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Abstract

Background: Atherosclerosis (AS) is a complex disease caused in part by dyslipidemia and chronic inflammation. AS
is associated with serious cardiovascular disease and remains the leading cause of mortality worldwide.
Mesenchymal stem cells (MSCs) have evolved as an attractive therapeutic agent in various diseases including AS.
Human umbilical cord MSCs (UCSCs) have been used in cell therapy trials due to their ability to differentiate and
proliferate. The present study aimed to investigate the effect of UCSCs treatment on atherosclerotic plaque
formation and the progression of lesions in a high-fat diet rabbit model.

Methods: Rabbits were fed a high-fat diet and then randomly divided into three groups: control, model, and
treatment groups. Rabbits in the treatment group were injected with UCSCs (6 × 106 in 500 μL phosphate buffered
saline) after 1 month of high-fat diet, once every 2 weeks, for 3 months. The model group was given PBS only. We
analyzed serum biomarkers, used ultrasound and histopathology to detect arterial plaques and laser Doppler
imaging to measure peripheral blood vessel blood filling, and analyzed the intestinal flora and metabolism.

Results: Histological analysis showed that the aortic plaque area was significantly reduced in the treatment group.
We also found a significant decrease in macrophage accumulation and apoptosis, an increase in expression of
scavenger receptors CD36 and SRA1, a decrease in uptake of modified low–density protein (ox-LDL), and a decrease
in levels of pro-inflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α following UCSCs
treatment. We also found that anti-inflammatory cytokines IL-10 and transforming growth factor (TGF)-β expression
increased in the aorta atherosclerotic plaque of the treatment group. UCSCs treatment improved the early
peripheral blood filling, reduced the serum lipid level, and inhibited inflammation progression by regulating the
intestinal flora dysbiosis caused by the high-fat diet. More specifically, levels of the microbiota-dependent
metabolite trimethylamine-N-oxide (TMAO) were down-regulated in the treatment group.

Conclusions: UCSCs treatment alleviated atherosclerotic plaque burden by reducing inflammation, regulating the
intestinal flora and TMAO levels, and repairing the damaged endothelium.
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Background
Atherosclerosis (AS) is a systemic disease that is associ-
ated with the accumulation of lipid-laden macrophages
in the arterial wall, which leads to arterial wall thickening
and lumen narrowing, subsequently resulting in heart
disease, cerebral infarction, and other severe complica-
tions [1]. AS is considered a chronic inflammatory dis-
ease [2, 3] because an inflammatory response is initiated
by the damaged endothelium followed by increased in-
flammatory cell activation [4]. Macrophages play a crit-
ical role in the pathophysiology of AS because they
phagocytose cholesterol lipoproteins, forming foam cells
that produce cytokines [1]. Macrophages can polarize
into two distinct functional phenotypes: M1 and M2 [5].
M1 polarization supports the production of pro-
inflammatory cytokines, such as tumor necrosis factor
(TNF)-α and interleukin (IL)-6 [5], while M2 polarization
leads to secretion of anti-inflammatory factors, such as
IL-10 and transforming growth factor (TGF)-β [1, 5].
There is overwhelming evidence that gut microbes and

their metabolites contribute to AS pathogenesis [6].
Lipid levels are associated with gut microbiota compos-
ition, and dietary composition is central to the metabolic
output of the gut microbiota [7]. Thus, if the microbiota
is perturbed by environmental or dietary stresses (re-
ferred to as dysbiosis), it can increase inflammation and
alter metabolism in the host [8]. Microbiota and AS are
linked by the production of trimethylamine-N-oxide
(TMAO), the oxidized form of trimethylamine (TMA) (a
microbiota-dependent detrimental metabolite derived
from diets). TMAO is synthesized in the liver, and it has
been shown to enhance atherosclerotic lesions by in-
creasing the expression of scavenger receptors, such as
CD36 and SRA1, on macrophages [9]. These receptors
have high sensitivity to modified lipoproteins and can in-
duce the uptake of modified low–density lipoprotein
(ox-LDL), reducing cholesterol efflux in macrophages
resulting in foam cell formation [10, 11].
Mesenchymal stem cells (MSCs) have been demon-

strated to be effective in the treatment of various dis-
eases, including AS, due to their tissue repair, anti-
inflammatory, and immunological properties [12]. MSCs
can be isolated from different tissues, including bone
marrow, umbilical cord, placenta, adipose tissue, and hu-
man gingiva [13–16]. MSCs used for the treatment of
atherosclerotic plaques are mostly derived from the bone
marrow [17], but also from the gingiva [18], skin [19],
cord blood [20], and amnion [12]. Previous studies sug-
gested that MSCs can regulate various inflammatory
cells, including macrophages, and inhibit plaque forma-
tion by inhibiting inflammatory responses. Human um-
bilical cord MSCs, referred to as umbilical cord stem
cells (UCSCs) in this study, are multipotent cells with a
high capacity to differentiate and proliferate [21]. UCSCs

can differentiate into cardiomyocytes, skeletal muscle
cells, endotheliocytes, and neurons and have been ap-
plied in studies of osteochondral, musculoskeletal, and
bone tissue regeneration [22–25]. Unlike many stem cell
populations, there are few limitations for isolating
UCSCs [26, 27]. Specifically, since human umbilical
cords are often discarded after childbirth and there are
no invasive procedures needed to collect umbilical cord
samples, there are fewer ethical issues around sample ac-
quisition [28]. It is also important to note that xeno-
transplantation of allogeneic UCSCs has been shown to
be safe in the treatment of several diseases [29, 30].
To the best of our knowledge, no study has reported

the use of UCSCs in the treatment of AS. Therefore, we
intravenously transplanted UCSCs in a high-fat diet
rabbit model to observe their therapeutic effect and
understand their mechanism of action. We found that
UCSCs transplantation reduced inflammation in the aor-
tic atherosclerotic plaques by regulating the production
and polarization of macrophages, repairing damaged
endothelial cells (EC), correcting the intestinal flora im-
balance, and preventing harmful metabolite production
caused by the high-fat diet. The findings presented here
offer new therapeutic insights into to use of UCSCs for
treating AS.

Methods
Rabbits
Japanese big-ear white rabbits (4–5months old; weighing
2.3–2.5 kg; 1:1 male to female) were purchased from
Beijing Fu Long Teng Fei Experimental Animal Research
Institute Co., Ltd. (SCXK [Jing] 2018-0009). Rabbits were
randomly divided into three groups: normal, model, and
treatment; each group included 5 females and 5 males.
The animals were housed in separate cages in ordinary
animal house facilities (SYXK [Jing] 2017-0027) and had
free access to food and water. The use of animals was in
compliance with the Health Guide of Animal Welfare of
the National Institutes for Animal Care and Use, and the
experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Institute of La-
boratory Animal Science (permit number: QC19020). All
procedures were conducted according to institutional
guidelines.

Cells and culture
UCSCs were obtained from Cyagen Biosciences Inc.
(HUXUC-01001, Cyagen). The UCSCs were placed in a
6-well plate and cultured [31] in MEM (12571071,
GIBCO) complete medium containing 10% fetal bovine
serum (FBS; 10099141C, GIBCO) and 1% penicillin-
streptomycin (15140122, GIBCO) with 5% CO2 at 37 °C.
The media was changed every three days until the cells
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were confluent, and the cells were then digested and pas-
saged using pancreatin (25200056, GIBCO).
Cells at passage 3 (P3) were collected to identify

UCSCs surface markers including CD90-fitc (Invitrogen,
Article No. 11-0909-41), CD29-pe-cy5 (BD PHOSFLOW,
Article No. 559882), CD73-pe (Invitrogen, Article No.
12-0739-41), CD105-apc (Invitrogen, Article No. 17-
1057-41), and HLA-apc-cy7 (Invitrogen, Article No. 47-
9956-41). Cells were incubated in 100 μL staining solu-
tion at 4 °C for 30min. We added 1ml phosphate buff-
ered saline (PBS) and centrifuged the cells at 400×g for
5 min. The supernatant was discarded, and the cells were
suspended in 200 μL PBS for flow cytometry (FCM) ana-
lysis (Becton Dickinson, Aria II).

