
MOLECULAR MEDICINE REPORTS  13:  2619-2626,  2016

Abstract. Macrophage migration inhibitory factor (MIF) is 
an anti‑apoptotic agent in various cell types and protects the 
heart from stress‑induced injury by modulating autophagy. 
Autophagy, a conserved pathway for bulk degradation of 
intracellular proteins and organelles, helps to preserve and 
recycle energy and nutrients for cells to survive during starva-
tion. The present study hypothesized that MIF protects bone 
marrow‑derived mesenchymal stem cells (MSCs) from apop-
tosis by modulating autophagy via the AMP‑activated protein 
kinase/mammalian target of rapamycin (AMPK/mTOR) 
signaling pathway. MSCs were obtained from rat bone marrow 
and cultured. Apoptosis was induced by hypoxia/serum depri-
vation for 24 h and was assessed using flow cytometry. MIF 
protected MSCs from apoptosis by modulating autophagy via 
the AMPK/mTOR signaling pathway resulting in increased 
expression of autophagy‑associated proteins (including 
LC3BI/LC3BII, Beclin‑1 and autophagy protein 5), and by 
increased phosphorylation of AMPK and decreased phosphor-
ylation of mTOR. The MIF anti‑apoptotic effects were blocked 
by autophagy inhibitor, 3‑methyladenine or AMPK inhibitor, 
Compound C. These results indicate that MIF exerts a permis-
sive role in protecting MSCs from apoptosis by regulation of 
autophagy via the AMPK/mTOR signaling pathway.

Introduction

Stem cell transplantation is a promising novel treatment 
strategy for ischemic cardiomyopathy, potentially resulting 

in cardiac repair and regeneration. Various different types 
of stem and progenitor cells are being investigated to assess 
their therapeutic effect (1). Mesenchymal stem cells (MSCs) 
are easily isolated and expanded, and exhibit low immunoge-
nicity (2). However, their low survival rate after transplantation 
into damaged myocardium hinders their therapeutic potential. 
It has been demonstrated that the majority of donor MSCs, 
transplanted into the challenging microenvironment induced 
by acute myocardial infarction (AMI), undergo apoptosis 
in vivo. In vitro, hypoxia and serum deprivation (hypoxia/SD) 
are utilized to imitate the ischemic environment and have been 
shown to induce apoptosis in MSCs (3,4). Therefore, improve-
ment of MSC survival in an ischemic environment is a key 
challenge in developing MSC‑mediated treatments in hearts 
following AMI.

Macrophage migration inhibitory factor (MIF) is a pleio-
tropic cytokine expressed in various cell types, including 
monocytes/macrophages, smooth muscle cells of the vascular 
system and cardiomyocytes  (5‑7). In addition, it acts as a 
regulatory factor for inflammation, apoptosis, autophagy, and 
glucose catabolism (8‑11). Furthermore, MIF provides cardiac 
protection by promoting energy uptake under stress (9,12). 
MIF has been identified as an anti‑apoptotic agent in various 
cell types (8,13), and has recently been demonstrated to protect 
cardiomyocytes from apoptosis by modulating autophagy 
under stress conditions (9). Autophagy is induced by MIF in 
conditions such as inflammation and starvation to counter 
the stress (14). Previous studies have indicated that MIF is 
involved in the maintenance of cardiac contractile function 
during starvation and protects cardiomyocytes from apoptosis 
by regulating autophagy (9). The above‑mentioned studies 
demonstrate that MIF may also function in a protective 
capacity against hypoxia/SD‑induced apoptosis in MSCs via 
autophagic regulation (15).

Autophagy is a catabolic process that maintains cellular 
homeostasis despite a variety of cellular stresses, including 
nutrient starvation, infection, damaged organelles and 
protein aggregates (16,17). Autophagy and apoptosis are two 
major pathways utilized in a cell in response to stress. They 
are commonly co‑regulated, but result in opposite cellular 
outcomes (18). Autophagy is a self‑catabolic process where 
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double‑membrane vacuoles, called autophagosomes, form 
around components of the cell and degrade them utilizing 
lysosomal machinery (19). Autophagy is also critical in adap-
tive survival during periods of metabolic starvation or stress by 
maintaining nutrient availability and energy levels. By contrast, 
apoptosis is the self‑elimination of a damaged or non‑functional 
cell (20). Numerous studies have identified that stressors may 
trigger either process depending on the cellular context (21,22). 
Inhibition of either pathway, by genetic or chemical methods, 
results in the activation of the other; blocking apoptosis in 
cells that would usually die triggers autophagy and survival, 
whereas blocking induction of autophagy in cells that would 
usually survive rapidly induces apoptosis  (23,24). Recent 
studies have confirmed that autophagy has a protective effect 
on MSCs under stress conditions (25). Therefore, modulation 
of autophagy may provide a novel mechanism to prevent apop-
tosis in MSCs under stress conditions.

