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Abstract. Mesenchymal stem cells (MSCs) show immunosup-
pressive activities and alleviate atherosclerosis (AS) formation 
in apolipoprotein E‑knockout (apoE‑KO) mice. Human amnion 
mesenchymal stem cells (hAMSCs), a particular population of 
mesenchymal stem cells, have been shown to have immuno-
modulatory abilities. The present study investigated the effects 
of hAMSCs treatment on early atherosclerotic plaque forma-
tion and the progression of established lesion in apoE‑KO 
mice. In total, 36 mice were fed with a high‑fat diet. Mice 
were subjected to hAMSCs‑injection treatment simultane-
ously with high‑fat diet (early treatment) or after 8 weeks of 
high‑fat diet (delayed treatment). In each treatment, mice were 
divided into three groups: i) hAMSCs group with hAMSCs 
treatment; ii) PBS group injected with PBS; and iii) control 
group without injection. Histological results showed that the 
plaque area in the aortic arch of mice was significantly reduced 
after hAMSCs treatment in the early and delayed treatment 
groups. In addition, immunohistochemical analysis suggested 
that the accumulation of macrophages was significantly 
decreased after hAMSCs treatment. Similarly, the release of 
the pro‑inflammatory cytokine tumor necrosis factor‑α was 

also decreased, whereas the release of the anti‑inflammatory 
cytokine interleukin‑10 was increased. In addition, hAMSCs 
treatment suppressed the phosphorylation of p65 and inhibitor 
of κB‑α, suggesting that NF‑κB pathway was involved in 
the hAMSCs‑mediated suppression of immune response. In 
conclusion, hAMSCs treatment was effective in reducing 
immune response, which is the one of the major causes of AS, 
eventually leading to a significant reduction in size of athero-
sclerotic lesions.

Introduction

Cardiovascular diseases have attracted increasing attention in 
the research community due to the fact that are the leading causes 
of mortalities worldwide, presenting the largest morbidity and 
mortality rates (1). Atherosclerosis (AS) is the main cause of 
cardiovascular disease (2,3), which is an attractive topic due 
to its complex pathogenesis and the involvement of multiple 
cell types (4). Inflammation is an important factor in AS, and 
it is involved in each stage of the disease (5). Inflammation 
can oxidize the low‑density lipoproteins, inducing the chemo-
taxis of monocyte, leading to the differentiation of monocytes 
into macrophage foam cells and the secretion of active 
molecules, eventually causing the formation of atherosclerotic 
plaques (3). The modified oxidized low‑density lipoproteins 
can act as antigens, aggravating the inflammatory response 
in the arterial vessels, ultimately affecting the stability of the 
AS plaque (2,6,7). Therefore, an increasing number of studies 
have reported that anti‑inflammatory treatments are effective 
methods to alleviate AS (8‑10).

Among all the cells that take part in the AS process, 
macrophages have an important role, not only in the uptake 
of cholesterol lipoproteins, becoming foam cells, but in 
cytokine production in the atherosclerotic area  (11). As 
the largest number of inflammatory cells in the AS lesion, 
macrophages can produce pro‑inflammatory, such as tumor 
necrosis factor  (TNF)α, and anti‑inflammatory cytokines, 
such as interleukin (IL)‑10. In addition, previous studies have 
demonstrated that pro‑inflammatory cytokines can promote 
AS development, whereas anti‑inflammatory cytokines have 
an anti‑atherosclerotic effect (12,13).
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Currently, drug therapy for atherosclerosis includes, in 
particular, the use of statins, which were shown to have a signif-
icant effect in reducing the risk of cardiovascular disease (14). 
Statins have anti‑inflammatory effects that lower the concen-
tration of lipids, thus benefiting patients with cardiovascular 
disease  (3). However, many patients cannot tolerate statin 
drugs or cannot follow long‑term treatments, and do not show 
the expected reduction in lipid levels (3). In addition, large 
clinical trials have shown that the reduction of cardiovascular 
risk by statins treatment is still unsatisfactory (15‑17). Some 
patients continue to suffer from the expected cardiovascular 
events under statin treatment (3). Therefore, it is necessary to 
find new methods for the treatment of atherosclerosis aimed to 
inhibit the development of atherosclerosis by reducing inflam-
mation or suppressing the formation of foam cells.

