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Abstract. In recent years, the association between saturated 
fatty acids (FA) and bone cells has received a high level of 
attention. Previous studies have shown that palmitate (PA), a 
common saturated FA, can cause apoptosis in bone marrow 
mesenchymal stem cells (BMSCs). However, whether PA 
can induce autophagy, an important intracellular protec-
tion mechanism that is closely associated with apoptosis, in 
BMSCs is still unknown; the association between autophagy 
and apoptosis is also unclear. The aim of the present study was 
to determine whether PA can induce autophagy in BMSCs. 
When BMSCs were treated with PA for >18 h, p62 began 
to accumulate, indicating that autophagic flux was impaired 
by prolonged exposure to PA. In addition, the proportion of 
apoptotic cells was increased when autophagy was inhibited 
by the autophagy inhibitor 3-methyladenine. Furthermore, 
inducing autophagy by pretreating cells with rapamycin, a 
known inducer of autophagy, markedly reduced PA-induced 
apoptosis, suggesting that autophagy may serve a protective 
role in PA-induced apoptosis in BMSCs. PA also increased 
intracellular reactive oxygen species (ROS) production, which 
was decreased by the antioxidant N‑Acetyl‑cysteine, and 
promoted the activation of c-Jun N-terminal kinases (JNKs) 
and p38 mitogen-activated protein kinase (MAPK). The addi-
tion of JNK and p38 MAPK inhibitors substantially reduced 
autophagy. Therefore, the results indicated that PA can induce 
autophagy in BMSCs and protect cells from PA-induced apop-
tosis through the ROS-JNK/p38 MAPK signaling pathways. 
These results may improve the general understanding of the 
mechanisms through which BMSCs adapt to PA-induced 

apoptosis. The present study also provides a novel approach 
for the prevention and treatment of PA‑induced lipotoxicity.

Introduction

Osteoporosis is an important public health issue, especially 
for postmenopausal women and the elderly, and is caused 
by unequilibrated bone remodeling resulting from decreased 
bone formation and/or accelerated bone resorption (1). 
In osteoporotic patients, bone marrow fat increases and 
bone mass decreases (2). Previous studies have confirmed 
that increased bone marrow fat may have toxic effects on 
bone cells through the release of saturated fatty acids (FA), 
which results in reduced bone mass (3-5). Moreover, high 
saturated FA consumption was shown to be associated with 
an increased risk of osteoporotic fractures (6). As the most 
common saturated FA in humans, palmitate (PA) has been 
widely investigated to evaluate the effects of FAs on various 
cell types (7,8). In bone cells, lipotoxicity has been reported in 
osteoblasts after exposure to PA (5,9).

Autophagy is an evolutionarily conserved process for 
the catabolism of damaged proteins and organelles in the 
cell to maintain intracellular environmental homeostasis 
by ‘self-clearing’ (10,11). Studies suggest that moderate 
autophagy is required for coping with cellular stress, inhibition 
of apoptosis, and is conducive to cell survival; however, the 
persistence of adverse factors can lead to excessive autophagy, 
which induces cell death (12). Autophagy can be found in all 
types of bone cells, and plays an important role in osteogen-
esis (13,14). Bone marrow mesenchymal stem cells (BMSCs) 
are multipotent cells that can differentiate into osteoblasts and 
other cell types such as adipocytes and chondrocytes (15). 
Previous studies have shown that PA can cause apoptosis in 
human MSCs (15,16); however, it is still unknown whether 
PA can cause autophagy, and the effects of autophagy on 
PA-induced apoptosis remain unclear.

Previous studies have confirmed that PA released by 
adipocytes can induce apoptosis in osteoblasts by increasing 
reactive oxygen species (ROS) production (17). In addition, 
ROS has been shown to be a strong signal for the activation of 
c-Jun N-terminal kinases (JNKs); JNK activation may mediate 
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antioxidant responses including the induction of autophagy 
and cell death (18). Furthermore, the p38 mitogen-activated 
protein kinase (MAPK) has been shown to regulate autophagy 
in response to chemotherapy drugs (19). However, whether 
JNK and p38 MAPK play a role in PA-induced autophagy in 
BMSCs remains unclear. Therefore, we studied the correlation 
of ROS, JNK, and p38 MAPK with autophagy induced by PA, 
as well as the role of autophagy in apoptosis in BMSCs.