Notably, previous studies have demonstrated the 
AMP‑activated protein kinase/mammalian target of 
rapamycin (AMPK/mTOR) signaling pathway is activated 
by MIF to regulate autophagy and protect cells from apop-
tosis (9,13,26,27). In hypoxia/SD, or other energy shortage 
situations, AMPK may sense the cellular energy change 
and become activated by a decreased ATP/AMP ratio, thus 
indirectly activating mTOR, one of its major downstream 
targets (9). Activation of the AMPK/mTOR signaling pathway 
may in turn stimulate autophagy and exert an anti‑apoptotic 
effect (15). The AMPK/mTOR signaling pathway has been 
demonstrated to exert a protective role in MSCs (15,28). Thus, 
activation of the AMPK/mTOR signaling pathway in MSCs 
may be a positive regulator of autophagy resulting in MSCs 
that are resistant to hypoxia/SD‑induced apoptosis.

Materials and methods

Animals. Male Sprague Dawley rats, weighing 60‑80 g, were 
cared for in accordance with the U.S. National Institutes of 
Health (NIH) guidelines (29). All of the study procedures were 
approved by the Wenzhou Medical University Institutional 
Animal Care and Use Committee (Wenzhou, China). 
Furthermore, the present study was conducted in compliance 
with the Guide for the Care and Use of Laboratory Animals, 
published by the National Academy Press (NIH; revised 
1996). Ethical approval was obtained from Wenzhou Medical 
University Ethical Research Committee. The mice were raised 
in the Wenzhou Medical University Laboratory Animals Center, 
and raised separately, and fed with nourishment supplied by 
Research Diets, Inc. (New Brunswick, NJ, USA). The animals 
were housed in a light/dark cycle of 12h light/12h dark at 
20‑25˚C.

Reagents. Dulbecco's modified Eagle's medium (DMEM) and 
fetal bovine serum (FBS) were obtained from GE Healthcare 
Life Sciences (Hyclone; Logan, UT, USA). The Annexin 
V‑fluorescein isothiocyanate (FITC) Apoptosis Detection 
kit was obtained from BD Pharmingen (San Diego, CA, 
USA). Rabbit anti‑rat monoclonal antibodies, LC3BI/LC3BII 
(1:1,000; cat.  no.  3868), Beclin‑1 (1:750; cat.  no.  3495), 
autophagy protein 5 (Atg5; 1:1,000; cat. no. 5831), AMPK 
(1:1,000; cat. no. 5831), phosphorylated (p)‑AMPK (1:500; 

cat.  no. 2325), p‑mTOR (1:500; cat.  no. 2971) and mTOR 
(1:1,000; cat. no. 2972) were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Mouse polyclonal anti-
body anti‑β‑actin (1:1,000; cat. no. TA‑09) was purchased from 
Beijing Zhongshan Goldenbridge Biotechnology, Co., Ltd. 
(Beijing, China). Anti‑mouse/anti‑rabbit secondary antibody 
horseradish peroxidase conjugate (1:1,000; cat. no. sc‑2954) 
were obtained from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA) and 3‑methyladenine (3‑MA) was obtained from 
Sigma‑Aldrich (St.  Louis, MO, USA). AMPK inhibitor, 
Compound C was obtained from Merck Millipore (Darmstadt, 
Germany). Rat recombinant MIF was obtained from 
Prospec‑Tany TechnoGene, Ltd. (East Brunswick, NJ, USA).

