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Abstract. Mesenchymal stem cells (MSCs) have exhibited 
great potential in the therapy of cardiovascular disease. 
However, the application of MSCs is hampered by apop-
tosis, which reduces the number of cells in the host cardiac 
microenvironment. Ulinastatin (UTI), a broad-spectrum 
protease inhibitor that can be purified from human urine, has 
attracted attention for its protective effects through its immu-
nomodulatory and anti‑inflammatory properties. The present 
study aimed to evaluate the effects of UTI on serum depriva-
tion-induced apoptosis of MSCs and investigate its molecular 
mechanisms. Cell viability was determined by the MTT assay. 
Apoptosis was assessed by flow cytometric analysis with 
Annexin V/propidium iodide staining. The protein levels of 
cleaved caspase-3, B-cell lymphoma-2 (Bcl-2) family proteins, 
total-Akt and phospho-Akt were evaluated by western blot. 
The results of the present study demonstrated that UTI exhib-
ited a protective effect in serum deprived MSCs, as indicated 
by increased cell viability, and a reduction in the rate of apop-
tosis and caspase-3 activation. In addition, treatment with UTI 
significantly decreased the expression levels of Bcl‑2, Bcl‑extra 
large and Bcl-associated X protein. Furthermore, activation of 
the Akt signaling pathway was involved in the UTI-induced 
anti‑apoptotic effects. The present findings indicated that UTI 
is able to promote the survival of MSCs under serum depriva-
tion conditions. The present study may be helpful in improving 
the therapeutic efficacy of MSC transplantation used to cure 
chronic ischemic heart disease.

Introduction 

Although there has been great improvement in the treatment 
of heart failure, ischemia/reperfusion (I/R) injury remains a 
leading cause of mortality in Western countries (1). Numerous 
studies have indicated that transplantation of mesenchymal 
stem cells (MSCs) represents a potential tool for the repair and 
regeneration of cardiomyocytes, thus restoring the function of 
the heart (2). However, the effects of MSCs are limited because 
the majority of transplanted MSCs undergo cell death soon 
after transplantation in the ischemic microenvironment (3). 
Thus, great efforts have been made to improve the survival of 
donor MSCs. The lack of cellular growth factors and/or insuf-
ficient blood supply to the ischemic region are considered to be 
the key factors contributing to the high rate of MSC transplan-
tation failure (4). Therefore, hypoxia and serum deprivation 
(H/SD) conditions can be used to mimic the hostile ischemic 
microenvironment (4). The enhancement of MSC viability 
and survival under ischemic conditions may be a strategy to 
improve the efficiency of MSC therapy.

Ulinastatin (UTI), a broad-spectrum protease inhibitor that 
can be purified from human urine, has attracted attention for 
its protective effects via immunomodulatory and anti‑inflam-
matory properties. For instance, it has been reported that 
UTI protects human endothelial cells from oxidative damage 
by suppressing the c-Jun N-terminal kinase/c-Jun signaling 
pathway (5). UTI was also reported to ameliorate I/R injury 
in the spinal cord (6). Furthermore, a recent study showed that 
UTI protected against lipopolysaccharide-induced cardiac 
microvascular endothelial cell dysfunction (7). However, the 
protective effects of UTI on MSCs for regeneration have not 
been investigated yet. In the current study, it was hypothesized 
that UTI may be able to repress apoptosis induced by H/SD 
conditions and thereby improve the survival of MSCs. To 
confirm this, the effects of UTI on the H/SD‑induced apop-
tosis of MSCs and the underlying molecular mechanisms were 
investigated.