An increasing number of studies have shown that stem cells 
have an important role in tissue repair and anti‑inflammation (18). 
In particular, numerous experimental studies have proven that 
mesenchymal stem cells (MSCs) have anti‑inflammatory and 
immunological properties (19‑24). At present, MSCs are used to 
control the development of AS (5,25). Previous studies suggested 
that MSCs can regulate the role of various inflammatory cells 
such as macrophages and inhibit the formation of plaques by 
inhibiting inflammatory responses (5,25).

Recently, multiple studies focused on the role of macro-
phages in atherosclerosis progression (5,25‑27). Macrophages 
can be classified into M1 macrophages and M2 macrophages 
according their phenotype, M1 macrophages show dynami-
cally shifting in a range spanning from a pro‑inflammatory 
phenotype, and M2 macrophages show a pro‑regenerative 
phenotype (28). The functions of macrophages are mediated 
primarily by a complex milieu of soluble mediators that influ-
ence local cells (29,30). MSCs can induce the polarization to 
M2 macrophages, which modulate inflammation and immune 
response by secreting a variety of cytokines that inhibit several 
aspects involved in AS development (18).

MSCs were first identified in the bone marrow and 
subsequently in various tissues such as the synovial 
membrane (31‑33). Human amnion MSCs (hAMSCs), which 
are isolated from amniotic membrane of human placenta, not 
only have MSCs characteristics and differentiation potential, 
but also have many advantages such as low risk of tumor 
formation, low immunogenicity, strong paracrine function and 
are easily obtained (34,35). These properties make hAMSCs 
a suitable potential resource for clinical applications  (36). 
The immunomodulatory properties of hAMSCs have been 
previously identified, including the influence of T‑cell prolif-
eration, the inhibition of dendritic cell differentiation and 
maturation (37), and the inhibition of macrophage‑mediated 
production of inflammatory cytokines (38,39). Therefore, the 
present study investigated the effect of hAMSCs on the inhibi-
tion of the formation and progression of atherosclerotic plaque 
in apolipoprotein E‑knockout (apoE‑KO) mice by regulating 
the function of inflammatory macrophages, suggesting a 
therapeutic potential of hAMSCs for the treatment of AS.

Materials and methods

hAMSCs isolation and cell culture. The amnion samples of 
normal pregnancies were obtained after caesarean section. 

The present study was approved by the Ethical Committee for 
Medical Scientific Research of the First Affiliated Hospital 
at China Medical University [approval no.  (2016)105] and 
the informed consent was obtained from all patients. In the 
present study, 32 pregnant women (age range, 25‑35 years) 
were enrolled between July  2016 and December  2016 in 
the First Affiliated Hospital at China Medical University. 
The isolation and culture of hAMSCs were performed as 
previously described (40). Briefly, the amnion samples were 
treated with collagenase IV (Sigma‑Aldrich; Merck KGaA) 
and DNase I (Takara Bio, Inc.) after manual separation from 
the chorion. hAMSCs were cultured at 37˚C in DMEM/F12 
(Hyclone; GE Healthcare Life Sciences) containing 10% FBS 
(Hyclone; GE Healthcare Life Sciences), 1% penicillin strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.) and 10 mmol/ml 
fibroblast growth factor‑2 (PeproTech, Inc.). hAMSCs were 
passaged every 72 h for 3‑6 times.