Animal model of AS and treatment regimens
Rabbits in the model and treatment groups were fed a
high-fat diet containing 0.5% cholesterol, 5% lard oil, 5%
yolk powder, 0.2% pig bile salts, and 89.3% basal feed
(Beijing Keaoxieli feed Co,. Ltd), 150 g per day for 16
weeks. After 1 month of high-fat diet, rabbits in the
treatment group were intravenously injected with UCSCs
via the ear vein at a dose of 6 × 106 in 500 μL PBS, once
every 2 weeks for 3 months [17, 32]. Rabbits in the model
group were given the same amount of PBS under the
same conditions. Rabbits in the control group were pro-
vided general maintenance and received no treatment or
PBS.

Serum biochemical detection
At 1, 2, and 3months after treatment, blood samples
were collected in normal serum tubes (BD Vacutainer,
USA). We used enzymatic detection methods to assay
serum triglyceride (TG), total cholesterol (TC), and low-
density lipoprotein cholesterol (LDL-C) levels, the ala-
nine substrate method to measure alanine transaminase
(ALT), antibody inhibition methods to measure creatine
kinase MB (CK-MB), and immunity transmission turbid-
ity with an automatic biochemical analyzer to measure
apolipoprotein B (ApoB) (Beckman AU5800, USA).

Analysis of Doppler flow imaging of peripheral vessels
At 1, 2, 3, and 4months following high-fat diet, rabbit
ears were shaved to remove hair and the blood vessels
were photographed. Blood flow in the peripheral vessels
was analyzed using laser Doppler flow imaging at 2
months after high-fat diet (Moor FLPI-2, England).

Vascular ultrasonic evaluation
The aortic arch, carotid artery, and abdominal aorta in
each rabbit were imaged using a color Doppler ultra-
sound diagnostic system (SIEMENS, ACUSON SC2000)
3 months after high-fat diet.

Histopathological analysis
After treatment, animals were anesthetized and euthanized
as previously described [33]. The entire aorta was dissected
from the descending aorta to the bifurcation of the com-
mon iliac arteries and then fixed with 10% formalin. Adven-
titial fat and extraneous tissue were dissected. The aorta
was split open longitudinally and stained with oil red O
staining method (O0625, Sigma) [34]. The percentage of
aortic atherosclerotic plaque area (oil red O-positive lesion
areas/the planimetry of the entire aortic surface area ×
100%) was quantified using Image J 1.42 (NIH, USA). Three
sections from each artery were clipped for pathological ana-
lysis, and three visual fields were randomly selected for
image analysis. Hematoxylin-eosin (HE) staining was used
for histopathologic analysis [35]. Immunohistochemistry
staining [33] of the aortas included UCSCs antigen stem
121 (Y40410, Takara), ox-LDL (TS2004R, Yaji Biological
Co., Ltd.), scavenger receptors CD36 (bs-8873R, Bioss)
SRA1 (bs-6763R, Bioss), the EC marker CD31 (ab199012,
abcam), the proliferating cell associated antigen Ki67
(ab15580, abcam), the macrophage marker CD68
(MD11047, MDL), inflammatory molecules IL-6 (bs-6312R,
Bioss) and TNF-α (bs-2150R, Bioss), and anti-inflammatory
molecules IL-10 (bs-0698R, Bioss) and TGF-β (bs-4538R,
Bioss). Terminal deoxynucleotidyl transferase (TDT)-medi-
ated dUTP nick end-labeling (TUNEL) was used to detect
apoptotic cells using the ApopTag®Plus Peroxidase InSitu
Apoptosis Detection Kit (S7101, USA & Canada). All ex-
perimental procedures were carried out according to the
manufacturers’ instructions. Sections were observed using a
light microscope (BX51, Olympus).

16S rDNA microbial community analysis
Before the animals were euthanized, fresh feces were
taken from each group for intestinal 16S rDNA microbial
community analysis. This detection was carried out by
Beijing Ouyisaisi Biotechnology Co., Ltd. Diversity ana-
lysis of alpha and beta in the intestinal flora and the
comparison of relative abundance of the TOP15 flora at
the genus level were analyzed.

TMAO targeted metabolism detection
Animals in each group were euthanized, and a small
piece of fresh liver tissue (about 0.5 cm3 and 0.03 g) was
collected. TMAO metabolite detection was carried out
using liquid chromatography tandem mass spectrometry
(LC-MS/MS) (Shanghai Luming Biotechnology Co., Ltd).
The procedure was done as follows: sample grinding
(JXFSTPRP-24/32), purification (SB-5200DT), enrich-
ment, purification, Ultra Performance Liquid Chroma-
tography (UPLC) separation (AB ExionLC), MS/MS
Multi-response mode (MRM) detection (AB Sciex Qtrap
6500+), data collection, and qualitative and quantitative
analyses of metabolites.
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Statistical analysis
Quantitative analyses for histological studies were per-
formed using Image-pro-plus software (Media cybernet-
ics, Inc. IPP 6.0, USA) and Image J 1.42 (NIH, USA).
Statistical analyses were performed using SPSS 16.0 soft-
ware (SPSS Inc., Chicago, IL, USA) and Microsoft Excel
(Microsoft Corporation, Redmond, WA). Continuous
data are presented as mean ± standard deviation (SD). A
single-factor one-way analysis of variance (ANOVA) was
used to evaluate inter-group differences. Differences
were considered significant when the P value was < 0.05.

Results
Characterization of UCSCs
UCSCs at P3 were collected for morphological observa-
tion. Phase contrast microscopy showed that the UCSCs
had a spindle shape and a fibroblast-like morphology
(Fig. 1A). FCM detection of UCSCs surface marker mol-
ecules showed high expression of CD90, CD29, CD73,
and CD105, and low expression of HLA (Fig. 1B).

Serum lipid analysis
After 1 month of UCSCs treatment, the serum ALT (P <
0.01), TC (P < 0.05), and LDL-C (P < 0.01) levels in the
treatment group were significantly lower than those in
the model group. At 2 months after UCSCs treatment,

serum ALT (P < 0.01) and LDL-C (P < 0.05) levels de-
clined in the treatment group compared to those in the
model group. After 3 months of UCSCs treatment,
serum ALT (P < 0.01), TC (P < 0.01), LDL-C (P < 0.01),
TG (P < 0.01), CK-MB (P < 0.01), and ApoB (P < 0.01)
levels in the treatment group were all significantly lower
than those in the model group (Fig. 2).

Analysis of Doppler flow imaging of peripheral vessels
Imaging of the blood vessels in the three groups at the
different time points demonstrated that the blood flow
in the model group was obstructed after 1 month of
high-fat diet, and there were still different degrees of im-
paired blood flow after 2, 3, and 4months of high-fat
diet. These obstructions were reduced in the treatment
group (Fig. 3A).
We further verified blood filling in the rabbit ears

after 2 months of high-fat diet. Laser Doppler flow
imaging analysis showed that the ear blood filling in
the model group was lower compared to the control
group, and the average blood flow filling value (flux
mean) was significantly reduced (P < 0.01). Correspond-
ingly, the average blood flow filling value of the treatment
group was higher compared to the model group (P < 0.05)
(Fig. 3B).

Fig. 1 Characterization of UCSCs. A UCSCs display a spindle shaped and fibroblast-like morphology. B High UCSCs expression of CD90, CD29,
CD73, and CD105, and low expression of HLA using flow cytometry
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Vascular ultrasonic detection of atherosclerotic plaques
After 1 and 3 months of high-fat diet, we performed
vascular ultrasonic analysis. After 1 month of high-fat
diet, we did not detect any atherosclerotic plaques in
the aorta, carotid artery, or abdominal aorta in the
model group and UCSCs treatment group. After 3
months of high-fat diet, the aortic arch, carotid artery,
and abdominal aorta in the model group showed dif-
ferent degrees of atherosclerotic plaque burden, with
incidences of 80% (8/10), 60% (6/10), and 70% (7/10),
respectively. Atherosclerotic plaques were also ob-
served in the treatment group, with incidences of ath-
erosclerotic plaque in the aortic arch, carotid artery,

and abdominal aorta of 40% (4/10), 10% (1/10), and
20% (2/10), respectively (Fig. 4).

