the same time, nuclear indentation was believed to reflect se-
nescent progression, even though the exact molecular mechanisms
of them remain to be fully investigated [50]. Here, we demon-
strated the percentage of ADSCs with chromatin condensation and
nuclear indentation is increased following a decrease of pH, indi-
cating that extracellular acidosis induces nuclear damage using a
pH-dependent way. In addition, Tomm20 staining showed the
reduced mitochondrial length and more fragmented mitochondria
with uneven distribution in the presence of low pH. Mitochondrial
morphology depends on the equilibrium between organelle fusion
and fission [51], and it has been shown that fragmented mito-
chondria are related to apoptosis and small round mitochondria
could be detected at the very early stages of cell death [52].
Therefore, our studies suggested that the alteration of mitochon-
drial dynamics observed in this experiment may reflect early
apoptosis promoted by acidosis.

VEGF-A plays a crucial role of angiogenic processes in physio-
logical and pathological conditions [53]. Extracellular acidosis has
been identified to promote VEGF-A expression in cancer cells [54].
In support of this, the expression of VEGF-A was enhanced signif-
icantly at both of mRNA and protein level in ADSCs with acidic
exposures. It's interesting to note that the conditional medium
from mild pH group promotes the endothelial tube formation,
whereas the increased VEGF-A protein secretion and transcription
in conditional medium from pH 7.0 and 6.5 group leads to the
Heatmap presented the acidic condition-induced gene modification in DNA repair, DNA
cidosis were screened by cytohubba plug-in and listed with their respective maximal
ion and down-regulation. (CeL) The identification of hub genes via qRT-PCR. Data are
-way ANOVA and Dunnett's post-hoc test.
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angiogenic inhibition in vitro. Whether the enhanced VEGF-A
expression represents a feedback of impairment rather than
angiogenic function promotion remains unknown. One possible
could be that the acidic pH impairs endothelial function in response
to VEGF-A in HUVECs [55]. Another possibility is hypoxia-inducible
factor 1a (HIF-1a), a pivotal promoter for the transcription of VEGF-
A [56], the increased expression of HIF-1a triggered by acidosis in
ADSCs was also confirmed with RNA-sequencing and qRT-PCR
(data not shown). In any case, our date determined that ADSCs
with mild pH exposure promotes endothelial function, however,
the angiogenic effect of ADSCs is remarkably impaired by severe
extracellular acidosis.

In the transcriptomic analysis, the up-regulated pathways
responsive to acidosis significantly are extracellular matrix orga-
nization and transforming growth factor b (TGF-b) signaling
pathway. Extracellular matrix organization and collagen have been
identified to be increased in acidosis and bone metastasis of breast
cancer cells [57], while there is another study pointed out that
acidosis damages the synthesis and secretion of extracellular ma-
trix proteins in BM-MSCs [58]. Thus, the contribution of extracel-
lular matrix organization in ADSCs transplanting with acidic
environment remains to be investigated. In the other hand, it is not
surprising to note that up-regulated DEGs are largely enriched in
TGF-b pathway, as its great importance in tissue repair after
ischemic injury [59]. Importantly, we found that genes in modules
of response to hypoxia and angiogenesis are up-regulated obvi-
ously. The earlier study has revealed that tissue oxygen partial
pressure and pH regulate the VEGF transcription though their
respective pathways in human glioma cells [60]. In contrast, our
results showed that low pH induces hypoxia directly in ADSCs,
however, VEGF-A-mediated endothelial response is suppressed by
severe acidic conditions. Likewise, we determined that cell cycle is
the one of most down-regulated pathways in response to acidosis,
and genes in pathway of DNA repair and DNA replication are also
inhibited by acidic stimulations. These data fit well with pheno-
types we observed from cell experiments. Based on the clue from
increased nuclear impairment, we noted the transcriptional
changes on senescence-related genes including cyclin dependent
kinase inhibitor 1 A (CDKN1A, also known as P21) and E2F tran-
scription factor 7 (E2F7) [61], reflecting that extracellular acidifi-
cation promotes the progression of cell senescence.

Programmed cell death is an important defense to maintain
homeostatic balance under detrimental conditions [62]. In this
study, we also observed a loss of p53 function and mitotic cell cycle
checkpoint followed by impaired DNA repair in ADSCs with acidic
exposures, which is critical for senescence stem cells to transform
into cancer stem cells if they escape cell death [62,63]. Hence, our
findings suggested the risk of tumorigenicity when the number of
transplanted cells is large in an acidic microenvironment.

In addition, we also screened top 10 hub genes for acidosis-
mediated effects on ADSCs. Using qRT-PCR, the expression of
VEGF-A, ABL1, IL-6, CDC42, KRAS, SHC1, together with PIK3R1 and
TP53 was identified to be consistent with bioinformatics analysis.
Among them, ABL1 is well-known as a protooncogene. The fusion
between ABL1 and breakpoint cluster region (BCR) was mainly
related to chronic myeloid leukemia (CML) and B-cell acute
lymphoblastic leukemia (ALL) [64]. IL-6 plays a typical cytokine in
the immune regulation against tissue damages. However, the
excessive expression of IL-6 results in an aggravated inflammation
response [65]. The increased serum level of IL-6 has been identified
to be associated with metabolic acidosis in hemodialysis patients.
Also, pre-clinical research showed that the up-regulated IL-6
secreted frommyocardium is observed in rats with chronic acidosis
[66,67]. CDC42 is a small GTPase involved in a great number of
biological regulations. Recent studies have indicated that the
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dysregulation of CDC42 caused aging in somatic and stem cells, and
lead to age-related diseases such as neurodegenerative and car-
diovascular dysfunctions [68,69]. KRAS is also an oncogene, the
mutations of KRAS are involved in many different kinds of tumors
[70]. Interestingly, both SHC1 and PIK3R1 are adapter proteins.
Several evidences determined that the formation of multiprotein
complex containing SHC1, PIK3R1 and other G proteins is response
to 17b-estradiol (E2) stimulation in breast cancer cells, which
supports cancer cell proliferation and suppressed apoptosis [71].
The known information suggests some meaningful clues, however,
the impacts of those hub gens on acidosis for ADSCs-based therapy
remain to be explored.

There are some limitations in this study should be considered.
The local pH in ischemic tissues after blood flow occlusion need to
be measured. We tested the local pH in hindlimb muscles using pH
probe, however, the pH valves were not stable and accurate during
the detecting period. Thus, we believe more precise equipment
should be performed for pH measurement. Since the deleterious
effect of acidosis on ADSCs is pH-dependent mainly, it will be good
to know the specific pH to determine therapeutic strategy basing
on ADSCs transplanting. Additionally, metabolic alteration trig-
gered by acidosis remains unclear, more pro-clinical and clinical
researches are required to indicate the metabolic pathways in
acidic conditions.
5. Conclusions

In sum, our study determines the lactic and glucose level in
hindlimb muscles during 0.5e72 h of post-ischemia by micro-
dialysis and characterizes the impacts of extracellular acidosis on
ADSCs in vitro. Acidosis induces restricted proliferation, obvious cell
apoptosis and cell cycle arrest, at the same time, it also results in
mitochondrial dynamics disorder, DNA damage, impairment of
proangiogenic function as well as senescence aggravation in a pH-
dependent manner, leading to the limited function of stem cell-
based therapy. These findings suggest that the balance of tissue
pH might improve the effectiveness of ADSCs transplanting and
treatments focus on acidosis-mediated hub genes may have ther-
apeutic potential in clinical application.
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