Flow cytometric characterization of hAMSCs. Flow cytom-
etry was used to detect stem cell‑related cell surface markers 
on hAMSCs. hAMSCs were cultured at 37˚C for 48 h prior 
to analysis. Then, cells were harvested, washed, resuspended 
with 1X PBS containing 1% BSA. Cells were counted and 
diluted to 5x106 cells/100 ml and incubated for 1 h on ice. 
Subsequently, cells were incubated with monoclonal phyco-
erythrin‑conjugated antibodies for CD44 (cat. no. 338807), 
CD90 (cat. no. 32810), CD31 (cat. no. 303105), CD45 (cat. 
no. 368509), stage‑specific embryonic antigen 4 (SSEA‑4; cat. 
no. 330405) and major histocompatibility complex, class II, 
DR (HLA‑DR; cat. no. 307605). All of the antibodies were 
purchased from BioLegend, Inc. Appropriate isotype‑matched 
antibodies were used as negative controls (BD Biosciences). 
The data from 10,000 viable cells were acquired with a 
flow cytometer and analyzed using the FACSDiva software 
(version 6.2; BD Biosciences).

Animals. In total, 36 C57BL/6 apoE‑KO male mice (age, 
8 weeks; weight, 25±2 g) were obtained from Beijing HFK 
Bioscience Co. Ltd. (5). All the animals were housed in an 
environment with a temperature of 22±1˚C, relative humidity 
of 50±1% and a light/dark cycle of 12 h and received drinking 
water ad libitum. In addition, mice were fed with high‑fat diet 
containing 21% fat and 0.15% cholesterol from 8 weeks of age. 
Furthermore, all animal studies, including the mice euthanasia 
procedure, were done in compliance with the regulations 
and guidelines of China Medical University institutional 
animal care and conducted according to AAALAC guideline 
and IACUC guidelines (approval no. C MU2016028). The 
experiments performed on human samples and animals were 
approved by the Ethical Committee for Medical Scientific 
Research of the First Affiliated Hospital at China Medical 
University [approval no. (2016)105]. To examine the role of 
hAMSCs on the prevention and treatment of atherosclerosis, 
hAMSCs were administered by tail vein injection as previ-
ously described (5,27). For the early‑hAMSCs treatment study, 
18 apoE‑KO mice were treated with hAMSCs with high‑fat 
diet for 10 weeks. In the delayed‑hAMSCs treatment study, 18 
apoE‑KO mice were first fed with high‑fat diet for 8 weeks, and 
were then treated with hAMSCs for 10 weeks. In each treat-
ment regimen, mice were randomly divided into three groups 
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(n=6 in each group): i) hAMSCs group, containing mice treated 
with hAMSCs (5x105 hAMSCs in 150 µl PBS) once every other 
week; ii) PBS group, containing mice treated with 150 µl PBS 
once every other week; and iii) control group, without treat-
ment. ‘Control 1’ group was defined as the control group in the 
early‑hAMSCs treatment and ‘control 2’ group was defined as 
the control group in the late‑hAMSCs treatment.

After the treatment, all mice were anesthetized by 
intraperitoneal injection of pentobarbital (50 mg/kg). Lipid 
analysis was performed on the serum samples obtained 
from blood collected from the left ventricles of mice at the 
end of the studies. The serum total cholesterol, triglyceride 
(TG) and high‑density lipoprotein (HDL)‑cholesterol were 
measured by enzymatic methods using a commercially 
available kit (Sekisui Chemical Co., Ltd.) with a Hitachi 
Automatic Analyzer 7600 (Hitachi, Ltd.). Low‑density lipo-
protein (LDL)‑cholesterol was calculated using the Friedewald 
formula: LDL‑cholesterol =  total cholesterol‑HDL‑choles-
terol‑(TG/5)  (41). Non‑HDL‑cholesterol was calculated by 
subtracting the quantity of HDL‑cholesterol from total choles-
terol (42).

Histological and immunohistochemical analysis. After left 
ventricle perfusion, the aorta with the aorta root, the aortic 
arch and the iliac artery was collected. The aortic root was 
removed, fixed with 4% paraformaldehyde at room tempera-
ture and embedded in paraffin. In total, five sections (thickness, 
5 µm) of each aortic root were stained with hematoxylin and 
eosin for 5 min at room temperature. Pathological changes in 
each group were observed using a light microscope (Olympus 
Corporation; magnification, x200).