Materials and methods

Materials. UTI was purchased from Beijing Solarbio 
Science & Technology Co., Ltd. (Beijing, China); antibodies 
for caspase-3 (cat. no. 14220S), B-cell lymphoma (Bcl)-2 
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(cat. no. 15071S), induced myeloid leukemia cell differentiation 
protein Mcl-1 (Mcl-1; cat. no. 94296S), Bcl-extra large (Bcl-xl; 
cat. no. 2762S), Bcl-associated protein X (Bax; cat. no. 2772S), 
activating transcription factor 4 (ATF4; cat. no. 11815S), 
GAPDH (cat. no. 8884S), horseradish peroxidase-linked 
secondary anti-rabbit (cat. no. 7074) and anti-mouse 
(cat. no. 7076) were obtained from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). C/EBP homologous protein (CHOP; 
cat. no. ab11419), phospho-Akt (cat. no. ab38449), total 
Akt (cat. no. ab85683), phospho-phosphoinositide 3-kinase 
(PI3K; cat. no. ab182651), total-PI3K (cat. no. ab32089), 
phospho-mammalian target of rapamycin (mTOR; ab109268) 
and total-mTOR (cat. no. ab134903) were purchased from 
Abcam (Cambridge, UK). The Annexin V‑fluorescein isothio-
cyanate (FITC) Apoptosis Detection Kit was purchased from 
BD Bioscience (Franklin Lakes, NJ, USA). The Caspase-3 
Activity Colorimetric Assay Kit was purchased from Beyotime 
Institute of Biotechnology (Haimen, China). LY294002 and 
wortmannin, which were used at a concentration of 20 µM, 
were purchased from Selleck Chemicals (Houston, TX, USA). 
Cells were pretreated with LY294002 and wortmannin for 1 h 
at 37˚C prior to experimentation. All other chemicals were 
obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany). Rapamycin was purchased from Sigma-Aldrich 
(Merck KGaA), which was kept as 1 mM stock at ‑80˚C and 
used at 20 µM. Cells were pretreated with rapamycin for 1 h at 
37˚C prior to experimentation.

Culture of MSCs. MSCs were isolated from the bone marrow 
of two male 2-week-old Sprague-Dawley rats (weighing 
60-80 g) as described earlier (8). The rats were maintained 
under the following conditions: Temperature, 22±2˚C; 
humidity, 55±5%; 12-h light/dark cycle; free access to food 
and water. All studies were performed under the approval 
of the Institutional Animal Care and Use Committee of 
Ningbo Medical Center Lihuili Eastern Hospital (Ningbo, 
China). Briefly, MSCs were flushed from femurs and tibias 
with 10 ml Dulbecco's‑modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) containing 1% penicillin/streptomycin (HyClone; GE 
Healthcare, Logan, UT, USA). The cells were centrifuged at 
300 x g for 5 min at 4˚C. The pellets were resuspended in 
6 ml DMEM with 10% fetal bovine serum (HyClone; GE 
Healthcare) and 1% penicillin/streptomycin and plated in a 
plastic flask at 37˚C in a humidified atmosphere containing 
5% CO2. After 3 days, the medium was replaced, and the 
cells were washed with PBS. The medium was replaced 
every 3 days. At 8 days after seeding, the cells became >70% 
confluent. Subsequently, the cells were collected from the 
dishes and expanded at a 1:2 dilution. All subsequent experi-
ments were performed using MSCs at passages 3-5.

For the identification of the MSC immunophenotypic 
characteristics, the cells were collected, washed with PBS 
(HyClone; GE Healthcare) and labeled with the following 
antibodies: Phycoerythrin (PE)-labeled anti-cluster of differ-
entiation 45 (CD45; cat. no. 553091; BD Pharmingen; BD 
Biosciences), anti-CD105 (cat. no. 611314; BD Pharmingen; 
BD Biosciences), anti-CD90 (cat. no. 55595; BD Pharmingen; 
BD Biosciences) and FITC-labeled-CD73 (cat. no. 561254; BD 
Pharmingen; BD Biosciences). Subsequently, the cells were 

detected by flow cytometry and analyzed using FACSDiva 
software (version 6.1.3; BD Biosciences).

Small interfering RNA (siRNA) transfection. MSCs 
(4x105 cells/well) were seeded in 6-well plates. When cells 
reached ~70% confluence, MSCs were transfected with 200 
pM negative control siRNA (5'-ACG GAA CAG CGC ACC 
GAG GCG AA-3'), siRNA against CHOP (5'-CCA GGA AAC 
GGA AAC AGA GTT-3') or ATF4 (5'-TCC CTC CAT GTG 
TAA AGG A-3'; Genepharm Inc., Sunnyvale, CA, USA) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. A total of 
24 h post-transfection, cells were harvested and the effects of 
knockdown were investigated.

H/SD treatment. The harvested MSCs were cultured in 6-well 
(1x105 cells/well) or 96-well plates (1x104 cells/well) (Corning 
Incorporated, Corning, NY, USA) for subsequent experiments. 
To induce MSC apoptosis by exposing them to H/SD condi-
tions, the normal medium was replaced with glucose- and 
serum‑free medium. Subsequently, the MSCs were placed 
in an oxygen-free incubator for 12 h. MSCs cultured under 
normal conditions were used as controls.