Cell culture and treatment. Bone marrow‑derived (BM)‑MSCs 
were isolated from the femurs and tibias of Sprague‑Dawley 
rats, as described in a previous study (30). Bone marrow cells 
were flushed from the femurs and tibias with 5 ml DMEM/F12 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). After the red blood cells were lysed with red cell lysis 
buffer (Beyotime Institute of Biotechnology, Inc., Jiangsu, China) 
and removed, 5x105 cells were seeded in a 25‑cm2 flask with 
6 ml DMEM/F12 supplemented with 10% FBS and 1% 0.06 mL 
penicillin/streptomycin, (Beyotime Institute of Biotechnology, 
Inc.) and incubated at 37˚C with 5% CO2. Following three days 
of culture, non‑adherent cells were removed, the medium was 
replaced and adherent MSCs were grown in the medium, which 
was replaced every three days. Upon reaching 80‑90% conflu-
ence, adherent cells were trypsinized (Beyotime Institute of 
Biotechnology, Inc.) and expanded at 2:3 or 1:2 dilutions. All 
of the cells used in the assay were from passages three to five.

Induction of apoptosis in  vitro by hypoxia/SD, which 
was designed to mimic the in vivo conditions of the isch-
emic myocardium, was initiated, as described in a previous 
study (4). Cells exposed to hypoxia/SD alone served as apop-
totic controls, with hypoxia induced by incubating MSCs in 
serum‑free media in a glove box (Plas Labs 855‑AC; Plas Labs, 
Inc., Lansing, MI, USA) under a controlled anaerobic atmo-
sphere at 37˚C to scavenge free oxygen. MIF (100 ng/ml) was 
added to the medium at the start of the hypoxia/SD exposure 
and incubation continued for 24 h under hypoxic conditions. 
The concentration of MIF used in the current study was based 
on the concentration administered in previous studies (8,13).

Cells were preincubated with 10 mmol/l AMPK inhibitor, 
Compound  C or 5  mmol/l autophagy inhibitor, 3‑MA in 
complete medium under normoxic conditions for 90 min. MIF 
(100 ng/ml) was then added to the cultures and the cells were 
placed under conditions of hypoxia/SD for 24 h.

Flow cytometric analysis of cell apoptosis. Apoptosis 
was determined by detecting phosphatidylserine on cell 
membranes using the fluorescent dye, Annexin V‑FITC 
Apoptosis Detection kit (BD Pharmingen), according to the 
manufacturer's protocols. This assay differentiates between 
intact [Annexin V‑/propidium iodide (PI)‑], early apoptotic 
(Annexin V+/PI‑), late apoptotic (Annexin V+/PI+) and necrotic 
(Annexin V‑/PI+) cells. Cells were harvested and washed three 
times in ice‑cold phosphate‑buffered saline (PBS; Beyotime 
Institute of Biotechnology, Inc.), resuspended in 300 µl binding 
buffer and incubated with 5  µl Annexin V‑FITC solution 
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for 30 min at 4˚C in the dark. This was followed by further 
incubation with 5 µl PI for 5 min and immediate analysis by 
bivariate flow cytometry using the BD FACSCantoII equipped 
with FACSDiva software (642218 Rev.A; BD Biosciences, 
Franklin Lakes, NJ, USA). Approximately 1‑5x105 cells were 
analyzed in each experiment.

Toxicity assay. The potential toxicity of MIF at varying 
concentrations was investigated in cultured MSCs. MSCs were 
incubated for 24 h at 37˚C in culture medium with MIF at 
increasing concentrations from 1 to 1,000 ng/ml. Trypan Blue 
(Beyotime Institute of Biotechnology, Inc.) was added to the 
medium, and cells were incubated at 37˚C for 15 min, phase 
contrast photomicrographs were taken using an inverted micro-
scope (DMI4000B; Leica, Wetzlar, Germany), and the Trypan 
Blue‑positive cells were counted. Five fields were randomly 
selected from each culture dish and at least three dishes were 
counted for each MIF concentration.

Western blot analysis. Western blot analysis was conducted, 
as previously described (31). Cells were washed twice with 
ice‑cold PBS and lysed with lysis buffer (Beyotime Institute 
of Biotechnology, Inc.) containing 20 mM Tris‑HCl, 150 mM 
NaCl, 1% Triton X‑100, and protease and phosphatase inhibi-
tors. Cell extracts were centrifuged for 5 min at 12,000 x g and 
supernatants were collected. Cellular proteins (20 µg) were 
resolved with SDS‑PAGE (Beyotime Institute of Biotechnology, 
Inc.) at 1.5 mA/cm2 for 90 min and transferred onto polyvinyli-
dene fluoride membranes (Beyotime Institute of Biotechnology, 
Inc.). The membranes were blocked for 1 h with 5% skimmed 
milk in Tris‑buffered saline containing 0.1% Tween‑20 
(Beyotime Institute of Biotechnology, Inc.) and incubated 
overnight at 4˚C with the above‑mentioned primary antibodies. 
The membranes were washed and incubated for 1 h with the 
appropriate secondary antibodies conjugated to horseradish 
peroxidase. The membranes were developed using chemilu-
minescence substrates (Beyotime Institute of Biotechnology, 
Inc.), photographed with Bio‑Rad ChemiDoc XRS equipment 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA), and quanti-
fied and analyzed with Quantity One software (v4.62; Bio‑Rad 
Laboratories, Inc.).