Paraffin‑embedded sections were exposed to increasing 
ethanol concentrations. After incubation with 3% hydrogen 
peroxide solution for 15 min at room temperature to inhibit 
endogenous peroxidase activity, 0.1 M sodium citrate solution 
was used for antigen retrieval at 120˚C for 90 sec and 5% BSA 
was used to block non‑specific signal at room temperature for 
20 min, sections were incubated with anti‑CD68 rabbit poly-
clonal antibody (1:500; cat. no. GB11067; Wuhan Servicebio 
Co., Ltd.) overnight at 4˚C. The sections were washed with 
PBS and incubated with Goat anti‑rabbit IgG (horseradish 
peroxidase‑conjugated; 1:1,000, cat. no. ab6721; Abcam) at 
room temperature for 30 min. The sections were then visual-
ized with 3,3'‑diaminobenzidine that was incubated with the 
samples at room temperature for 1 min. The nuclei were coun-
terstained with hematoxylin at room temperature for 2 min. 
The macrophage coverage was determined by the percentage 
of the positive stained area in relation to the total plaque area. 
Samples were observed using a light microscope (Olympus 
Corporation; magnification, x200).

Western blotting. Total protein lysates were extracted from 
the aortic tissue using RIPA lysis buffer (Beyotime Institute 
of Biotechnology) supplemented with protease inhibitors, 
according to the manufacturer's instructions. The protein 
concentration was measured using a bicinchoninic protein 
assay kit (Beyotime Institute of Biotechnology). The samples 
with equal amount of total protein (20 µg in each lane) were 
then heated at 100˚C for 5 min in loading buffer, separated 
by 10% SDS‑PAGE (Beijing Transgen Biotech Co., Ltd.) and 

transferred to PVDF membranes (EMD Millipore). PVDF 
membranes were blocked with 5% skim milk for 1 h at room 
temperature and incubated overnight at 4˚C with the following 
primary antibodies: TNFα monoclonal antibody (1:1,000; 
cat. no. 60291‑1‑lg; ProteinTech Group, Inc.), IL-10 antibody 
(1:500; cat. no. DF6894; Affinity Biosciences), phosphorylated 
(p‑)NF‑κB p65 rabbit mAb (1:500; cat. no. 3033; Cell Signaling 
Technology, Inc.), p‑inhibitor of κB‑α (IκBα) rabbit (1:500; 
cat. no. 2859; Cell Signaling Technology, Inc.), NF‑κB p65 
rabbit mAb (1:1,000; cat. no. 8242; Cell Signaling Technology, 
Inc.), IκBα rabbit mAb (1:500; cat. no. 4812; Cell Signaling 
Technology, Inc.) and mouse anti‑β actin monoclonal antibody 
(1:500; cat. no.  TA‑09; OriGene Technologies, Inc.). The 
membrane was incubated for 1 h at room temperature with 
the secondary peroxidase‑conjugated antibody goat anti‑rabbit 
IgG (1:1,000; cat. no. zb2301; OriGene Technologies, Inc.) or 
the peroxidase‑conjugated goat anti‑mouse IgG (1:1,000; cat. 
no. zb2305; OriGene Technologies, Inc.), the membranes were 
visualized using an ECL kit (Thermo Fisher Scientific, Inc.) 
and analyzed using ImageJ software (version 1.5.1; National 
Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the aortic tissues using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). RNA concentra-
tion was detected using the NanoDrop 2000 (Thermo Fisher 
Scientific, Inc.). RT was performed using the PrimeScript RT 
Reagent kit (Takara Bio, Inc.). The reaction was performed as 
follows: 37˚C for 15 min followed by 85˚C for 5 sec. qPCR was 
performed using the SYBR PrimeScript RT‑PCR kit (Takara 
Bio, Inc.) with an ABI 7500 Sequence Detection system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR 
was conducted using the following thermocycling conditions: 
Initial denaturation at 95˚C for 30 sec, followed by 40 cycles 
of 95˚C for 5 sec and 60˚C for 20 sec. All the gene expression 
results were normalized to the expression of GAPDH. The 
primer sequences were as follows: TFNα forward, 5'‑AGA​
GTG​GTC​AGG​TTG​CCT​CTG‑3' and reverse, 5‑GGC​TCT​
GTG​AGG​AAG​GCT​GT‑3'; IL‑10 forward, 5'‑GGC​TCT​GTG​
AGG​AAG​GCT​GT‑3' and reverse, 5'‑TTC​CGA​TAA​GGC​TTG​
GCA​AC‑3'; and GAPDH forward, 5'‑GGT​TGT​CTC​CTG​
CGA​CTT​CA‑3' and reverse, 5'‑TGG​TCC​AGG​GTT​TCT​TAC​
TCC‑3'. Normalization and fold changes were calculated using 
the 2‑∆∆Cq method (43).