MTT assay. Cell viability was assayed using the MTT assay as 
described previously (9). Briefly, cells were seeded in 96‑well 
plates with a density of 2x104/well. When reaching ~80% 
confluence, the cells were exposed to H/SD treatment with or 
without UTI (100, 200 and 400 U/ml). After 12 h, 25 µl MTT 
(5 mg/ml; Sigma-Aldrich; Merck KGaA) was added to the 
cultured media, and the cells were incubated for another 4 h. 
The medium was then removed, and 200 µl dimethyl sufoxide 
was added to each well. The absorbance of the solutions was 
measured using a microplate reader (BioTek China, Beijing, 
China) at 495 nm. The relative cell viability was measured by 
comparison with cells cultured under normal conditions. The 
calculated cell viability percentages from the three parallel 
experiments were averaged for each set of experimental 
conditions.

Apoptosis analysis. Cellular apoptosis was detected using an 
Annexin V/propidium iodide (PI) Apoptosis Detection kit (BD 
Pharmingen; BD Biosciences) according to the manufacturer's 
protocol. Briefly, 1x105 cells were harvested and washed in 
ice-cold PBS, then cells were resuspended in 300 µl binding 
buffer and incubated with 5 µl Annexin V-FITC solution for 
30 min in the dark at 4˚C, followed by further incubation with 
5 µl PI for 5 min at room temperature. Apoptotic cells were 
then determined using a flow cytometer (FACSCalibur; BD 
Biosciences). The results were analyzed by the FlowJo 10.4 
(FlowJo LLC, Ashland, OR USA).

Western blot analysis. Cells were collected and lysed in 
radioimmunoprecipitation buffer (Beyotime Institute of 
Biotechnology). Equal amounts of lysates (20 µg) were 
resolved by SDS-PAGE on 12% gels and transferred to poly-
vinylidene fluoride (PVDF) membranes. PVDF membranes 
were incubated with primary antibodies at a dilution of 
1:1,000 overnight at 4˚C. Subsequently, the membranes were 
washed three times with TBS with Tween20 and incubated 
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for 1 h at room temperature with the corresponding horse-
radish peroxidase-conjugated secondary antibodies (1:10,000; 
anti-mouse cat. no. 7076, or anti-rabbit cat. no. 7074; Cell 
Signaling Technology, Inc.). The signals were visualized using 
an enhanced chemiluminescence reagent (Pierce; Thermo 
Fisher Scientific, Inc.). The density of the protein bands was 
analyzed using ImageJ 1.41 software (National Institutes of 
Health, Bethesda, MD, USA).

Caspase‑3 activity assay. The caspase-3 activity was assayed 
using the Caspase-3 Activity Colorimetric Assay kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocol. In brief, cellular lysates (150 µg) were incubated with 
50 µl reaction buffer containing 10 mM dithiothreitol for 1 h at 
37˚C in the substrate DEVD‑pNA (200 µM) in a total volume 
of 100 µl. The pNA light emission following cleavage from 
the substrate was quantified using a microplate reader (BioTek 
China) at 405 nm.

Statistical analysis. Statistical analysis was performed 
using SPSS 19.0 software (SPSS, Inc., Chicago, IL, USA). 
Experiments were repeated three times and data are expressed 
as the mean ± standard deviation. Differences among groups 
were tested by one-way analysis of variance, followed by 
Tukey's test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

UTI promotes the viability of MSCs under H/SD conditions. 
MSC characteristics were confirmed by flow cytometric 
analysis, which showed that the cells were negative for CD45, 
and positive for CD90, CD103 and CD73 markers (data not 
shown). To investigate the protective effects of UTI, cell 
viability was initially examined. As shown in Fig. 1A, UTI 
exhibited little cytotoxicity on MSCs under normal culture 
conditions. Cells were treated with increasing concentrations 
of UTI (100, 200 and 400 U/ml) when exposed to H/SD for 
12 h (Fig. 1B). The data revealed that H/SD reduced cell 
viability and UTI protected MSCs against H/SD injury in a 
dose-dependent manner.

UTI protects MSCs from apoptosis under H/SD conditions. 
To further analyze the cytoprotective effects of UTI, the 
apoptosis rate of the MSCs was assayed by Annexin V/PI 
staining and flow cytometry. As indicated in Fig. 2A and B, 
treatment with UTI reduced the apoptosis induced by H/SD in 
a dose‑dependent manner. Subsequently, the levels of cleaved 
caspase-3 were evaluated by western blotting. Cleaved 
caspase-3 was notably inhibited by UTI in a dose-dependent 
manner (Fig. 2C). Furthermore, caspase-3 activity assays 
revealed that activation of caspase-3 induced by H/SD was 
also decreased by UTI in a dose-dependent manner (Fig. 2D). 
Taken together, these findings demonstrated that UTI protects 
MSCs against apoptosis under H/SD conditions.