Materials and methods

Reagents. Antibodies against cleaved caspase-3 (9679S, 1:800), 
p62 (39749S, 1:800), JNK (9252S, 1:1,000), phospho-JNK 
(4668S, 1:800), p38MAPK (8690S, 1:1,000), phospho-p38 
MAPK (4511S, 1:800), β-Actin (8457S, 1:3,000) and GAPDH 
(5174S, 1:3,000) were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Antibodies for LC3B-II 
were purchased from Abcam (ab51520, 1:3,000; Cambridge, 
MA, USA). Fetal bovine serum (FBS) was obtained from 
Gemini Bio Products (900108; Woodland, CA, USA). FA-free 
bovine serum albumin (BSA) was obtained from Solarbio 
(A8850; Beijing, China). PA (P0500), SP600125 (S5567), 
and SB203580 (S8307) were purchased from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany). Rapamycin (RA, 
S1039) and 3-methyladenine (3-MA, S2767) were obtained 
from Selleck Chemicals (Houston, TX, USA).

Cell culture. BMSCs derived from Sprague-Dawley rats 
were purchased from Cyagen Biosciences (RASMX-90011; 
Shanghai, China). According to tests conducted by the 
supplier, the majority of BMSCs were positive for CD29, 
CD44 and CD90; negative for CD11, CD34, and CD45; and 
had the potential to differentiate into osteoblasts, adipocytes, 
and chondrocytes. Cells were plated in growth media at 37˚C 
with 5% CO2. Growth media was composed of DMEM/F12 
(SH30026.01B; HyClone; GE Healthcare Life Sciences, Logan, 
UT, USA) and 10% FBS. After reaching approximately 90% 
confluence, cells were trypsinized, detached, and passaged. 
BMSCs were between passages 3 and 8 for all experiments.

PA preparation. The PA stock solution was prepared, and 
treatment was performed as previously described (5,9). 
Briefly, the stock solution was prepared by dissolving PA (final 
concentration: 10 mM) in 0.01 M NaOH at 70˚C for 30 min 
with FA-free BSA. The molar ratio of PA to BSA was 7:1. The 
stock solution was added to a serum-free medium to achieve a 
final concentration of 0.5 mM PA and 1% BSA. Control cells 
were treated with 1% BSA only.

Cell viability assay. BMSCs were seeded in 96-well plates 
(6x103 cells/well) for 24 h. When 80% confluence was achieved, 
the culture medium was replaced with medium with or without 
increasing concentrations of PA (0.125-0.50 mM). Separately, 
BMSCs were also treated with 0.5 mM PA for different dura-
tions (0, 3, 6, 12, 18 and 24 h). Following PA treatment, 20 µl 
3‑[4,5‑dimethylthiazol‑2‑y]‑2,5‑diphenyltetrazolium bromide 
(MTT, KGA311; KeyGEN, Nanjing, China) was added to each 
well and incubated for 4 h at 37˚C. Thereafter, the medium 
containing MTT was discarded and 150 µl dimethyl sulfoxide 
(DMSO, ST038; Beyotime, Nantong, China) was added to each 

well and incubated for 10 min in the dark at room tempera-
ture. The absorbance at 490 nm (A490) was measured using a 
microplate reader. The cell survival rate (%) was calculated as 
follows: Experimental group A490/control group A490.

Apoptosis analysis. BMSCs were seeded in 6-well plates 
(2x105 cells/well) and treated with PA (0.125-0.50 mM) for 
24 h. Separately, the BMSCs were also treated with 0.5 mM 
PA for 24 h with or without 3-methyladenine (3-MA; 5 mM) 
or rapamycin (RA; 5 µM) pretreatment. Cells were then 
evaluated using the Annexin V‑FITC/PI apoptosis detec-
tion kit according to the manufacturer's instructions (AD10; 
Dojindo Molecular Technologies, Inc., Kumamoto, Japan). 
Briefly, BMSCs were harvested and washed three times with 
PBS before being resuspended in 400 µl binding buffer, then 
5 µl Annexin V‑FITC and PI were added to the samples and 
incubated for 15 min in the dark at room temperature. The 
samples were analyzed by a flow cytometer equipped with 
Modfit LT 3.0 (BD Biosciences, Franklin Lakes, NJ, USA), 
and results were analyzed using Cell Quest software. Different 
subpopulation was distinguished using the following criteria: 
Q1, necrotic cells (FITC-/PI+); Q2, late apoptotic cells 
(FITC+/PI+); Q3, viable cells (TITC-/PI-); Q4, early apoptotic 
cells (FITC+/PI-). The apoptotic rate was determined as the 
percentage of Q2 + Q4.