Statistical analysis. The results are presented as the mean ± SD 
from at least three independent experiments. Statistical 
analysis was performed using one‑way ANOVA followed 
by least significant difference post hoc test using SPSS 22.0 
(IBM Corp.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Characterization of hAMSCs. After purification, hAMSCs 
were identified to be positive for CD44 and CD90, and nega-
tive for CD31 and CD45 (Fig. 1). The present data indicated 
that hAMSCs had stem cell characteristics, as they expressed 
SSEA‑4  (44), and low immunogenicity, as hAMSCs were 
negative for HLA‑DR (45).
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Effects of hAMSCs treatment on weight and plasma lipid 
levels. The weight of the mice was calculated. No significant 
difference was observed between the hAMSCs treatment 
group and the control group either in early hAMSCs treatment 
study or in late hAMSCs treatment study (n=6 in each group). 
In addition, treatment with hAMSCs did not affect the concen-
tration of plasma lipids (Fig. 2).

Effects of hAMSCs treatment on the development of athero‑
sclerotic lesions. After 10 weeks of hAMSCs treatment, 
histologic analysis of sections taken from the aortic root 
was performed. A significant decrease was found in plaque 
size in mice treated with hAMSCs injection compared with 
control mice in early and late hAMSCs treatment groups, 
which suggested that hAMSCs treatment inhibited the plaque 
formation and progression of established lesions. The signifi-
cant difference between control 1 and control 2 suggested 
that prolonging the high‑fat diet worsened the atherosclerotic 
lesions. Moreover, no significant difference was observed in 
lesion size between late hAMSCs treatment group and early 
control group, which presented initial signs of atherosclerotic 
lesions, indicating that treatment with hAMSCs did not regress 
the established lesions (Fig. 3).

Effects of hAMSCs treatment on macrophage accumulation 
in atherosclerotic plaque. To detect the effect of hAMSCs 
treatment on the accumulation of macrophages, immunohis-
tochemical analysis was performed on the aortic root. The 
present results showed that hAMSCs treatment suppressed 
the accumulation of macrophages in both early and late 

hAMSCs treatment groups; the number of macrophages in 
atherosclerotic plaque was significantly decreased in mice 
treated with hAMSCs compared with the PBS group control 
mice. However, the accumulation of macrophage may not be 
associated with a prolonged high‑fat diet, as no significant 
difference between control 1 and control 2 was identi-
fied (Fig. 4).

hAMSCs modulates cytokine expression in a mouse model of 
AS. Macrophages are the most important source of cytokine 
production (46). To assess the inhibitory effect of hAMSCs 
on cytokine secretion, the expression of the pro‑inflammatory 
cytokine TNFα and the anti‑inflammatory cytokine IL‑10 was 
determined from atherosclerotic arteries by western blotting 
and RT‑qPCR analysis. In contrast with the control group, 
TNFα expression was significantly decreased, whereas IL‑10 
expression was increased in the hAMSCs treatment group in 
both early hAMSCs treatment group and late hAMSCs treat-
ment group (Fig. 5).

hAMSCs suppresses the phosphorylation of p65 and IкBα 
in a mouse model of AS. To determine whether NF‑κB 
signaling pathway was involved in the regulatory effect of 
hAMSCs on atherosclerotic plaque in a mouse model of AS, 
the phosphorylation level of two NF‑κB signaling molecules, 
p65 and IкBα, were investigated. Notably, the phosphorylation 
level of p65 and IκBα are associated with the activation of 
the NF‑κB pathway (47). The results of western blot analysis 
showed that the levels of p‑p65 and IκBα were downregulated 
in mice treated with hAMSCs injection compared with the 