UTI treatments modulate Bcl‑2 family protein expres‑
sion levels. The process of apoptosis is regulated by Bcl-2 
family proteins, which can be divided into anti-apoptotic 
and pro-apoptotic members (10). Therefore, whether Bcl-2 

family members were affected by UTI was investigated. As 
indicated in Fig. 3, anti-apoptotic Bcl-2, Mcl-1 and Bcl-xl were 
decreased, while pro-apoptotic Bax was upregulated in MSCs 
exposed to H/SD conditions. Treatment with UTI reversed 
the effects of H/SD on Bcl-2 family proteins (Fig. 3). These 
findings suggested that UTI exerts a protective effect against 
H/SD-induced apoptosis via modulation of Bcl-2 family 
proteins in MSCs.

UTI protects MSCs from H/SD‑induced apoptosis via 
inhibition of endoplasmic reticulum (ER) stress. Previous 
studies indicated that ATF4 and CHOP are vital players in 
ER stress that are involved in apoptosis induced by H/SD (11). 
To determine whether ER stress is involved in the protective 
effect of UTI, ATF4 and CHOP expression levels were exam-
ined by western blotting. As shown in Fig. 4A, H/SD induced 
the upregulation of ATF4/CHOP, and treatment with UTI 
reversed the effect of H/SD on ATF4/CHOP expression levels. 
To further confirm the role of ER stress in H/SD‑induced apop-
tosis of MSCs, siRNA was performed to knock down CHOP 
and ATF4 expression levels (Fig. 4B). As indicated in Fig. 4C, 
silencing of CHOP or ATF4 protects MSCs from apoptosis 
induced by H/SD. Taken together, these results suggested that 
UTI protects MSCs from H/SD-induced apoptosis, at least 
partially, by inhibiting ER stress.

Inhibition of PI3K/Akt/mTOR could interfere with the 
protective effects of UTI against apoptosis induced by 
H/SD. The PI3K/Akt/mTOR signaling pathway serves a 
critical role in cell survival (9). Thus, to examine whether 
the PI3K/Akt/mTOR pathway is also involved in the 
anti-apoptotic effects of UTI, its activation was investigated 
by western blotting. As shown in Fig. 5A, H/SD treatment 
reduced expression levels of phospho-Akt, phospho-PI3K 
and phospho-mTOR compared with the control, whereas 
these effects were reversed by UTI treatment. To verify that 
the PI3K/Akt/mTOR signaling pathway was involved in 
UTI-mediated anti-apoptotic effects, two PI3K inhibitors, 
wortmannin and LY294002, were used. As shown in Fig. 5B, 
H/SD inhibited the expression of phospho-Akt, which can 
be activated by UTI treatment. However, both wortmannin 
(20 µM) and LY294002 (20 µM) fully inhibited the upregula-
tion of phospho-Akt induced by UTI (Fig. 5B). Furthermore, 
the apoptotic cells were increased after wortmannin and 
LY294002 treatment compared with the UTI group under 
H/SD conditions (Fig. 5C). Additionally, rapamycin, an 
mTOR inhibitor (20 µM), was applied to investigate the role 
of mTOR in the protective effects of UTI. As indicated in 
Fig. 5D, rapamycin successfully inhibited the phosphoryla-
tion of mTOR. Additionally, the apoptotic cells increased 
following rapamycin treatment compared with the UTI group 
under H/SD conditions (Fig. 5E). Taken together, these find-
ings further confirmed that UTI exerts protective effects via 
activation of the PI3K/Akt/mTOR pathway.

Discussion

MSCs have exhibited great therapeutic potential due to their 
ability to regenerate and repair the injured myocardium 
through paracrine mechanisms following transplantation into 
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an ischemic or infarcted heart (12,13). Since MSCs are easily 
obtained and expanded, they also represent one of the cell 
therapy tools with the most potential for tissue regeneration 
in various clinical diseases (14). However, the therapeutic 

application of MSCs is limited by the fact that the majority of 
the implanted MSCs do not survive transplantation, partially 
due to cell death induced by the ischemic cardiac microenvi-
ronment (15). Hodgetts et al (16) reported that >90% of MSCs 

Figure 2. UTI protects MSCs against hypoxia/SD-induced apoptosis. MSCs were treated with various doses of UTI under hypoxia/SD conditions for 12 h. 
(A) Apoptosis rates were measured using flow cytometry with Annexin V/PI staining and (B) data were quantified. (C) Cellular lysates were subjected to 
western blot analysis with the indicated antibodies. (D) Caspase-3 activity was determined using a colorimetric assay kit. The data are presented as the 
mean ± standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001. MSC, mesenchymal stem cell; UTI, ulinastatin; PI, propidium iodide; SD, serum deprivation; 
FITC, fluorescein isothiocyanate.