Measurement of caspase‑3/9 activity. The detection of 
caspase-3 and caspase-9 activity was performed using caspase 
colorimetric assay kits according to the manufacturer's 
instructions (KGA202 and KGA402; Keygen Biotech, Nanjing, 
China). Briefly, BMSCs were harvested and washed twice 
with PBS after treatment for 24 h, and then resuspended in 
lysis buffer and incubated on ice for 1 h. Subsequently, lysates 
were centrifuged at 10,000 x g for 1 min and the concentra-
tion of each sample was detected using a bicinchoninic acid 
(BCA) protein assay kit (AR1110; Boster, Wuhan, China). 
Accordingly, 150 µg total protein from each sample was 
combined with PBS to achieve a final volume of 50 µl, then the 
samples were incubated with 5 µl caspase substrate in the dark 
at 37˚C for 4 h. The A405 was measured using a microplate 
reader. Caspase-3 and caspase-9 activity were calculated as 
follows: Experimental group A405/control group A405.

Detection of intracellular ROS. BMSC ROS levels were 
detected using the ROS detection kit (S0033; Beyotime). Cells 
(2x105 cells/well) in 6-well plates were treated with variable 
concentrations of PA for 6 h at 37˚C. Thereafter, BMSCs were 
incubated with DCFH‑DA (5 mM) at 37˚C for 20 min, and 
washed three times with serum-free medium. ROS levels were 
measured using an inverted fluorescence microscope (IX71; 
Olympus Corporation, Tokyo, Japan). In addition, cells were 
harvested and washed twice with serum-free medium after 
treatment as indicated for 6 h at 37˚C, then resuspended in 
500 µl PBS with 5 mM DCFH-DA; the samples were then 
incubated for 20 min in the dark at 37˚C. Intracellular ROS was 
detected by flow cytometry (BD Biosciences) and analyzed 
using Cell Quest software.

Western blotting. After treatment, BMSCs were extracted with 
lysis buffer for 30 min and centrifuged at 14,000 x g for 30 min 
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at 4˚C. The supernatant containing total protein was harvested. 
The protein concentration in the extract was determined using 
the BCA protein assay (AR1110; Boster). Equal amounts 
of protein were loaded into each lane, separated by a 10 or 
12% SDS‑PAGE, and electroblotted onto PVDF membranes 
(LC2002; EMD Millipore, Billerica, MA, USA) at 50 or 
70 V for 100 min at 4˚C. The membrane was then blocked in 
5% non-fat milk for 1 h at room temperature. Subsequently, 
proteins were incubated using primary antibodies at 1:500 or 
1:1,000 dilution overnight at 4˚C. Next, the membrane was 
incubated with goat anti-rabbit secondary antibody conjugated 
to horseradish peroxidase (ZB‑2306, 1:8,000; ZSGB‑BIO, 
Beijing, China) for 2 h at room temperature. The protein signal 
was enhanced using a chemiluminescence system (DNR 
MF-ChemiBIS 3.2) and the band density was measured using 
ImageJ.

Transmission electron microscopy. After treatment with or 
without PA (0.5 mM) for 6 h at 37˚C, the cells were collected 
and fixed with 5% (v/v) glutaraldehyde. The cells were then 
conventionally dehydrated, embedded, sectioned, and stained. 
Transmission electron microscopy (TEM, H-7650; Hitachi, 
Ltd., Tokyo, Japan) was used to observe the formation of 
autophagosomes. The number of intracellular autophagosomes 
was counted in every ten fields.

Immunofluorescence staining. Cells (8x103 cells/well) were 
seeded in 24-well plates and treated with PA (0.50 mM) for 
6 h with or without 3-MA (5 mM) or N-Acetyl-cysteine (NAC; 
1 mM, S0077; Beyotime). Subsequently, cells were fixed in 
4% paraformaldehyde (P0099; Beyotime) for 15 min at room 
temperature and washed twice with PBS, then permeabilized 
with 0.2% triton X-100 (P0096; Beyotime) for 5 min at 
room temperature. Thereafter, cells were washed with PBS, 
incubated with 5% BSA for 1 h, and incubated in anti-LC3 
antibody (ab51520, 1:200; Abcam) overnight at 4˚C. The cells 
were then incubated with goat anti-rabbit secondary antibody 
labeled with fluorescein (ZF-0511, 1:400; ZSGB-BIO) for 
1 h at room temperature before staining with DAPI (C1006; 
Beyotime). Samples were photographed using a wide field 
fluorescent microscope (IX71; Olympus Corporation). The 
number of LC3 positive cells in each microscopic field was 
divided by the number of nuclei in the same field, and was 
regarded as the rate of LC3 positive cells.