Pathological changes of aortic atherosclerotic plaques
The percentage area of aorta lipid plaque in the model
group was significantly larger than that in the UCSCs
treatment group, as evidenced by oil-red O staining (P <
0.01) (Fig. 5A). Pathological analyses of aortic plaque
slices revealed that there were different degrees of lipid
deposits, thickening of the intima wall, and greater inflam-
matory cell infiltration in the aortas of the model group
compared to the normal and UCSCs treatment groups. We
also found that apoptosis of arterial cells decreased (P <

Fig. 2 Serum indexes at different time points of UCSCs treatment. Compared with the model group, after 1 month of UCSCs treatment, serum
ALT, TC, and LDL-C levels were significantly lower. After 2 months of UCSCs treatment, serum ALT and LDL-C levels declined. After 3 months of
UCSCs treatment, serum ALT, TC, LDL-C, TG, CK-MB, and ApoB levels were all significantly lower. (n = 8 in each group) *P < 0.05, **P < 0.01,
compared with model group
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Fig. 3 Detection of blood filling of peripheral blood vessels in rabbit ears. A Morphological changes of ear peripheral blood vessels at different
time points. The blood flow of the model group was not unobstructed (shown by the arrow) after 1, 2, 3, and 4 months of high-fat diet. B
Analysis of laser Doppler flow imaging. Intravascular hemoperfusion (black arrow) in the model group was less than that of the control and UCSCs
groups, and the average blood flow filling value (flux mean) was significantly reduced compared with the control and treatment groups. (n = 10
in each group) *P < 0.05, **P < 0.01, compared with model group

Fig. 4 Ultrasonic detection of abdominal aorta and carotid artery. A Plaque in the aortic arch. B Several small plaques at the carotid artery
bifurcation. C Plaque in the middle part of the abdominal aorta. D Hyperechoic plaque of aortic valve leaflet. E Small plaques at the carotid artery
bifurcation. F Normal abdominal aorta (n = 10 in each group)
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0.05), cell proliferation increased (P < 0.01), and EC marker
expression increased (P < 0.05) in the UCSCs treatment
group (Fig. 5B, C). Our inflammatory cell and cytokine de-
tection results showed that levels of the macrophage marker
CD68 (P < 0.01) and the inflammatory factors IL-6 (P <
0.01) and TNF-α (P < 0.01) were significantly increased in
the model group compared to the UCSCs treatment group.
Immunosuppressive factors IL-10 (P < 0.01) and TGF-β (P
< 0.05) were significantly decreased in the model group
compared to the UCSCs treatment group (Fig. 6).

Changes in intestinal flora
The results of our TOP15 flora analysis at the genus level
showed that there were more abundant microbial colonies
in the treatment group. We also found that the diversity
index had some differences (Fig. 7A). We found that
UCSCs can regulate the imbalance of intestinal flora of

rabbits caused by high-fat diet to some extent. In the ana-
lysis of relative abundance of multiple bacterial genuses,
we found that the relative abundance of 11 bacterial ge-
nuses in the UCSCs treatment and normal groups were
significantly different compared to the model group (P <
0.05 or P < 0.01), while there was no obvious difference be-
tween the UCSCs treatment and normal groups (Fig. 7B).

TMAO targeted metabolic analysis and stem cell, ox-LDL,
and scavenger receptor detection
Quantitative determination of the metabolite TMAO in
the liver tissues using UPLC-MS/MS indicated that the
concentration (P < 0.05) and content (P < 0.05) of
TMAO in the UCSCs treatment group were significantly
lower compared to the model group (Fig. 8A).
The location analysis of stem cells in the aorta showed that

the cells were mainly located in the aortic plaque of the

Fig. 5 Oil Red O Staining and detection of apoptosis and proliferation in the aorta. A Oil red O staining of the aorta; the percentage area of aorta
lipid plaque in the model group was significantly larger than that in UCSCs and normal group. B HE results show there was different degree of
lipid deposit and thickened intima wall in the model group. Apoptosis (TUNEL) of arterial cells decreased, proliferation (ki67) increased, and aortic
EC antigen (CD31) expression increased in the UCSCs group. The last column is a representative display showing that most areas of the aorta did
not produce plaques in the treatment group, bar = 100 μm. n = 8 in each group. *P < 0.05, **P < 0.01, compared with model group

Li et al. Stem Cell Research & Therapy          (2021) 12:407 Page 7 of 14



arterial wall (Fig. 8B). In the UCSCs treatment group, there
were significant decreases in the absorption of ox-LDL (P <
0.01) and the expression of macrophage scavenger receptors
CD36 (P < 0.01) and SRA-1 (P < 0.01) (Fig. 8B, C).

Discussion
The use of MSCs has increased in the clinical treatment
of various diseases. However, for an MSC population to
be effective clinically, it must have low antigenicity [36].

Since autologous and allogeneic UCSCs have been
shown to be safe in the treatment of many diseases [22–
25], we investigated if UCSCs could be used to effectively
treat AS in this study. We found that UCSCs treatment
can decrease inflammation by regulating the gut flora
and reducing harmful metabolite production in a rabbit
model of AS. Thus, our study indicates that UCSCs
treatment may be a promising strategy to attenuate ath-
erosclerotic lesion development in humans.

Fig. 6 Detection of inflammatory cells and cytokines in aorta. Staining of macrophages (CD68), inflammatory factors (TNF-α and IL-6), and anti-
inflammatory factors (TGF-β and IL-10) in the aorta. The last column of Fig. 3 is a representative display showing that most areas of the aorta did not
produce plaques in the treatment group, bar = 100 μm. Expression levels of CD68, TNF-α, and IL-6 were significantly decreased, and IL-10 and TGF-β levels
were significantly increased in the UCSCs group compared to the model group. n = 8 in each group. *P < 0.05, **P < 0.01, compared with model group
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In this study, we used an in vivo high-fat diet model to
induce AS in rabbits. Cholesterol-fed rabbits are widely
used for AS studies [37] because of their unique charac-
teristics, including sensitivity to dietary cholesterol, their
similarities with human lipoprotein metabolism [37], and
the fact that the high-fat diet better simulates the natural
process of AS in humans.
Cholesterol, TG, and lipoproteins are known factors in

atherosclerosis pathogenesis. Increased serum LDL and
TG concentrations are responsible for the formation of
atherosclerotic lesions [38]. APOB is a kind of plasma
lipoprotein that can carry chylomicrons, which are very
low-density lipoproteins (VLDL), and LDL into blood
vessels. The accumulation of LDL and VLDL in blood
vessels is increased following increases in plasma APOB
[39]. In cases of hypercholesterolemia, monocyte-derived
macrophages infiltrate the arterial intima to clear the
APOB containing lipoproteins (e.g., LDL) and are trans-
formed into lipid-laden macrophage foam cells [40].