Figure 1. Characterization of hAMSCs. hAMSCs were characterized by analyzing the expression of the cell surface markers CD44, CD90, SSEA‑4, CD31, 
CD45 and HLA‑DR using flow cytometry. hAMSCs, human amniotic mesenchymal stem cells; PE, phycoerythrin; HLA‑DR, major histocompatibility 
complex, class II, DR; SSEA‑4, stage‑specific embryonic antigen 4.
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control mice in both early hAMSCs treatment group and in 
late hAMSCs treatment group (Fig. 6).

Discussion

In the present study, hAMSCs injection was identified to 
reduce AS development through the decrease of macrophage 
accumulation and the inhibition of inflammatory response of 
aortic arteries. The present results suggested that the levels of 
secreted cytokines, including TNFα and IL‑10, was modulated 
by hAMSCs through the NF‑κB pathway.

AS is a disease in which atherosclerotic plaques develop 
inside the arteries (48). Macrophages are the most abundant 
immune cell type in atherosclerotic lesions and have an essen-
tial role during all stages of the disease, from lesion initiation to 
plaque rupture (49). Atherosclerotic plaques and their macro-
phage content can regress, as previously shown in particular 
murine models of hypercholesterolemia reversal (48,50,51). 
Decrease of macrophage accumulation and functional regu-
lation in atherosclerotic lesions could represent a potential 
target in the treatment of AS. The present study suggested that 
systemic administration of hAMSCs decreased AS develop-
ment and progression when simultaneously applied with 
high‑fat diet. hAMSCs inhibited AS progression after 8 weeks 
when combined with high‑fat diet in apoE‑KO mice. In addi-
tion, the therapeutic benefit of hAMSCs could be explained 
by the modulation of the inflammatory response, as after 
hAMSCs treatment the accumulation of macrophages in the 
plaque of aortic root was decreased. Importantly, the function 

of macrophage in the plaque was not investigated, and further 
studies are required to examine this phenomenon. In addition, 
the expression of the pro‑inflammatory cytokine TNFα was 
significantly downregulated, whereas the anti‑inflammatory 
cytokine IL‑10 was upregulated in aortic arches. However, the 
present study did not identify direct and molecular evidence 
associating hAMSCs and macrophages recruitment and func-
tion in the plaque region, and further studies are required to 
examine this process.

Numerous previous studies have shown that MSCs can 
reduce AS development by inhibiting the inflammatory 
response (5,25,27,52). MSCs might be directly involved in 
AS plaque formation, as Li et al  (5) observed that MSCs 
are capable of migrating to AS plaque and selectively 
locating near macrophages, and Fang  et  al  (52) observed 
5‑bromo‑2‑deoxyuridine‑positive MSCs in AS plaque. 
Nevertheless, Frodermann et al  (25) observed that MSCs 
primarily accumulate in the lungs after intravenous injection, 
and only a few MSCs could migrate to the lymph nodes of the 
heart and the aorta. These previous results suggests that MSCs 
do not necessarily have an anti‑atherosclerotic role due to 
long‑term engraftment, but may act via the paracrine signaling 
pathway, since MSCs have a significant paracrine func-
tion (53). Our previous study suggested that hAMSCs have a 
strong paracrine function, which could significantly promote 
the proliferation and tube formation of endothelial cells (40). 
Similar experiments on the therapeutic improvement of MSCs 
without significant engraftment have been reported in various 
animal models (39,54). Due to the limited time and research 

Figure 2. Effects of early and late hAMSCs treatment on weight and lipid levels in apolipoprotein E‑knockout mice. Mice were treated with hAMSCs or 
PBS concomitantly with or after 8 weeks of high‑fat diet. Control mice were not treated. There were no significant differences in weight or lipid index in 
mice treated with hAMSCs compared with control mice in both treatment regimens. TC, total cholesterol; TG, triglyceride; LDL, low density lipoprotein; 
HDL, high density lipoprotein; hAMSCs, human amniotic mesenchymal stem cells.
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funds, the present study did not investigate the fate of the 
injected hAMSCs, which requires to be addressed by further 
studies in the future.