Statistical analysis. All experiments were repeated three 
times. Quantitative data are presented as the mean ± standard 
error mean. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) 
was used for analysis. Statistical analysis was performed using 
Student's t-test or one-way analysis of variance followed by a 
Bonferroni post hoc test for multiple comparisons. Differences 
between groups were considered statistically significant at 
P<0.05.

Results

PA induces apoptosis in BMSCs. Considering that PA is the 
most ubiquitous FA in humans (including their bone marrow), 
and since PA induces apoptosis in other systems, in this 
study we tested whether it also induces these processes in 

BMSCs (20-22). Here we used a dose of PA that corresponds 
to the concentration secreted by adipocytes into the media (5), 
was already used in previous studies looking at PA-induced 
lipotoxicity in bone cells (5,9), and closely corresponds to the 
levels of PA found in bone marrow of human subjects (23).

To study the toxic effects of PA on BMSCs, cells were 
treated with increasing concentrations of PA (0.125-0.50 mM). 
PA caused a marked reduction of cell viability in BMSCs in 
a time- and dose-dependent manner (Fig. 1A). In addition, 
we measured the levels of cleaved caspase-3 in BMSCs. As 
shown in Fig. 1B, PA triggered the cleavage of caspase-3 in a 
dose‑dependent manner. Moreover, flow cytometry revealed 
a marked increase in apoptosis in BMSCs treated with PA 
(Fig. 1C and D). Collectively, these results indicated that PA 
can induce apoptosis in BMSCs.

PA induced autophagy in BMSCs, but autophagic flux 
decreased over time. To determine whether PA stimulated 
autophagy in BMSCs, we used TEM to observe and count 
autolysosomes. As shown in Fig. 2A and B, after treatment 
with PA (0.50 mM) for 6 h, the number of autolysosomes in 
BMSCs increased remarkably compared to control groups. 
In addition, fluorescence microscopy was used to observe 
cells with punctate aggregation (autolysosomes) of internal 
LC3 (Fig. 2C). Punctate aggregation increased substantially 
after treatment with PA for 6 h compared to the control 
groups (Fig. 2D); this result was consistent with the findings 
obtained via TEM. When cells were treated with 3-MA, a 
classical inhibitor of autophagy, punctate aggregation greatly 
decreased compared to the PA-treated groups without 3-MA 
(Fig. 2C).

Autophagic flux decreased after longer exposure to PA. 
We also measured the levels of LC3 and p62. After BMSCs 
were treated for 6 h with increasing concentrations of PA 
(0.125-0.50 mM), the LC3-II levels increased considerably, 
while p62 levels decreased (Fig. 3A and B) in a dose-depen-
dent manner. Furthermore, when BMSCs were treated with 
PA (0.5 mM) at various time-points, LC3B-II levels increased 
gradually starting from 3 h and peaked at 12 h, while p62 
levels were greatly attenuated at 3 h and reached a minimum 
at 12 h (Fig. 3C and D). However, p62 protein levels increased 
markedly at 18 and 24 h (Fig. 3C and D). These results suggest 
that PA can induce autophagy in BMSCs at early stages, but 
autophagy gradually reduced after longer exposure to PA.

PA‑induced apoptosis is accelerated by 3‑MA and inhibited 
by RA. To investigate the role of autophagy in PA-induced 
apoptosis of BMSCs, we used 3-MA, a classical inhibitor of 
autophagy, to inhibit autophagy. Additionally, RA, a clas-
sical autophagy inducer, was used to induce autophagy. 
We measured the viability of PA-treated BMSCs with or 
without pretreatment with 3-MA or RA. The results showed 
that BMSCs pretreated with 3-MA for 2 h had substantially 
reduced viability. Furthermore, RA pretreatment increased 
the viability of PA-treated BMSCs (Fig. 4A). In addition, 
caspase-3/9 activity was evaluated after PA treatment for 24 h, 
and was found to be increased after pretreatment with 3-MA 
for 2 h and decreased after RA pretreatment compared to cells 
treated with PA alone (Fig. 4B). Moreover, flow cytometry 
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revealed that 3-MA pretreatment increased PA-induced 
apoptosis (Fig. 4C and D), while RA pretreatment reduced 
PA-induced apoptosis in BMSCs (Fig. 4E and F).