Here, we transplanted UCSCs 4 weeks after the start of
the high-fat diet, and the effect of early intervention on
AS diseases was observed. We found that serum TC and
LDL-C levels decreased after 1 month of UCSCs trans-
plantation and serum TC, TG, and LDL-C levels de-
creased after 3 months of treatment. ALT, APOB, and
CK-MB levels were also lower in the treatment groups
compared to the model group. These data suggest that
UCSCs transplantation has the potential to attenuate
atherosclerosis by reducing serum TC, TG, and other
lipid levels.
It has been reported that gut microbes and their com-

position can regulate lipid metabolism (including fatty
acids, TG, and cholesterol) [7, 41]. A decrease in total
microbial abundance in the intestine is associated with
increased serum TC and TG levels [42]. Bifidobacterium
spp. can reduce circulating TG and LDL levels and in-
crease HDL levels [43]. Experiments in high-fat diet mice
also showed that changes in intestinal flora affect serum

Fig. 7 Intestinal flora analysis. A Alpha diversity analysis of intestinal flora in each group of animals. B Beta-PCA diversity analysis of intestinal flora
in each group. C Comparative analysis of the relative abundance of the TOP15 intestinal flora in each group. n = 7 in each group. *P < 0.05, **P <
0.01, compared with model group
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lipid levels, and some bacteria in the Lactobacillus spe-
cies can reduce plasma cholesterol levels [44]. TMAO, a
microbial-dependent metabolite, can suppress reverse
cholesterol transport and increase serum cholesterol
levels [45, 46]. In our research, we found that UCSCs
can regulate intestinal flora homeostasis, increase the
abundance of intestinal flora, increase the levels of Bifi-
dobacterium and Lactobacillus, and reduce the level of
TMAO synthesis. Therefore, our findings indicate that
serum lipid levels are reduced to some extent by UCSCs
treatment.
Much of the current evidence indicates that macro-

phages participate in AS pathogenesis [47], as their accu-
mulation in endothelial lesions is an important
pathological change in AS [48]. Macrophages form foam
cells after taking up LDL in the vascular intima [47].
Macrophages also help maintain the local inflammatory
response by secreting pro-inflammatory cytokines and
chemokines and producing reactive oxygen species.

Dying macrophages are responsible for necrotic core for-
mation in progressing plaques [49]. Therefore, reducing
macrophage aggregation and the formation of foam cells
in atherosclerotic plaques is essential for controlling the
inflammatory response during AS. In this study, we ob-
served atherosclerotic plaque formation in the aortic in-
tima in the model and UCSCs groups. The aortic plaque
area percentage, the expression of macrophages, and the
apoptotic cell number were significantly decreased in the
UCSCs treatment group compared to the model group.
It has been reported that MSCs can migrate to injured
tissue, interact with injured host cells, and secrete
paracrine-soluble and growth factors that modulate im-
mune responses and alter endothelial responses [50].
Here, we found that the number of proliferating ECs in
the treatment group was more than that in the model
group, which indicates that UCSCs transplantation re-
duced macrophage aggregation in the arterial plaque,
promoted cell proliferation, and repaired endothelial

Fig. 8 Detection of TMAO, stem cells, ox-LDL, and scavenger receptor in aorta. A Quantitative analysis of TMAO secretion in the liver indicated
that the concentration (P < 0.05) and content (P < 0.05) of TMAO in the UCSCs group were lower than that in the model group. B, C Location
analysis of stem cells in the aorta showed that they were mainly located in the aortic plaque of the arterial wall. In the UCSCs treatment group,
the absorption of ox-LDL decreased (P < 0.01), and the expression levels of macrophage scavenger receptors CD36 (P < 0.01) and SRA-1 (P < 0.01)
decreased in the aorta. n = 6 in each group.*P < 0.05, **P < 0.01, compared with model group
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damage to a certain extent. These findings are important
because recovery of the endothelium is critical in the
early stage of AS; EC deterioration and reduction can
greatly influence the subsequent progression of AS [51].
UCSCs have been shown to inhibit the differentiation

and maturation of other important inflammatory cells,
namely dendritic cells (DCs) [52], by reducing the ex-
pression of proinflammatory cytokines TNF-α and IL-6
and increasing the production of anti-inflammatory cyto-
kines TGF-β and IL-10. These effects indirectly suppress
T cell proliferation [53]. TNF-α and IL-6 play central
roles in the inflammatory response and are recognized as
predictive indicators of plaque instability. Both cytokines
can direct inflammatory cells to accumulate in athero-
sclerotic plaques, negatively impacting plaque stability
and promoting thrombosis and cell necrosis [54–56]. IL-
10 can promote atherosclerotic lesion stability [57] and
decrease the synthesis of TNF-α [58]. In atherosclerotic
lesions, TGF-β secreted from macrophages plays a role
in vascular biology by affecting cell proliferation, differ-
entiation, migration, adhesion, apoptosis, and extracellu-
lar matrix production [59]. Its anti-atherosclerotic
processes involve reducing inflammatory cell recruit-
ment, platelet adhesion, and macrophage activation [60].
In our study, UCSCs transplantation decreased the
pathological inflammatory response by inhibiting cell
apoptosis in vulnerable plaques, reducing the number of
macrophages and the levels of pro-inflammatory cyto-
kines TNF-α and IL-6, while increasing the anti-
inflammatory cytokines IL-10 and TGF-β. It has been re-
ported that M1 polarized macrophages mainly produce
TNF-α and IL-6, and M2 polarized macrophage mainly
produce TGF-β and IL-10. Thus, UCSCs may inhibit in-
flammation by regulating macrophage polarization and
cytokine secretion.
Emerging data suggest that intestinal flora dysbiosis

can contribute to AS development by increasing systemic
inflammation [61–63]. A high-fat diet can induce gut
flora dysbiosis, which can lead to increased inflammation
and altered metabolism in the host [64]. Gut barrier in-
tegrity is essential for maintaining the host’s health and
preventing inflammation and AS processes [65]. The in-
tegrity of the intestinal barrier epithelium can be main-
tained by the gut microbiome, dietary constituents, and
microbiome-derived metabolites, and proinflammatory
changes associated with intestinal barrier disruption con-
tribute to metabolic inflammation and immune re-
sponses [66]. A high-fat diet can alter the intestinal
barrier structure [65] and further increase bacterial
translocation [67]. Dysbiosis can increase the intestinal
permeability by suppressing tight junction proteins,
allowing the translocation of lipopolysaccharide into the
circulation [65, 67–70]. Gut dysbiosis derived lipopoly-
saccharide binds Toll-like receptors (TLRs) and activates

downstream immune factors [71]. Upregulation of TLRs
initiates the inflammation driven AS process [72, 73], en-
hancing the synthesis of pro-inflammatory cytokines,
such as IL-6 and TNF-α [74, 75]. In addition, the gut
microbiota-dependent metabolite TMAO can increase
macrophage migration, promote inflammatory cytokine
expression, reduce cholesterol efflux, and increase foam
cell formation, leading to AS progression [76]. In our
study, we found that at the relative abundance of 11
genus intestinal flora from the TOP15 analysis in the
model group were in a state of dysbiosis compared to
the normal group. In the UCSCs group, the intestinal
flora dysbiosis was alleviated to some extent, and TMAO
synthesis decreased. These results indicate that UCSCs
can antagonize the imbalance of intestinal flora caused
by a high-fat diet and down-regulate TMAO levels, thus
inhibiting intestinal barrier destruction, inflammatory re-
actions, and AS progression. Thus, gut permeability and
inflammation may be underlying mechanisms by which
UCSCs regulate the intestinal flora in AS [77].
The intestinal microbiota and host immune system

regulate each other [78]. Therefore, based on the above
findings and the literature, UCSCs have the capacity to
inhibit inflammation, regulate immune responses, reduce
production of TMAO, protect the intestinal barrier, and
maintain intestinal flora homeostasis. Ikarashi et al. re-
ported that human adipose and umbilical cord MSCs
protected against inflammation and maintained the bal-
ance of intestinal flora in the dextran sulfate sodium
(DSS)-induced colitis mouse model, which may be re-
lated to MSC-derived exosomes [36]. Thus, further stud-
ies are needed to identify the specific mechanisms by
which UCSCs exert their therapeutic effects in AS.
TMAO generation is dependent on the gut microbiota,

and it can exacerbate inflammatory reactions in the vas-
cular wall and impair cholesterol reverse transport [79].
TMAO can increase the prevalence of AS by increasing
the expression of scavenger receptors (CD36 and SRA1)
and inflammatory cytokines (IL-6 and TNF), as well as
increasing macrophage migration [76, 80]. Alterations to
the intestinal flora composition can affect TMAO syn-
thesis in the liver [75]. In our experiments, UCSCs inhib-
ited TMAO synthesis through modulating the gut
microbiota, but the specific mechanism requires further
analysis. The number of macrophages and the levels of
TNF-α and IL-6 were reduced in our study, which fur-
ther indicate that UCSCs can block inflammation by
inhibiting TMAO synthesis. The levels of scavenger re-
ceptor CD36 and SRA1 and the uptake of ox-LDL by
macrophages were also reduced. Therefore, we propose
that UCSCs can attenuate atherosclerotic lesion develop-
ment by maintaining intestinal flora stability, inhibiting
the production of intestinal-related harmful metabolites,
and preventing ox-LDL phagocytosis.
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Previous studies have shown that the formation of ath-
erosclerotic plaques in large-medium size arteries is as-
sociated with vascular lesions in peripheral vessels,
resulting in reduced blood flow filling or filling obstruc-
tion. UCSCs transplantation can improve the morph-
ology and function of peripheral blood vessels in the
early stage of AS. Our ultrasound analysis found that the
incidence of atherosclerotic plaques in the UCSCs treat-
ment group was lower than that in the model group after
3 months of high fat diet, further supporting the hypoth-
esis that early UCSCs intervention therapy can reduce
the formation of atherosclerotic plaques.