Statistical analysis. Data are expressed as means ± standard 
deviations. Differences among groups were assessed by 
one‑way analysis of variance. Comparisons between two 
groups were evaluated using Student's t‑test and P<0.05 was 
considered to indicate a statistically significant difference.

Results

MIF protects MSCs from hypoxia/SD‑induced apoptosis. 
Previous studies have indicated that the maximal induction of 
early apoptosis by hypoxia/SD in MSCs occurs at 24 h (30). 
The current study investigated whether MIF protects MSCs 
from this process. MSCs were incubated with 100 ng/ml MIF 
during exposure to hypoxia/SD for 24 h, and cell apoptosis was 
then determined by fluorescence‑activated cell sorting (Fig. 1). 
MIF efficiently blocked apoptosis and, compared with the 
hypoxia/SD cells, the fold increase in the apoptotic index 
decreased following exposure to MIF (3.05±0.17 vs. 7.16±0.35; 

P<0.05; Fig. 1A and C). To the best of our knowledge, the 
potential toxicity of MIF to MSCs at these concentrations has 
not been investigated, thus, the current study examined the 
effect of increasing concentrations of MIF on MSC viability. 
Trypan Blue assays indicated that MIF ≤1,000 ng/ml exerted 
no adverse effect on the viability of MSCs (Fig. 1B and D).

MIF promotes autophagy in MSCs under hypoxia/SD. 
Previous studies have demonstrated MIF induces autophagy in 
various cell lines under stress conditions (14). The present study 
investigated whether MIF, at the concentration that protected 
MSCs from apoptosis under hypoxia/SD, also promoted 
autophagy. MIF was observed to promote autophagy, as 
demonstrated by the conversion of LC3BI to LC3BII (ratio of 
LC3BII to LC3BI), compared with the hypoxia/SD+MIF cells: 
0.82±0.01 vs. 0.30±0.01 (P<0.05; Fig. 2A and B). MIF‑induced 
activation of MSC autophagy was further confirmed by the 
increased expression level of Atg5 (5.23±0.20 vs. 1.00±0.00; 
P<0.05; Fig. 2C and D) and Beclin‑1 (3.03±0.19 vs. 1.00±0.00; 
P<0.05; Fig. 2E and F).

MIF exposure activates the AMPK/mTOR signaling pathway. 
The AMPK/mTOR signaling pathway is an important regu-
lator of autophagy in multiple cell types (15,32). Therefore, 
the current study investigated whether this signaling pathway 
mediates the anti‑apoptotic effect of MIF in MSCs (Fig. 3). 
Western blot analysis revealed low but detectable levels of 
p‑AMPK in control cells, but high levels of p‑mTOR. By 
contrast, MIF exposure induced a marked increase in the 
ratio of p‑AMPK to AMPK (4.97±0.18 vs. 1.00±0.00; P<0.05; 
Fig. 3A and C), but a decreased ratio of p‑mTOR to mTOR 
(0.30±0.02 vs. 1.00±0.00; P<0.05; Fig. 3B and D).

Anti‑apoptotic effect of MIF is induced by autophagy 
and mediated by the AMPK/mTOR signaling pathway. 
Previous studies have identified that autophagy induced 
by the AMPK/mTOR signaling pathway is important in 
resistance to apoptosis  (15). To investigate whether MIF 
activates the AMPK/mTOR signaling pathway and induces 
autophagy to exert an anti‑apoptotic effect in MSCs, the 
AMPK inhibitor, Compound C or the autophagy inhibitor, 
3‑MA was administered to MSCs prior to treatment with 
MIF. Subsequently, the cells were exposed to hypoxia/SD. 
Apoptosis was measured using flow cytometric assays, which 
indicated that the fold increase in apoptotic index relative to 
the control, following hypoxia/SD exposure, was decreased 
by MIF treatment (6.70±0.30 vs. 3.05±0.17; P<0.05; Fig. 4). 
This effect was reversed by the autophagy inhibitor, 3‑MA 
(6.81±0.25 vs. 3.05±0.17; P<0.05) and by the AMPK inhibitor, 
Compound C (6.79±0.27 vs. 3.05±0.17; P<0.05), suggesting 
that autophagy is induced by the AMPK/mTOR signaling 
pathway and is involved in the protection of MSCs against 
hypoxia/SD‑induced apoptosis.