In addition, western blotting indicated that 3-MA pretreat-
ment decreased the LC3-II levels in BMSCs, and increased 
cleaved caspase‑3 expression levels compared to cells treated 
with PA alone (Fig. 5A-C). Correspondingly, we found that RA 
pretreatment increased the levels of LC3-II in BMSCs, and 
reduced the levels of cleaved caspase-3 (Fig. 5A, C and D).

PA up‑regulated ROS production and ROS mediate 
PA‑induced autophagy in BMSCs. After BMSCs were 
exposed to various concentrations of PA (0.125, 0.25, 
0.50 mM) for 6 h, intracellular ROS levels were evaluated. 
Intracellular ROS levels increased as the dose of PA increased 
(Fig. 6B and C), suggesting that PA up-regulated ROS 
production in a dose-dependent manner. In addition, NAC, 
a commonly used antioxidant, was used to inhibit oxidative 
stress; cells incubated with NAC showed strong inhibition of 

Figure 1. PA promotes apoptosis in BMSCs. (A) Cells were treated with PA (0.125, 0.25 and 0.5 mM) for 24 h. Cell viability was measured using an MTT 
assay. The viability of BMSCs treated with PA (0.5 mM) at different times (0, 3, 6, 12, 18 and 24 h) was detected using an MTT assay. (B) Western blotting 
was performed to detect the cleaved caspase-3 levels in BMSCs treated with PA (0.125, 0.25 and 0.5 mM) for 24 h. (C) BMSCs treated with PA (0.125, 0.25 
and 0.5 mM) for 24 h were stained with Annexin V/PI and measured using flow cytometry. (D) The apoptosis ratio of PA‑treated BMSCs was obtained by 
flow cytometry. The apoptotic rate was determined as the percentage of Q2 + Q4. BMSCs treated with BSA were used as the control group. Data are shown as 
the mean ± standard error mean from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control (0 mM/0 h). PA, palmitate; BMSCs, bone 
marrow mesenchymal stem cells; PI, propidium iodide; BSA, bovine serum albumin.

Figure 2. PA induces autophagy in BMSCs. (A) Autophagosomes in BMSCs treated with PA (0.5 mM) for 6 h were observed by transmission electron micros-
copy. Arrows indicate autophagosomes. Scale bars, 2 µm; enlarged areas, 0.5 µm. (B) Quantitation of autophagosomes. (C) Fluorescence microscopy was 
used to observe internal LC3 (green) and nuclei (blue) in BMSCs treated with PA (0.5 mM) for 6 h with or without 3-MA (5 mM) pretreatment for 2 h. Scale 
bars, 50 µm. (D) LC3 puncta were quantified. Data are shown as the mean ± standard error mean from three independent experiments. *P<0.05 and ***P<0.001 
vs. BSA; ##P<0.01 vs. PA only-treated group. PA, palmitate; BMSCs, bone marrow mesenchymal stem cells; LC3, light chain 3; 3-MA, 3-methyladenine; BSA, 
bovine serum albumin.
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Figure 3. Effect of PA on the expression of LC3II and p62 in BMSCs. (A) Western blotting to detect the expression of LC3 and p62 in BMSCs treated with PA 
(0.125, 0.25 and 0.5 mM) for 6 h. (B) Quantitative analysis of LC3II and p62 protein expression. (C) The expression of LC3 and p62 in BMSCs treated with PA 
(0.5 mM) at different times (0, 3, 6, 12, 18 and 24 h) was detected by western blotting. (D) Quantitative analysis of LC3II and p62 protein expression. Data are 
shown as the mean ± standard error mean from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control (0 mM/0 h); #P<0.05 and ##P<0.01 
vs. BMSCs treated with PA for 12 h. PA, palmitate; BMSCs, bone marrow mesenchymal stem cells; LC3, light chain 3.