Conclusions
This study demonstrates that UCSCs transplantation in
the treatment of AS at the early stages can not only at-
tenuate atherosclerotic plaque formation and progression
in large and medium-sized vessels, but also improve early
peripheral blood filling. UCSCs transplantation can alle-
viate AS by reducing the serum lipid level, inhibiting the
production of macrophages and inflammatory cytokines
(IL-6 and TNF-α), inhibiting apoptosis, promoting pro-
duction of anti-inflammatory cytokines (IL-10 and TGF-
β) and endothelial cells, further inhibiting inflammatory
responses and repairing damaged endothelium. UCSCs
can also inhibit inflammation progression and ox-LDL
phagocytosis by balancing intestinal flora dysbiosis
caused by high-fat diet, as well as reducing TMAO pro-
duction, which can also lessen atherosclerotic plaque
burden. Future work will provide and in-depth investiga-
tion of the molecular mechanism by which UCSCs regu-
late intestinal flora and metabolite production to reduce
AS progression.

Abbreviations
AS: Atherosclerosis; MSCs: Mesenchymal stem cells; UCSCs: Umbilical cords
mesenchymal stem cells; IL: Interleukin; TNF: Tumor necrosis factor;
TGF: Transforming growth factor; TG: Triglyceride; TC: Total cholesterol; LDL-
C: Low-density lipoprotein cholesterol; ALT: Alanine transaminase;
CK: Creatine kinase; ApoB: Apolipoprotein B; EC: Endothelial cells

Acknowledgements
We are grateful to Prof. Yaozeng Lu for insightful comments and technology
guidance. We wish to express our gratitude to Wei Deng and Chong Xiao for
providing animal experimental facilities and material support.

Consent
All authors agreed to publish this article.

Authors’ contributions
CQ designed the research, conducted the experiments, and revised the
manuscript; YHL performed all the experiments, analyzed the data, and wrote
original manuscript; GYS performed the cell culture work; YLH, WL, HQS,
HWL, and WJZ performed the animal experiments and pathological
detection; LB provided umbilical cord mesenchymal stem cells and writing
guidance. All authors read and approved the final manuscript.

Funding
This study was supported by the CAMS Innovation Fund for Medical Sciences
(CIFMS) grant (2016-I2M-2-006); 2020 Discipline Construction Project-Special
Construction (201920200701).

Availability of data and materials
The datasets used and/or analyzed in the current study are available upon
request.

Declarations

Ethics approval and consent to participate
The use of animals was in compliance with the Health Guide of Animal
Welfare of the National Institutes for Animal Care and Use, and the
experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Institute of Laboratory Animal Science (permit
number: QC19020). All procedures were conducted according to institutional
guidelines.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 20 March 2021 Accepted: 4 July 2021

References
1. Li J, Xue H, Li T, Chu X, Xin D, Xiong Y, et al. Exosomes derived from

mesenchymal stem cells attenuate the progression of atherosclerosis in
ApoE(-/-) mice via miR-let7 mediated infiltration and polarization of M2
macrophage. Biochem Biophys Res Commun. 2019;510(4):565–72. https://
doi.org/10.1016/j.bbrc.2019.02.005.

2. Raggi P, Genest J, Giles JT, Rayner KJ, Dwivedi G, Beanlands RS, et al. Role of
inflammation in the pathogenesis of atherosclerosis and therapeutic
interventions. Atherosclerosis. 2018;276:27698–108. https://doi.org/10.1016/j.
atherosclerosis.2018.07.014.

3. Zysset D, Weber B, Rihs S, Brasseit J, Freigang S, Riether C, et al. TREM-1 links
dyslipidemia to inflammation and lipid deposition in atherosclerosis. Nat
Commun. 2016;713151(1). https://doi.org/10.1038/ncomms13151.

4. Singh RB, Mengi SA, Xu YJ, Arneja AS, Dhalla NS. Pathogenesis of
atherosclerosis: a multifactorial process. Exp Clin Cardiol. 2002;7(1):40–53.

5. Stöger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, Biessen
EA, et al. Distribution of macrophage polarization markers in human
atherosclerosis. Atherosclerosis. 2012;225(2):461–8. https://doi.org/10.1016/j.
atherosclerosis.2012.09.013.

6. Jonsson AL, Bäckhed F. Role of gut microbiota in atherosclerosis. Nat Rev
Cardiol. 2017;14(2):79–87. https://doi.org/10.1038/nrcardio.2016.183.

7. Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism.
Rev Endocr Metab Disord. 2019;20(4):461–72. https://doi.org/10.1007/s11154-
019-09512-0.

8. Wilson AS, Koller KR, Ramaboli MC, Nesengani LT, Ocvirk S, Chen C, et al.
Diet and the human gut microbiome: an international review. Dig Dis Sci.
2020;65(3):723–40. https://doi.org/10.1007/s10620-020-06112-w.

9. Spence JD. Intestinal microbiome and atherosclerosis. EBio Medicine. 2016:
1317–8.

10. Chistiakov DA, Melnichenko AA, Orekhov AN, Bobryshev YV. How do
macrophages sense modified low-density lipoproteins? Int J Cardiol. 2017;
230:230232–40. https://doi.org/10.1016/j.ijcard.2016.12.164.

11. Chen PYF, Ho CT, Shahidi F, Pan MH. Potential effects of natural dietary
compounds on trimethylamine Noxide (TMAO) formation and TMAO-
induced atherosclerosis. J Food Bioact. 2018:387–94.

12. Wei X, Sun G, Zhao X, Wu Q, Chen L, Xu Y, et al. Human amnion
mesenchymal stem cells attenuate atherosclerosis by modulating
macrophage function to reduce immune response. Int J Mol Med. 2019;44
(4):1425–35. https://doi.org/10.3892/ijmm.2019.4286.

13. Zhang Q, Shi S, Liu Y, Uyanne J, Shi Y, Shi S, et al. Mesenchymal stem cells
derived from human gingiva are capable of immunomodulatory functions
and ameliorate inflammation-related tissue destruction in experimental
colitis. J Immunol. 2009;183(12):7787–98. https://doi.org/10.4049/jimmunol.
0902318.

14. Jin HJ, Bae YK, Kim M, Kwon SJ, Jeon HB, Choi SJ, et al. Comparative analysis
of human mesenchymal stem cells from bone marrow, adipose tissue, and
umbilical cord blood as sources of cell therapy. Int J Mol Sci. 2013;14(9):
17986–8001. https://doi.org/10.3390/ijms140917986.