The development of atherosclerotic plaque is a multistep 
inflammatory process. Macrophages have an important role in 
all stages of AS and they serve as effectors in the process of 

AS (55). The important pathological changes in AS include the 
accumulation of macrophages in endothelial lesions (56). These 
macrophages can become foam cells after uptake of modified 
lipoproteins, which trigger the release of cytokines in macro-
phages via the activation of a heterodimer formed by Toll‑like 
receptors 4 and 6, aggravating the inflammatory reaction (57). 

Figure 3. Effects of early and late hAMSCs treatment on progression of atherosclerotic lesions in the aortic root of apolipoprotein E‑knockout mice. 
(A) Representative photomicrographs of atherosclerotic lesions in untreated mice, or mice treated with hAMSCs or PBS concomitantly with high‑fat diet. 
(B) Representative photomicrographs of atherosclerotic lesions in untreated mice, or mice treated with hAMSCs or PBS after 8 weeks of high‑fat diet. 
(C) Quantification. Plaque area was significantly decreased in mice treated with hAMSCs (0.11±0.01 mm2) compared with control mice (0.21±0.01 mm2) 
in the early treatment group. Plaque area was also significantly decreased in mice treated with hAMSCs (0.24±0.04 mm2) compared with control mice 
(0.47±0.03 mm2) in the late treatment group. There were no significant differences in plaque area between late hAMSCs treatment group and early con-
trol group, suggesting that hAMSCs treatment did not induce a regression of the established atherosclerotic lesion. n=6 in each group. Scale bar, 500 µm. 
***P<0.001. NS, not significant; hAMSCs, human amniotic mesenchymal stem cells.
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Therefore, reducing the aggregation of macrophages and the 
formation of foam cells in atherosclerotic plaque is essential 
to control the inflammatory response during AS. According 
to previous studies, MSCs could reduce the aggregation of 
macrophages in the arterial intima (39), inhibit the forma-
tion of macrophage‑foam cells (27), decrease the expression 
of inflammatory factor TNFα and increase the expression of 
anti‑inflammatory factors such as IL‑10 (5). In the present 
study, hAMSCs treatment was found to decrease the accumu-
lation of macrophages in atherosclerotic plaque. Notably, the 
present results may be caused by the systemic influence of the 

immune response in response to the injection of exogenous 
cells into the bloodstream. In addition, hAMSCs treatment 
may influence local tissue micro‑environment, inducing the 
polarization to M2 macrophages and influencing the func-
tion of macrophages (58). However, the molecule mechanism 
underlying the association between hAMSCs treatment and 
macrophage recruitment and function require further investiga-
tion. A previous study observed that following co‑culture with 
hAMSCs, the levels of TNFα and IL‑1β in lipopolysaccha-
ride‑stimulated macrophages is significantly reduced, which 
may be caused by inhibition of the NF‑κB pathway (38).