Figure 4. Autophagy protects BMSCs against PA‑induced apoptosis. (A) Viability of BMSCs treated with PA (0.5 mM) for 24 h with or without 3‑MA 
(5 mM) or RA (5 µM) pretreatment was detected using an MTT assay. (B) Caspase-3/9 activity of BMSCs treated with PA (0.5 mM) for 24 h with or without 
3-MA (5 mM) or RA (5 µM) pretreatment was evaluated by caspase colorimetric assay kits. (C) Apoptosis of BMSCs treated with PA (0.5 mM) or PA 
(0.5 mM) + 3‑MA (5 mM) for 24 h was estimated using Annexin V/PI staining. (D) Quantification analysis of apoptotic cells in 3‑MA studies. (E) Apoptosis 
of BMSCs treated with PA (0.5 mM) or PA (0.5 mM) + RA (5 µM) for 24 h was estimated using Annexin V/PI staining. (F) Quantification analysis of 
apoptotic cells in RA studies. The apoptotic rate was determined as the percentage of Q2 + Q4. Data are shown as the mean ± standard error mean from three 
independent experiments. *P<0.05 and **P<0.01 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. PA only-treated group. PA, palmitate; BMSCs, bone 
marrow mesenchymal stem cells; 3-MA, 3-methyladenine; RA, rapamycin; BSA, bovine serum albumin.
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PA-induced ROS production (Fig. 6A). To explore whether 
ROS play a role in the activation of PA-induced autophagy, 
we investigated the role of NAC in autophagy. Western blot 
analysis showed that NAC markedly decreased the levels of 

LC3B-II (Fig. 7A and B). Furthermore, immunofluorescence 
staining revealed that the rate of LC3-positive cells was 
lower in cells treated with NAC and PA than in those treated 
with PA alone (Fig. 6D and E). These results suggest that 

Figure 5. Autophagy protects BMSCs against PA-induced apoptosis. (A) Western blotting to detect the LC3, p62 and cleaved caspase-3 levels in BMSCs treated 
with PA (0.5 mM) for 24 h with or without 3‑MA (5 mM) or RA (5 µM) pretreatment. (B) Quantitative analysis of LC3II protein expression. (C) Quantitative 
analysis of cleaved caspase‑3 protein expression. (D) Quantitative analysis of p62 protein expression. Data are shown as the mean ± standard error mean from 
three independent experiments. *P<0.05 and **P<0.01 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. PA only-treated group. PA, palmitate; BMSCs, 
bone marrow mesenchymal stem cells; LC3, light chain 3; 3-MA, 3-methyladenine; RA, rapamycin.

Figure 6. PA upregulates ROS production and in turn, ROS mediates PA-induced autophagy in BMSCs. (A) BMSCs were treated with PA (0.5 mM) for 6 h with 
or without NAC (1 mM) and incubated with 2',7'‑dichlorodihydrofluorescein diacetate. Fluorescence microscopy was used to measure intracellular ROS levels 
(magnification, x400). Scale bars, 20 µm. (B) Following BMSC exposure to PA (0.125, 0.25 and 0.50 mM) for 6 h, intracellular ROS levels were determined. 
Intracellular ROS levels increased as the dose of PA increased. (C) Quantification analysis of ROS. (D) Fluorescence microscopy was used to observe internal 
LC3 (green) and nuclei (blue) in BMSCs treated with PA (0.5 mM) for 6 h with or without NAC (1 mM). Scale bars, 50 µm. (E) LC3 puncta were quantified. 
Data are shown as the mean ± standard error mean from three independent experiments. **P<0.01 and ***P<0.001 vs. control group (0 mM/BSA); ##P<0.01 
vs. PA only‑treated group. PA, palmitate; ROS, reactive oxygen species; BMSCs, bone marrow mesenchymal stem cells; NAC, N‑Acetyl‑cysteine; LC3, light 
chain 3; H2O2, hydrogen peroxide.
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PA may induce autophagy by up-regulating ROS levels in 
BMSCs.

PA induces autophagy through the ROS‑JNK/p38 MAPK 
pathway in BMSCs. We further investigated the mechanism of 
PA-induced autophagy in BMSCs. Western blotting revealed 
that the expression of P‑JNK and P‑p38 MAPK increased with 
increasing PA concentrations (Fig. 7C and D). Furthermore, 
pretreatment with the JNK inhibitor SP600125 or the p38 
MAPK inhibitor SB203580 greatly reduced PA-induced 
autophagy (Fig. 7E and F). Furthermore, NAC was used to 
observe whether ROS is involved in the activation of JNK and 
p38 MAPK. As expected, the phosphorylation of JNK and p38 
MAPK were inhibited by NAC (Fig. 7A and B). Therefore, 
PA may induce autophagy in BMSCs via the ROS-JNK/p38 
MAPK pathway.