Li et al. Stem Cell Research & Therapy          (2021) 12:407 Page 12 of 14

https://doi.org/10.1016/j.bbrc.2019.02.005
https://doi.org/10.1016/j.bbrc.2019.02.005
https://doi.org/10.1016/j.atherosclerosis.2018.07.014
https://doi.org/10.1016/j.atherosclerosis.2018.07.014
https://doi.org/10.1038/ncomms13151
https://doi.org/10.1016/j.atherosclerosis.2012.09.013
https://doi.org/10.1016/j.atherosclerosis.2012.09.013
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1016/j.ijcard.2016.12.164
https://doi.org/10.3892/ijmm.2019.4286
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.3390/ijms140917986


15. Li CD, Zhang WY, Li HL, Jiang XX, Zhang Y, Tang PH, et al. Mesenchymal
stem cells derived from human placenta suppress allogeneic umbilical cord
blood lymphocyte proliferation. Cell Res. 2005;15(7):539–47. https://doi.org/1
0.1038/sj.cr.7290323.

16. Wang HS, Hung SC, Peng ST, Huang CC, Wei HM, Guo YJ, et al.
Mesenchymal stem cells in the Wharton's jelly of the human umbilical
cord. Stem Cells. 2004;22(7):1330–7. https://doi.org/10.1634/stemcells.2
004-0013.

17. Li F, Guo X, Chen SY. Function and therapeutic potential of mesenchymal
stem cells in atherosclerosis. Front Cardiovasc Med. 2017;432. https://doi.
org/10.3389/fcvm.2017.00032.

18. Zhang X, Huang F, Li W, Dang JL, Yuan J, Wang J, et al. Human gingiva-
derived mesenchymal stem cells modulate monocytes/macrophages and
alleviate atherosclerosis. Front Immunol. 2018;9878. https://doi.org/10.3389/
fimmu.2018.00878.

19. Li Q, Sun W, Wang X, Zhang K, Xi W, Gao P. Skin-derived mesenchymal stem
cells alleviate atherosclerosis via modulating macrophage function. Stem
Cells Transl Med. 2015;4(11):1294–301. https://doi.org/10.5966/sctm.2015-002
0.

20. Abdel-Kawi SH, Hashem KS. Possible therapeutic effect of stem cell in
atherosclerosis in albino rats. a histological and immunohistochemical study.
Int J Stem Cells. 2015;8(2):200–8. https://doi.org/10.15283/ijsc.2015.8.2.200.

21. Karahuseyinoglu S, Cinar O, Kilic E, Kara F, Akay GG, Demiralp DO, et al.
Biology of stem cells in human umbilical cord stroma: in situ and in vitro
surveys. Stem Cells. 2007;25(2):319–31. https://doi.org/10.1634/stemcells.2
006-0286.

22. Wang L, Zhao L, Detamore MS. Human umbilical cord mesenchymal stromal
cells in a sandwich approach for osteochondral tissue engineering. J Tissue
Eng Regen Med. 2011;5(9):712–21. https://doi.org/10.1002/term.370.

23. Wang L, Ott L, Seshareddy K, Weiss ML, Detamore MS. Musculoskeletal
tissue engineering with human umbilical cord mesenchymal stromal cells.
Regen Med. 2011;6(1):95–109. https://doi.org/10.2217/rme.10.98.

24. Thein-Han W, Xu HH. Collagen-calcium phosphate cement scaffolds seeded
with umbilical cord stem cells for bone tissue engineering. Tissue Eng Part
A. 2011;17(23-24):2943–54. https://doi.org/10.1089/ten.tea.2010.0674.

25. Fu YS, Shih YT, Cheng YC, Min MY. Transformation of human umbilical
mesenchymal cells into neurons in vitro. J Biomed Sci. 2004;11(5):652–60.
https://doi.org/10.1007/bf02256131.

26. Gong W, Han Z, Zhao H, Wang Y, Wang J, Zhong J, et al. Banking human
umbilical cord-derived mesenchymal stromal cells for clinical use. Cell
Transplant. 2012;21(1):207-16. https://doi.org/10.3727/096368911 × 586756.

27. Butler MG, Menitove JE. Umbilical cord blood banking: an update. J Assist
Reprod Genet. 2011;28(8):669–76. https://doi.org/10.1007/s10815-011-9577-x.

28. Forraz N, McGuckin CP. The umbilical cord: a rich and ethical stem cell
source to advance regenerative medicine. Cell Prolif. 2011;44(Suppl 1):60–9.
https://doi.org/10.1111/j.1365-2184.2010.00729.x.

29. Can A, Celikkan FT, Cinar O. Umbilical cord mesenchymal stromal cell
transplantations: a systemic analysis of clinical trials. Cytotherapy. 2017;19
(12):1351–82. https://doi.org/10.1016/j.jcyt.2017.08.004.

30. Aslam S, Khan I, Jameel F, Zaidi MB, Salim A. Umbilical cord-derived
mesenchymal stem cells preconditioned with isorhamnetin: potential
therapy for burn wounds. World J Stem Cells. 2020;12(12):1652–66. https://
doi.org/10.4252/wjsc.v12.i12.1652.

31. Chang YH, Wu KC, Liu HW, Chu TY, Ding DC. Human umbilical cord-derived
mesenchymal stem cells reduce monosodium iodoacetate-induced
apoptosis in cartilage. Tzu Chi Med J. 2018;30(2):71–80. https://doi.org/10.41
03/tcmj.tcmj_23_18.

32. Guo Y, Shi B, Wang ZL, Wang DM, Xu GX. Effects of peripheral blood
mesenchyme stem cells transplantation on vascular smooth muscle cell
apoptosis after balloon-induced artery injury in rabbits. Chin J Biomed Eng.
2010;29(2):288–94.

33. Li Y, Zhang J, Xu Y, Han Y, Jiang B, Huang L, et al. The histopathological
investigation of red and blue light emitting diode on treating skin wounds
in Japanese big-ear white rabbit. PLoS One. 2016;11(6):e0157898. https://doi.
org/10.1371/journal.pone.0157898.

34. Pinkaew D, Le RJ, Chen Y, Eltorky M, Teng BB, Fujise K. Fortilin reduces
apoptosis in macrophages and promotes atherosclerosis. Am J Physiol Heart
Circ Physiol. 2013;305(10):H1519–29. https://doi.org/10.1152/ajpheart.00570.2
013.

35. Gao S, Wang X, Cheng D, Li J, Li L, Ran L, et al. Overexpression of cholesteryl
ester transfer protein increases macrophage-derived foam cell accumulation

in atherosclerotic lesions of transgenic rabbits. Mediators Inflamm. 2017;
20173824276:1–9. https://doi.org/10.1155/2017/3824276.

36. Ikarashi S, Tsuchiya A, Kawata Y, Kojima Y, Watanabe T, Takeuchi S, et al.
Effects of human adipose tissue-derived and umbilical cord tissue-derived
mesenchymal stem cells in a dextran sulfate sodium-induced mouse model.
Biores Open Access. 2019;8(1):185–99. https://doi.org/10.1089/biores.2019.
0022.

37. Fan J, Kitajima S, Watanabe T, Xu J, Zhang J, Liu E, et al. Rabbit models for
the study of human atherosclerosis: from pathophysiological mechanisms to
translational medicine. Pharmacol Ther. 2015;146:146104–19. https://doi.
org/10.1016/j.pharmthera.2014.09.009.

38. Albertini R, Moratti R, De Luca G. Oxidation of low-density lipoprotein in
atherosclerosis from basic biochemistry to clinical studies. Curr Mol Med.
2002;2(6):579–92. https://doi.org/10.2174/1566524023362177.

39. Wu MY, Li CJ, Hou MF, Chu PY. New insights into the role of inflammation
in the pathogenesis of atherosclerosis. Int J Mol Sci. 2017;18(10). https://doi.
org/10.3390/ijms18102034.

40. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic
balance. Nat Rev Immunol. 2013;13(10):709–21. https://doi.org/10.1038/nri3
520.

41. Koren O, Spor A, Felin J, Fåk F, Stombaugh J, Tremaroli V, et al. Human oral,
gut, and plaque microbiota in patients with atherosclerosis. Proc Natl Acad
Sci U S A. 2011;108 Suppl 1(Suppl 1):4592-8. https://doi.org/10.1073/pnas.1
011383107.

42. Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E, et al.
Dietary intervention impact on gut microbial gene richness. Nature. 2013;
500(7464):585–8. https://doi.org/10.1038/nature12480.

43. An HM, Park SY, Lee DK, Kim JR, Cha MK, Lee SW, et al. Antiobesity and
lipid-lowering effects of Bifidobacterium spp. in high fat diet-induced obese
rats. Lipids Health Dis. 2011;10116. https://doi.org/10.1186/1476-511x-10-116.

44. Yoo SR, Kim YJ, Park DY, Jung UJ, Jeon SM, Ahn YT, et al. Probiotics L.
plantarum and L. curvatus in combination alter hepatic lipid metabolism
and suppress diet-induced obesity. Obesity (Silver Spring). 2013;21(12):2571-
8. https://doi.org/10.1002/oby.20428.

45. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al.
Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat,
promotes atherosclerosis. Nat Med. 2013;19(5):576–85. https://doi.org/1
0.1038/nm.3145.

46. Canyelles M, Tondo M, Cedó L, Farràs M, Escolà-Gil JC, Blanco-Vaca F.
Trimethylamine N-oxide: a link among diet, gut microbiota, gene regulation
of liver and intestine cholesterol homeostasis and HDL function. Int J Mol
Sci. 2018;19(10). https://doi.org/10.3390/ijms19103228.

47. Li JZ, Cao TH, Han JC, Qu H, Jiang SQ, Xie BD, et al. Comparison of adipose-
and bone marrow-derived stem cells in protecting against ox-LDL-induced
inflammation in M1-macrophage-derived foam cells. Mol Med Rep. 2019;19
(4):2660–70. https://doi.org/10.3892/mmr.2019.9922.

48. Luo Y, Duan H, Qian Y, Feng L, Wu Z, Wang F, et al. Macrophagic CD146
promotes foam cell formation and retention during atherosclerosis. Cell Res.
2017;27(3):352–72. https://doi.org/10.1038/cr.2017.8.

49. Seimon T, Tabas I. Mechanisms and consequences of macrophage apoptosis
in atherosclerosis. J Lipid Res. 2009;50 Suppl(Suppl):S382-7. https://doi.org/1
0.1194/jlr.R800032-JLR200.

50. Katsuda T, Kosaka N, Takeshita F, Ochiya T. The therapeutic potential of
mesenchymal stem cell-derived extracellular vesicles. Proteomics. 2013;13
(10-11):1637–53. https://doi.org/10.1002/pmic.201200373.

51. Takemoto Y, Horiba M, Harada M, Sakamoto K, Takeshita K, Murohara T, et al.
Midkine promotes atherosclerotic plaque formation through its pro-
inflammatory, angiogenic and anti-apoptotic functions in apolipoprotein E-
knockout mice. Circ J. 2017;82(1):19–27. https://doi.org/10.1253/circj.CJ-17-0043.

52. Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE. Mesenchymal
stem cells inhibit generation and function of both CD34+-derived and
monocyte-derived dendritic cells. J Immunol. 2006;177(4):2080–7. https://doi.
org/10.4049/jimmunol.177.4.2080.

53. Beyth S, Borovsky Z, Mevorach D, Liebergall M, Gazit Z, Aslan H, et al.
Human mesenchymal stem cells alter antigen-presenting cell maturation
and induce T-cell unresponsiveness. Blood. 2005;105(5):2214–9. https://doi.
org/10.1182/blood-2004-07-2921.

54. Koukkunen H, Penttilä K, Kemppainen A, Halinen M, Penttila I, Rantanen T,
et al. C-reactive protein, fibrinogen, interleukin-6 and tumour necrosis factor-
alpha in the prognostic classification of unstable angina pectoris. Ann Med.
2001;33(1):37–47. https://doi.org/10.3109/07853890109002058.

Li et al. Stem Cell Research & Therapy          (2021) 12:407 Page 13 of 14

https://doi.org/10.1038/sj.cr.7290323
https://doi.org/10.1038/sj.cr.7290323
https://doi.org/10.1634/stemcells.2004-0013
https://doi.org/10.1634/stemcells.2004-0013
https://doi.org/10.3389/fcvm.2017.00032
https://doi.org/10.3389/fcvm.2017.00032
https://doi.org/10.3389/fimmu.2018.00878
https://doi.org/10.3389/fimmu.2018.00878
https://doi.org/10.5966/sctm.2015-0020
https://doi.org/10.5966/sctm.2015-0020
https://doi.org/10.15283/ijsc.2015.8.2.200
https://doi.org/10.1634/stemcells.2006-0286
https://doi.org/10.1634/stemcells.2006-0286
https://doi.org/10.1002/term.370
https://doi.org/10.2217/rme.10.98
https://doi.org/10.1089/ten.tea.2010.0674
https://doi.org/10.1007/bf02256131
https://doi.org/10.3727/096368911
https://doi.org/10.1007/s10815-011-9577-x
https://doi.org/10.1111/j.1365-2184.2010.00729.x
https://doi.org/10.1016/j.jcyt.2017.08.004
https://doi.org/10.4252/wjsc.v12.i12.1652
https://doi.org/10.4252/wjsc.v12.i12.1652
https://doi.org/10.4103/tcmj.tcmj_23_18
https://doi.org/10.4103/tcmj.tcmj_23_18
https://doi.org/10.1371/journal.pone.0157898
https://doi.org/10.1371/journal.pone.0157898
https://doi.org/10.1152/ajpheart.00570.2013
https://doi.org/10.1152/ajpheart.00570.2013
https://doi.org/10.1155/2017/3824276
https://doi.org/10.1089/biores.2019.0022
https://doi.org/10.1089/biores.2019.0022
https://doi.org/10.1016/j.pharmthera.2014.09.009
https://doi.org/10.1016/j.pharmthera.2014.09.009
https://doi.org/10.2174/1566524023362177
https://doi.org/10.3390/ijms18102034
https://doi.org/10.3390/ijms18102034
https://doi.org/10.1038/nri3520
https://doi.org/10.1038/nri3520
https://doi.org/10.1073/pnas.1011383107
https://doi.org/10.1073/pnas.1011383107
https://doi.org/10.1038/nature12480
https://doi.org/10.1186/1476-511x-10-116
https://doi.org/10.1002/oby.20428
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nm.3145
https://doi.org/10.3390/ijms19103228
https://doi.org/10.3892/mmr.2019.9922
https://doi.org/10.1038/cr.2017.8
https://doi.org/10.1194/jlr.R800032-JLR200
https://doi.org/10.1194/jlr.R800032-JLR200
https://doi.org/10.1002/pmic.201200373
https://doi.org/10.1253/circj.CJ-17-0043
https://doi.org/10.4049/jimmunol.177.4.2080
https://doi.org/10.4049/jimmunol.177.4.2080
https://doi.org/10.1182/blood-2004-07-2921
https://doi.org/10.1182/blood-2004-07-2921
https://doi.org/10.3109/07853890109002058


55. Kleemann R, Zadelaar S, Kooistra T. Cytokines and atherosclerosis: a
comprehensive review of studies in mice. Cardiovasc Res. 2008;79(3):360–76.
https://doi.org/10.1093/cvr/cvn120.

56. Wang SS, Hu SW, Zhang QH, Xia AX, Jiang ZX, Chen XM. Mesenchymal stem
cells stabilize atherosclerotic vulnerable plaque by anti-inflammatory
properties. PLoS One. 2015;10(8):e0136026. https://doi.org/10.1371/journal.
pone.0136026.

57. Han X, Boisvert WA. Interleukin-10 protects against atherosclerosis by
modulating multiple atherogenic macrophage function. Thromb Haemost.
2015;113(3):505–12. https://doi.org/10.1160/th14-06-0509.

58. Putra A, Ridwan FB, Putridewi AI, Kustiyah AR, Wirastuti K, Sadyah NAC, et al.
The role of TNF-α induced MSCs on suppressive inflammation by increasing
TGF-β and IL-10. Open Access Maced J Med Sci. 2018;6(10):1779–83. https://
doi.org/10.3889/oamjms.2018.404.