Figure 1. Effects of UTI on the viability of MSCs. (A) MSCs were cultured under normal conditions and (B) under hypoxia/SD conditions with various doses 
of UTI for 12 h, and cell viability was assayed by MTT assay. The data are presented as the mean ± standard deviation (n=3). *P<0.05; **P<0.01; ***P<0.001, vs. 
the no UTI. MSC, mesenchymal stem cell; SD, serum deprivation; UTI, ulinastatin.
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die within 24 h of transplantation. Another study reported 
that ~21% of MSCs survive after 4 h of transplantation and 
only 3.6% survive after 7 days (17). Therefore, great efforts 
have been made to prevent stem cell apoptosis to improve 
their therapeutic potential. One available strategy to enhance 
MSC survival is treatment with agents that can enhance the 
viability of MSCs. For example, a previous study reported 
that prostaglandin E improved MSC survival under H/SD 
conditions, which is a commonly used model to mimic the 
ischemic environment in vitro (18). Another study reported 
that nicorandil protected MSCs from H/SD-induced apop-
tosis (19). In the present study, UTI inhibited the apoptosis of 
MSCs in a dose-dependent manner under H/SD conditions. 

Furthermore, the anti-apoptotic effects of UTI were revealed 
to be exerted via the modulation of Bcl-2 family proteins, ER 
stress and PI3K/Akt signaling pathways. The present study 
revealed the protective effects of UTI on MSCs under H/SD 
conditions in vitro, and the mechanisms leading to protection 
were investigated.

UTI is a multivalent Kunitz-type serine protease inhibitor 
that can be isolated from human urine and blood (20). UTI has 
been reported to protect organs against injury via inhibition of 
various proteases, such as trypsin, chymotrypsin, neutrophil 
elastase and plasmin (21). Furthermore, UTI also possesses 
therapeutic potential to treat inflammatory diseases and subse-
quent organ damage with few side effects (22).

Figure 3. Effects of UTI on the Bcl‑2 family proteins. MSCs were treated with various doses of UTI under hypoxia/SD conditions for 12 h. Subsequently, cellular 
lysates were subjected to western blot analysis with the indicated antibodies, and the results were quantified. The data are presented as the mean ± standard 
deviation (n=3). *P<0.05; ***P<0.001, vs. the group without UTI. MSC, mesenchymal stem cell; SD, serum deprivation; UTI, ulinastatin; Bcl, B-cell lymphoma; 
Bax, Bcl-associated X protein; Mcl-1, induced myeloid leukemia cell differentiation protein Mcl-1; Bcl-xl, Bcl-extra large.
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In the present study, UTI enhanced the proliferation of 
MSCs in a dose-dependent manner. UTI also repressed the 
apoptosis induced by H/SD and modulated the expression of 
Bcl-2 family of proteins. Apoptosis is a complex multistep 
process that is subjected to regulation by various proteins. 
Apoptosis is predominantly triggered via two pathways: 
The extrinsic and the intrinsic/mitochondrial pathway (9). 
Deprivation of serum is a well-established cause of apoptosis 
via activation of the intrinsic/mitochondrial pathway (23). 
The intrinsic apoptotic pathway is controlled by Bcl-2 family 
proteins (10). The effects of UTI on the inhibition of caspase-3 

and the regulation of Bcl-2 family proteins indicated that UTI 
repressed apoptosis via blocking the intrinsic/mitochondrial 
pathway. These findings were in line with a previous study 
in which UTI enhanced the expression of Bcl-2, and thereby, 
inhibited cell apoptosis in an animal model of hemorrhagic 
shock (24).