Figure 4. Effects of early and late hAMSCs treatment on macrophage accumulation in the plaque of aortic root of apolipoprotein E‑knockout mice. 
(A) Representative photomicrographs of macrophages in untreated mice, or mice treated with hAMSCs or PBS concomitantly with high‑fat diet. 
(B) Representative photomicrographs of macrophages in untreated mice, or mice treated with hAMSCs or PBS after 8 weeks of high‑fat diet. Accumulation 
of macrophages in the plaques was significantly decreased in mice treated with hAMSCs compared with control mice in the early (2.72±0.98 and 5.17±1.93%, 
respectively) and late treatment groups (3.23±0.97 and 5.44±0.71%, respectively). Brown staining indicates macrophages. Quantification for the (C) early 
and (D) late treatments. n=6 in each group. Scale bar, 100 µm. ***P<0.001. hAMSCs, human amniotic mesenchymal stem cells. hAMSCs, human amniotic 
mesenchymal stem cells.
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NF‑κB pathway is an important transcription factor that 
regulates both innate and adaptive immune responses and is 
essential for the expression of a number of genes involved in 
the inflammatory response, such as TNFα and IL‑6 (38). These 
genes can directly activate the NF‑κB pathway, promoting the 
inflammatory response, which involves the phosphorylation of 
p65 and IκBα (47,59). Since MSCs have an anti‑inflammatory 
role in an NF‑κB‑dependent manner  (5), hAMSCs may 
promote the downregulation of TNFα and upregulation of 
IL‑10 via the NF‑κB pathway. In the present study, following 
hAMSCs treatment, the phosphorylation levels of p65 and 
IκBα were downregulated, suggesting an inhibition of the 
NF‑κB pathway. Therefore, the anti‑inflammatory function 
of hAMSCs may be mediated by the inhibition of the NF‑κB 
pathway.

Previous studies reported that the anti‑inflammatory role of 
MSCs caused not only the decrease in TNFα level, but also the 
increase in IL‑10 levels (60,61). Notably, IL‑10 was observed 
to decrease the synthesis of TNFα (60). Nemeth et al (62) 
reported the macrophages isolated from MSCs‑treated septic 
mice produce significantly higher levels of IL‑10 than those 
isolated from non‑treated mice, suggesting a temporary 
reprogramming of monocytes and macrophages. IL‑10 was 
observed to promote atherosclerotic lesion stability  (13), 
and the present results suggested that MSCs can increase 
the levels of IL‑10 in addition to reducing AS development 

by modulating the levels of anti‑inflammatory molecules. 
However, further studies are required to investigate whether 
the blockage of IL‑10 could reduce the effects of hAMSCs 
treatment. In the present study, an increase in IL‑10 in the 
aortic vasculature was observed after hAMSCs treatment; 
therefore, the effect of hAMSCs on AS stabilization should 
be further investigated.

In the present study, no significant effects of hAMSCs 
on mice blood lipid levels were observed. To the best of our 
knowledge, the report by Frodermann et al (25) is the only 
study that reported a decrease in blood lipid levels following 
MSC treatment. Notably, in this previous study, MSCs were 
isolated from the bone marrow and not from the amniotic 
fluid, and these previous results may be associated with 
the different source of MSCs. Additionally, in the study by 
Frodermann et al (25), the decrease in blood lipid levels in mice 
was identified 4‑5 weeks after MSCs treatment, suggesting 
that MSCs may indirectly regulate the level of blood lipids by 
regulating other cellular functions. Previous studies observed 
that hAMSCs have paracrine function and can secret various 
types of cytokines, chemokines and growth factors, which 
are important for intercellular interactions (40,53). Therefore, 
further studies are necessary to examine the role of these 
cytokines in AS progression and development.

In summary, the present study examined the effect of 
hAMSCs on AS. In addition, hAMSCs treatment was found 

Figure 5. Effects of early and late hAMSCs treatment on cytokine release in the artery of apolipoprotein E‑knockout mice. Mice were treated with hAMSCs 
or PBS concomitantly with or after 8 weeks of high‑fat diet. Control mice were not treated. The expression of the pro‑inflammatory cytokine TNFα was 
significantly downregulated, whereas the expression of the anti‑inflammatory cytokine IL‑10 was significantly upregulated in mice treated with hAMSCs 
compared with control mice in early and late treatment groups, as determined by (A) western blotting and (B) reverse transcription‑quantitative PCR. *P<0.05, 
**P<0.01. hAMSCs, human amniotic mesenchymal stem cells; TNF, tumor necrosis factor; IL, interleukin.
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to be effective in reducing the immune response, one of the 
major pathways involved in AS, leading to a significant reduc-
tion in the size of atherosclerotic lesions. Cytotherapy has 
attracted increasing interest, and finding the most effective 
methodology to employ stem cells is an important aspect for 
identifying the optimal treatment methods. The present study 

suggested that hAMSCs may represent a promising cell source 
for clinical applications.
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