Discussion

The inverse relationship between bone marrow adipose tissue 
(MAT) and bone mass in the process of aging and the devel-
opment of osteoporosis has been well established (24,25). 
Recent studies demonstrated that bone mass and MAT are 
inversely correlated (26,27). Adipocytes are an important 
part of the bone marrow, but their physiological function 
in the bone marrow stem cell niche and the consequence of 
their excessive accumulation in pathological entities remain 
unclear (28). Although they have long been considered as 
inert cells, it is now widely accepted that adipocytes consti-
tute a metabolically active depot that may affect skeletal 

metabolism (3,29-31). Through the release of FAs, marrow 
adipocytes may generate a local microenvironment that 
could impair the viability and function of bone cells (31-33). 
Recent studies demonstrated that adipocytes liberate factors 
that inhibit preosteoblast proliferation and differentia-
tion (34,35). Moreover, MSC-derived adipocytes enhanced 
Ob apoptosis via the release of saturated FA (5,36). In fact, a 
higher consumption of saturated FA is negatively correlated 
with bone mineral density and is associated with an increased 
risk of osteoporotic fractures (6,37).

As multipotent cells that can differentiate into osteoblasts 
and chondrocytes, BMSCs are crucial for maintaining bone 
mass. In osteoporotic and aging patients, the quantity of 
MSCs is reduced and is correlated with increased MSC 
apoptosis (38). PA is a highly prevalent saturated FA that 
can induce apoptosis and autophagy (20,22). We found that 
PA-treated BMSCs showed a considerable reduction in cell 
viability in a time- and dose-dependent manner. This result 
was validated by increased expression of the apoptotic factor 
cleaved caspase‑3. The Annexin V/PI staining assay further 
confirmed the apoptotic effects of PA.

Both autophagy and apoptosis have been identified as key 
determinants in skeletal maintenance (13,39). PA-induced 
autophagy is considered to be a ubiquitous process, and has 
been induced in other cell lines (40). When autophagy is 
induced, LC3 levels are up-regulated. In this study, western 
blotting revealed that the levels of LC3-II increased greatly 
after incubation for 3-12 h. p62, a biomarker of the degradation 
of autolysosomes that is negatively correlated with autophagy, 
was decreased in BMSCs treated with PA from 3-12 h; this 

Figure 7. PA induces autophagy through the ROS-JNK/p38 MAPK signaling pathway in BMSCs. (A) Western blotting was used to detect (B) LC3, p-JNK, 
JNK, p-p38 MAPK and p38 MAPK levels in BMSCs treated with PA (0.5 mM) for 6 h with or without NAC (1 mM). (C) Western blotting was also performed 
to determine (D) the levels of p-JNK, JNK, p-p38 MAPK and p38 MAPK in BMSCs treated with PA (0.125, 0.25 and 0.5 mM) for 6 h. (E and F) BMSCs 
were pretreated with the inhibitor of JNK (SP600125), or the inhibitor of p38 MAPK (SB203580) for 1 h, then treated with PA (0.5 mM) for 6 h. (E) Western 
blot to detect (F) LC3II and p62 levels in different groups. Data are shown as the mean ± standard error mean from three independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. PA only‑treated group. PA, palmitate; ROS, reactive oxygen species; JNK, 
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; BMSCs, bone marrow mesenchymal stem cells; LC3, light chain 3; p-, phospho-; NAC, 
N-Acetyl-cysteine.
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is in accordance with the change in LC3 levels, implying 
the activation of autophagy. However, after 12 h, p62 began 
to accumulate, p62 is a substrate and regulatory protein of 
mammalian autophagy (41). The cellular p62 level is inversely 
proportional to the number of autophagy lysosomes and is 
an important indicator of autophagosome clearance. The 
increase of p62 observed here suggested that the autophagy/
lysosomal degradation pathway was inhibited, and autophagic 
flow was blocked and gradually weakened, suggesting that 
autophagy was gradually weakened after longer exposure to 
PA. Consistent with the changes of p62 protein levels, previous 
research found that, in H9c2 cells, the phosphorylation of 
p70S6K, a direct downstream target of mTORC1, was reduced 
from 6 to 18 h, and then increased thereafter, following PA 
treatment for 24 h, suggesting that the activity of mTORC1 
was initially suppressed when PA promoted autophagic flux in 
the case of short‑term exposure (42). However, mTORC1 was 
reactivated and the autophagic flux was blocked by prolonged 
PA treatment, thus leading to the decrease of autophagy.