The ER is an organelle involved in calcium homeostasis, 
lipid biosynthesis and protein folding. Various stimuli, such 
as ischemia, hypoxia, heat shock, and oxidative stress, can 
lead to ER dysfunction, which is also termed ER stress (25). 
It has been demonstrated that ER stress serves an important 

Figure 4. UTI reduces apoptosis in MSCs by inhibiting ER stress. MSCs were treated with various doses of UTI under hypoxia/SD condiions for 12 h. (A) Total 
cellular lysates were subjected to western blot analysis with the indicated antibodies, and the results were quantified. (B) MSCs were transfected with siRNA 
against CHOP or ATF4 for 24 h, and the expression of CHOP or ATF4 was detected by western blotting. (C) MSCs were transfected with siRNA against CHOP 
or ATF4 for 24 h, then cells were cultured under hypoxia/SD conditions or not for another 24 h, and apoptosis was quantified. The data are presented as the 
mean ± standard deviation (n=3). **P<0.01; ***P<0.001. MSC, mesenchymal stem cell; SD, serum deprivation; UTI, ulinastatin; ATF4, activating transcription 
factor 4; CHOP, C/EBP homologous protein; si, small interfering RNA; NC, normal control.
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Figure 5. UTI exerts anti-apoptotic effects via activation of the PI3K/Akt pathway. (A) MSCs were treated with various doses of UTI under hypoxia/SD condi-
tions for 12 h. Total cellular lysates were subjected to western blot analysis with the indicated antibodies, and the results were semi‑quantified. (B) MSCs were 
exposed to hypoxia/SD conditions. In parallel experiments, cells were treated with either UTI (400 U/ml), wortmannin (20 µM) or LY294002 (20 µM). Total 
cellular lysates were subjected to western blot analysis with the indicated antibodies, and the results were quantified. (C) Cells were treated as above, and then 
cellular apoptosis was measured. 
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role in the apoptosis of various types of cells in models of 
ischemia in vivo and in vitro (26). Furthermore, MSCs are 
susceptible to apoptosis induced by ER stress, and blockage of 
ER stress promoted the survival of MSCs under H/SD condi-
tions (27). In response to ER stress, there is an upregulation of 
ER chaperones such as CHOP and ATF4 (28). In the present 
study, CHOP and ATF4 expression levels were upregulated 
under H/SD conditions and treatment with UTI could reverse 
this effect. These findings indicated that the UTI inhibition 
of apoptosis of MSCs under H/SD may be attributed to the 
blockage of ER stress.

PI3K/Akt/mTOR is a vital cell survival pathway, and Akt 
phosphorylation enhances survival in various cell types (29). 
Previous studies have reported that activation of the Akt 
signaling pathway promoted the survival of MSCs following 
transplantation into the ischemic porcine heart (30). UTI 
has been shown to inhibit apoptosis of cardiomyocytes via 
activation of the PI3K/Akt signaling pathway, which serves 
a significant protective role against MSC apoptosis (31). 
The present results demonstrated that UTI activated the 
PI3K/Akt/mTOR signaling pathway and that these protective 
effects were clearly diminished by two PI3K inhibitors, wort-
mannin and LY294002, and the mTOR inhibitor, rapamycin. 
These findings suggest a critical role of the PI3K/Akt/mTOR 
signaling pathway in the UTI-mediated protection of MSCs 
exposed to H/SD. These results agree with previous studies 
suggesting that activation of PI3K/Akt/mTOR enhances the 
survival of MSCs under H/SD conditions (32). Currently, 

inhibition of the PI3K/Akt/mTOR pathway is used as a thera-
peutic strategy against various diseases, including human 
immunodeficiency virus and cancer (33‑36). The inhibition 
of PI3K/Akt/mTOR signaling resulted in increased apoptosis 
of MSCs. Therefore, the application of PI3K/Akt/mTOR 
inhibitors to MSCs should be investigated further.

The present study has certain limitations. The H/SD condi-
tion is an in vitro model that cannot fully mimic the in vivo 
microenvironment. Further investigations are required to 
unveil the cellular mechanisms involved in vitro and in vivo. 
Additionally, UTI is a well‑known regulator of inflammatory 
processes that may also participate in the survival of MSCs 
under H/SD conditions. Therefore, the role of inflammasomes 
in MSC survival and its association with UTI needs to be 
investigated.

Taken together, the present results provide preliminary 
evidence indicating that UTI promotes MSC survival under 
H/SD conditions. The pro-survival effects of UTI against 
H/SD-induced apoptosis possibly relies on the modulation of 
the Bcl-2 family of proteins, ER stress responses and PI3K/Akt 
signaling pathways. Therefore, UTI may be a therapeutic agent 
with the potential to optimize MSC therapy.
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