59. Hansson GK, Robertson AK. TGF-beta in atherosclerosis. Arterioscler Thromb
Vasc Biol. 2004;24(6):E137; author reply E-8. https://doi.org/10.1161/01.atv.
0000130728.38755.09.

60. McCaffrey TA. TGF-betas and TGF-beta receptors in atherosclerosis. Cytokine
Growth Factor Rev. 2000;11(1-2):103–14. https://doi.org/10.1016/s1359-6101
(99)00034-9.

61. Drosos I, Tavridou A, Kolios G. New aspects on the metabolic role of
intestinal microbiota in the development of atherosclerosis. Metabolism.
2015;64(4):476–81. https://doi.org/10.1016/j.metabol.2015.01.007.

62. Gregory JC, Buffa JA, Org E, Wang Z, Levison BS, Zhu W, et al. Transmission
of atherosclerosis susceptibility with gut microbial transplantation. J Biol
Chem. 2015;290(9):5647–60. https://doi.org/10.1074/jbc.M114.618249.

63. Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, et al. The gut microbiome in
atherosclerotic cardiovascular disease. Nat Commun. 2017;8(1):845. https://
doi.org/10.1038/s41467-017-00900-1.

64. Bibbò S, Ianiro G, Giorgio V, Scaldaferri F, Masucci L, Gasbarrini A, et al. The
role of diet on gut microbiota composition. Eur Rev Med Pharmacol Sci.
2016;20(22):4742–9.

65. Duttaroy AK. Role of gut microbiota and their metabolites on
atherosclerosis, hypertension and human blood platelet function: a review.
Nutrients. 2021;13(1). https://doi.org/10.3390/nu13010144.

66. Tilg H, Zmora N, Adolph TE, Elinav E. The intestinal microbiota fuelling
metabolic inflammation. Nat Rev Immunol. 2020;20(1):40–54. https://doi.
org/10.1038/s41577-019-0198-4.

67. Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota
exacerbates inflammation and obesity in mice via the TLR4 signaling pathway.
PLoS One. 2012;7(10):e47713. https://doi.org/10.1371/journal.pone.0047713.

68. Shen W, Wolf PG, Carbonero F, Zhong W, Reid T, Gaskins HR, et al. Intestinal
and systemic inflammatory responses are positively associated with
sulfidogenic bacteria abundance in high-fat-fed male C57BL/6 J mice. J Nutr.
2014;144(8):1181–7. https://doi.org/10.3945/jn.114.194332.

69. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al.
Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice.
Diabetes. 2008;57(6):1470–81. https://doi.org/10.2337/db07-1403.

70. Harris K, Kassis A, Major G, Chou CJ. Is the gut microbiota a new factor
contributing to obesity and its metabolic disorders? J Obes. 2012;
2012879151:1–14. https://doi.org/10.1155/2012/879151.

71. Chacón MR, Lozano-Bartolomé J, Portero-Otín M, Rodríguez MM, Xifra G,
Puig J, et al. The gut mycobiome composition is linked to carotid
atherosclerosis. Benef Microbes. 2018;9(2):185–98. https://doi.org/10.3920/
bm2017.0029.

72. Xu XH, Shah PK, Faure E, Equils O, Thomas L, Fishbein MC, et al. Toll-like
receptor-4 is expressed by macrophages in murine and human lipid-rich
atherosclerotic plaques and upregulated by oxidized LDL. Circulation. 2001;
104(25):3103–8. https://doi.org/10.1161/hc5001.100631.

73. Edfeldt K, Swedenborg J, Hansson GK, Yan ZQ. Expression of toll-like
receptors in human atherosclerotic lesions: a possible pathway for plaque
activation. Circulation. 2002;105(10):1158–61. https://doi.org/10.1161/circ.1
05.10.1158.

74. Guzzo C, Ayer A, Basta S, Banfield BW, Gee K. IL-27 enhances LPS-induced
proinflammatory cytokine production via upregulation of TLR4 expression
and signaling in human monocytes. J Immunol. 2012;188(2):864–73. https://
doi.org/10.4049/jimmunol.1101912.

75. Barton GM, Kagan JC. A cell biological view of Toll-like receptor function:
regulation through compartmentalization. Nat Rev Immunol. 2009;9(8):535–
42. https://doi.org/10.1038/nri2587.

76. Eshghjoo S, Jayaraman A, Sun Y, Alaniz RC. Microbiota-mediated immune
regulation in atherosclerosis. Molecules. 2021;26(1). https://doi.org/10.3390/
molecules26010179.

77. Murphy EA, Velazquez KT, Herbert KM. Influence of high-fat diet on gut
microbiota: a driving force for chronic disease risk. Curr Opin Clin Nutr
Metab Care. 2015;18(5):515–20. https://doi.org/10.1097/mco.00000000000002
09.

78. Sittipo P, Lobionda S, Lee YK, Maynard CL. Intestinal microbiota and the
immune system in metabolic diseases. J Microbiol. 2018;56(3):154–62.
https://doi.org/10.1007/s12275-018-7548-y.

79. Jones ML, Tomaro-Duchesneau C, Prakash S. The gut microbiome,
probiotics, bile acids axis, and human health. Trends Microbiol. 2014;22(6):
306–8. https://doi.org/10.1016/j.tim.2014.04.010.

80. Geng J, Yang C, Wang B, Zhang X, Hu T, Gu Y, et al. Trimethylamine N-oxide
promotes atherosclerosis via CD36-dependent MAPK/JNK pathway. Biomed
Pharmacother. 2018;97:97941–7. https://doi.org/10.1016/j.biopha.2017.11.016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. Stem Cell Research & Therapy          (2021) 12:407 Page 14 of 14

https://doi.org/10.1093/cvr/cvn120
https://doi.org/10.1371/journal.pone.0136026
https://doi.org/10.1371/journal.pone.0136026
https://doi.org/10.1160/th14-06-0509
https://doi.org/10.3889/oamjms.2018.404
https://doi.org/10.3889/oamjms.2018.404
https://doi.org/10.1161/01.atv.0000130728.38755.09
https://doi.org/10.1161/01.atv.0000130728.38755.09
https://doi.org/10.1016/s1359-6101(99)00034-9
https://doi.org/10.1016/s1359-6101(99)00034-9
https://doi.org/10.1016/j.metabol.2015.01.007
https://doi.org/10.1074/jbc.M114.618249
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.3390/nu13010144
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.3945/jn.114.194332
https://doi.org/10.2337/db07-1403
https://doi.org/10.1155/2012/879151
https://doi.org/10.3920/bm2017.0029
https://doi.org/10.3920/bm2017.0029
https://doi.org/10.1161/hc5001.100631
https://doi.org/10.1161/circ.105.10.1158
https://doi.org/10.1161/circ.105.10.1158
https://doi.org/10.4049/jimmunol.1101912
https://doi.org/10.4049/jimmunol.1101912
https://doi.org/10.1038/nri2587
https://doi.org/10.3390/molecules26010179
https://doi.org/10.3390/molecules26010179
https://doi.org/10.1097/mco.0000000000000209
https://doi.org/10.1097/mco.0000000000000209
https://doi.org/10.1007/s12275-018-7548-y
https://doi.org/10.1016/j.tim.2014.04.010
https://doi.org/10.1016/j.biopha.2017.11.016

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Rabbits
	Cells and culture
	Animal model of AS and treatment regimens
	Serum biochemical detection
	Analysis of Doppler flow imaging of peripheral vessels
	Vascular ultrasonic evaluation
	Histopathological analysis
	16S rDNA microbial community analysis
	TMAO targeted metabolism detection
	Statistical analysis

	Results
	Characterization of UCSCs
	Serum lipid analysis
	Analysis of Doppler flow imaging of peripheral vessels
	Vascular ultrasonic detection of atherosclerotic plaques
	Pathological changes of aortic atherosclerotic plaques
	Changes in intestinal flora
	TMAO targeted metabolic analysis and stem cell, ox-LDL, and scavenger receptor detection

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Consent
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