Studies have suggested that autophagy could inhibit 
apoptosis and facilitate cell survival (20,43). A recent study 
suggested that autophagy induction could lead to a survival 
response against oxidative stress in BMSCs (44). We found 
that further increases in autophagy induced by RA reversed 
PA-induced apoptosis. Conversely, the proportion of apoptotic 
cells was increased when autophagy was inhibited by 3-MA. 
This finding was consistent with previous results showing that 
autophagy may play a protective role in BMSCs to prevent 
PA-induced apoptosis. Taken together, these results suggest 
that further induction of autophagy could reverse PA-induced 
apoptosis in BMSCs at early stages. However, as autophagy 
gradually weakened after 12 h, its protective effect against 
PA-induced apoptosis was limited. Since apoptosis is inevi-
table under prolonged PA exposure, the number of apoptotic 
BMSCs increased significantly.

Under normal physiological conditions, the generation of 
ROS is a regular part of cellular metabolism (45). However, 
research on the lipotoxicity of adipocytes has demonstrated 
that excessive and long‑term treatment with PA induced 
excessive accumulation of intracellular ROS in different cell 
types (46-49). It is believed that ROS are produced via multiple 
processes, such as the mitochondrial electron transport chain, 
NOX, nitric‑oxide synthase, and xanthine oxidase (46). 
Among these possibilities, NOX may be the predominant 
source of ROS in different cell types (46,47,49). Previous 
studies have shown that PA exposure causes Src activation 
and increased NOX activity through Src signaling, leading to 
overproduction of ROS (46). It is well known that excessive 
levels of ROS not only directly damage cells by oxidizing 
DNA, protein, and lipid, but also indirectly damage cells by 
activating a variety of stress-sensitive intracellular signaling 
pathways (50,51). Meanwhile, accumulation of ROS and reac-
tive nitrogen species cause oxidative stress, which has been 
proposed to induce autophagy in different cell types (42,44). In 
this study, we found that PA up-regulated ROS production in 
a dose-dependent manner in BMSCs. In addition, pretreating 
cells with NAC, a well‑known antioxidant, strongly inhibited 
PA-induced autophagy in BMSCs. These results suggested 
that PA induced accumulation of intracellular ROS in BMSCs. 
Furthermore, excessive ROS accumulation might disturb 

cellular homeostasis, resulting in apoptosis (52). Meanwhile, 
as a protective mechanism under various environmental 
stresses, autophagy is also activated to decrease the rate of 
ROS-induced apoptosis.

Previous studies have suggested that apoptosis and 
autophagy might be triggered by common upstream signals. On 
a molecular level, this means that the apoptotic and autophagic 
response mechanisms share common pathways (53,54). ROS 
production may lead to oxidative stress that mediates increased 
autophagy and decreased ROS-induced apoptosis (55). In 
addition, apoptotic stimuli may trigger JNK and p38 MAPK 
activation through ROS production (18,56). ROS has also been 
shown to be closely related to this signal pathway (57,58). 
A recent study suggested that autophagy was induced in 
colon cancer cells treated with bufalin, an anti-cancer drug. 
Bufalin relies on ROS generation, which leads to the activa-
tion of the JNK pathway (59). In our study, we found that PA 
promoted the activation of JNK and p38 MAPK in BMSCs 
in a dose-dependent manner. We also investigated whether 
this signal pathway was involved in PA-induced autophagy. 
Pretreatment with the JNK inhibitor SP600125 or the p38 
MAPK inhibitor SB203580 markedly reduced PA-induced 
autophagy and inhibited PA-triggered activation of JNK and 
p38 MAPK. Taken together, these results indicate that the 
ROS-JNK/p38 MAPK pathway plays an important role in 
PA-induced autophagy.

In conclusion, the present study demonstrated that PA 
can induce autophagy, and that prolonged PA treatment 
may reduce autophagy in BMSCs. Moreover, we found that 
autophagy can protect cells against PA-induced apoptosis in 
BMSCs. Furthermore, PA might induce autophagy through 
the ROS-JNK/p38 MAPK pathway in BMSCs. Combined 
with the above conclusions and our findings, we postulated 
that apoptosis induced by palmitate in this in vitro assay may 
serve as an explanation for osteoporosis in high saturated FA 
consumption people. Our findings can improve the general 
understanding of the mechanisms through which BMSCs 
adapt to PA-induced apoptosis. This study also provides a 
novel approach for the prevention and treatment of PA-induced 
lipotoxicity in bone cells. However, it is undeniable that the 
pathogenesis of osteoporosis is complex, and the relationship 
between FA and osteoporosis still requires in vivo experiments 
for further studies.
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