Discussion

Autologous MSCs are effective as therapeutic agents when 
administered to regenerate the damaged myocardium, and 
restore heart function following transplantation into an 
ischemic or infarcted heart. Autologous MSCs are easily 
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prepared from adult patients and are immunologically safe (2). 
However, the extent of MSC engraftment is particularly low 
despite large numbers of implanted cells, this is primarily due 
to low cell survival in the ischemic microenvironment (33). 
Upon transplantation into ischemic tissue, MSCs encounter 
nutrient and oxygen deprivation and undergo apoptosis; thus, 
improving MSC survival rates under these conditions is a key 
issue in MSC‑based therapy. In the present study, autophagy 
induced by MIF is important in protecting MSCs from 
hypoxia/SD‑induced apoptosis via AMPK/mTOR‑associated 
signaling pathways, and may enable MSCs to withstand the 
growth factor fluctuations and nutrient deprivation that occurs 
in the ischemic microenvironment, particularly following 
AMI.

MIF is a pluripotent cytokine that is important in the 
cellular response to stress (14). MIF contributes to proliferation 
and survival by preventing cellular apoptosis. Previous studies 

observed that MIF enhances B cell survival, and demonstrated 
that MIF promotes cell survival and the proliferation of neural 
stem cells, suggesting that MIF may be an effective anti‑apop-
totic agent (8,13). Furthermore, MIF regulates key functions 
in myocardial ischemia injury and exhibits cardioprotective 
activity (12,34,35). During myocardial ischemia, MIF modulates 
the activity of various proteins involved in apoptosis and oxida-
tive stress, including AMPK and mTOR (36). Myocardial MIF 
may function as an endogenous protection mechanism against 
ischemic injury; in a previous study of patients with AMI, the 
serum concentration of MIF was elevated, suggesting that this 
pathway is active during cardiac ischemia (37). Circulating MIF 
may provide cardioprotection by elevating energy uptake, but 
also by protecting cardiomyocytes from apoptosis (9,12). The 
present study suggests that elevating MIF may enhance MSC 
survival via activation of pro‑survival signaling, and thus may 
provide cardioprotection during stem cell‑based therapy.

Figure 1. MIF protected MSCs against hypoxia/SD‑induced apoptosis. MIF (100 ng/ml) was added to the incubation medium throughout the hypoxia/SD 
treatment period. (A) Representative images of flow cytometric dot plot analyses of apoptotic cells following Annexin V/PI staining. (B) MIF was added to 
the culture media alone to investigate its effect on MSC viability. A Trypan Blue assay indicated that MIF ≤1,000 ng/ml was not toxic to cultured MSCs. 
(C and D) Each column of the bar chart represents the mean ± standard deviation of three independent experiments. *P<0.05 vs. control; ▲P<0.05 vs. hypoxia/SD. 
MIF, macrophage migration inhibitory factor; MSC, mesenchymal stem cell; SD, serum deprivation; PI, propidium iodide.

  A

  B

  C   D
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Figure 2. MIF promoted autophagy in MSCs under hypoxia/SD. Western blotting indicated that (A and B) LC3B‑II, (C and D) Atg5 and (E and F) Beclin‑1 
expression levels were increased by MIF under hypoxia/SD. The data represent the results of three independent experiments; *P<0.05 vs. hypoxia/SD group. 
MIF, macrophage migration inhibitory factor; MSCs, mesenchymal stem cells; SD, serum deprivation; Atg5, autophagy protein 5.

  A   B

  C   D

  E   F

Figure 3. MIF exposure activated the AMPK/mTOR signaling pathway. The AMPK/mTOR signaling pathway in MSCs was examined by western blotting 
following MIF treatement. Western blot analysis demonstrated that (A) p‑AMPK was upregulated by MIF treatment and (B) p‑mTOR was downregulated by 
MIF treatment. (C and D) Bar charts represent the results of three independent experiments; *P<0.05 vs. control. MIF, macrophage migration inhibitory factor; 
AMPK, AMP‑activated protein kinase; mTOR, mammalian target of rapamycin; MSC, mesenchymal stem cell; p, phosphorylated.

  D  C

  B  A
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Decreased cell survival under ischemic stress is an obstacle 
for stem cell‑based therapy. One cellular response, which is 
critical for cell survival under metabolic stress and energy star-
vation, is autophagy, which is a catabolic process that delivers 
cytoplasmic components to lysosomes for degradation (38). 
Hypoxia and SD are energy‑limiting stressors and, under these 

conditions, adaptive autophagy is essential for cell survival by 
increasing cellular energy supply, and eliminating damaged 
organelles and free radicals (39,40). Recently MIF has been 
implicated in the control of autophagy as a regulator of cellular 
fate  (9). Under stress conditions, MIF induced autophagy 
to maintain heart function and protect cardiomyocytes from 

Figure 4. Anti‑apoptotic effect of MIF was induced by autophagy via the AMPK/mTOR signaling pathway. MSCs were pretreated with autophagy inhibitor 
3‑MA (5 µM) or AMPK inhibitor, Compound C (10 µM) for 90 min in complete medium prior to exposure to hypoxia/SD. MIF (100 ng/ml) was added in 
the presence of the inhibitor at the beginning of hypoxia/SD exposure. All therapeutic agents were maintained in the incubation medium throughout the 
hypoxia/SD treatment period. Apoptosis was quantified by flow cytometry. (A) Representative images of flow cytometric dot plot analyses of apoptotic 
cells following Annexin V/PI staining. (B) Composite values of the apoptotic index presented as fold change from the control. Each column represents the 
mean ± standard deviation of three independent experiments; *P<0.05 vs. control; ▲P<0.05 vs. hypoxia/SD + MIF. MIF, macrophage migration inhibitory 
factor; AMPK, AMP‑activated protein kinase; mTOR, mammalian target of rapamycin; MSC, mesenchymal stem cell; SD, serum deprivation; PI, propidium 
iodide.

  A

  B
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apoptosis (9). Similarly, in the present study, MIF protected 
MSCs from apoptosis, which was accompanied by an increase 
in autophagy. The protective effect of MIF was eliminated by 
the autophagy inhibitor, 3‑MA, confirming that MIF exerted its 
anti‑apoptotic effect by modulating autophagy in MSCs.

AMPK is a stress‑signaling kinase, and a key regulator 
of energy generation and consumption pathways, which 
protect cells against hypoxic injury and cell death (32,41). 
The release of endogenous MIF from ischemic myocardium 
has been demonstrated to stimulate AMPK activation in a 
paracrine manner, leading to enhanced glucose uptake and 
a beneficial tissue‑protective response (12). A major mecha-
nism underlying the effect of AMPK is the modulation of 
autophagy under stress conditions (9). During hypoxia/SD or 
other energy shortage situations, AMPK may act as a sensor of 
cellular energy change and become activated by a decreased 
ATP/AMP ratio (32,41). In addition, mTOR, a major down-
stream target of AMPK, stimulates autophagy by inactivating 
mTOR complex 1, an inhibitor of the autophagy pathway (42). 
Thus, the AMPK/mTOR signaling pathway is hypothesized to 
be a positive regulator of autophagy during hypoxia, starva-
tion, or other energy stress events (14,42). The current study 
indicated that MIF increased AMPK phosphorylation and 
decreased mTOR phosphorylation, while inhibition of AMPK 
blocked the anti‑apoptotic effect of MIF. These results suggest 
that the AMPK/mTOR signaling pathway serves as a potential 
underlying mechanism by which MIF promotes autophagy in 
MSCs to resist hypoxia/SD‑induced apoptosis.

In conclusion, MIF may be able to promote MSC survival 
under conditions that mimic the ischemic myocardium. The 
results of the current study suggest that MIF protects MSCs 
from hypoxia/SD‑induced apoptosis by regulating autophagy 
via the AMPK/mTOR signaling pathway. These results high-
light potential novel therapeutic strategies for protecting MSCs 
from apoptosis, and provide a basis for the clinical application 
of MIF and MSCs in cardiac regeneration therapeutic strategies.
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