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Abstract. Previous studies have demonstrated that regulatory 
T cells (Tregs) are pivotal in the regulation of T cell-medi-
ated immune responses in atherosclerosis, a chronic 
autoimmune-like disease. In the authors' previous studies, 
it was demonstrated that amygdalin ameliorated atheroscle-
rosis by the regulation of Tregs in apolipoprotein E‑deficient 
(ApoE-/-) mice. Therefore, the aim of the present study was to 
investigate the therapeutic effect of amygdalin on low-density 
lipoprotein (LDL) receptor deficient (LDLR-/-) mice, and to 
examine its immune regulatory function by the stimulation 
of Tregs. To establish an atherosclerosis mouse model, the 
LDLR-/- mice were fed a high fat and high cholesterol diet then 
the total plasma cholesterol, triglyceride, LDL and chemokines 
levels were measured by an ELISA. Following sacrificing the 
mice, the upper sections of the aorta were stained by hema-
toxylin and eosin, and Oil red O to assess the plaque area. 
Then western blotting and reverse transcription polymerase 

chain reactions were performed to analysis the expression 
levels of cluster of differentiation 68, monocyte chemoattrac-
tant protein-1, matrix metalloproteinase (MMP)-2, MMP-9 
and forkhead box P3 (Foxp3). To further confirm the activa-
tion of FOXP3 by amygdalin, lentiviruses carrying Foxp3 
shRNA were injected into the mice, and the serum cytokines 
levels were measured by ELISA. Following feeding of the 
mice with a high-fat/high-cholesterol diet, the LDLR-/- mice 
demonstrated comparatively higher levels of triglyceride, 
total cholesterol and LDL, compared with levels in the 
amygdalin-treated mice. By comparing the vessel area, lumen 
area, plaque area, and percentage aortic plaque coverage, the 
effects of amygdalin on pre-existing lesions were assessed. 
In addition, the levels of CD68, monocyte chemoattractant 
protein-1, MMP-2 and MMP-9 were analyzed, and analysis of 
the expression of interleukin (IL)-1β, IL-6 and tumor necrosis 
factor (TNF)-α indicated that the mice treated with amygdalin 
had decreased expression of pro‑inflammatory cytokines. The 
mRNA and protein levels of Foxp3 were also quantified, and 
the mice treated with amygdalin demonstrated an increased 
number of Tregs. The knockdown of Foxp3mRNA resulted in 
the increased secretion of IL-1β, IL-6 and TNF-α. Therefore, 
the data indicated that amygdalin regulated the formation 
of atherosclerosis and stabilized the plaque by suppressing 
inflammatory responses and promoting the immune‑modula-
tion function of Tregs. Taken together, the results demonstrated 
the therapeutic effect of amygdalin on atherosclerosis.

Introduction

It is widely acknowledged that atherosclerosis is the principal 
cause of cardiovascular disease, which ultimately contributes to 
mortality rates (1,2). Although hypercholesterolemia, smoking, 
male gender, hypertension, diabetes and age are traditionally 
considered to be risk factors, accumulating evidence indicates 
that hyperlipidemia is the major risk factor underlying the 
formation and development of atherosclerosis (3,4). During the 
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initiation of atherosclerosis, plasma low-density lipoprotein 
(LDL) accumulates in the arterial wall, oxidized, and recruits 
circulating monocytes (5). When monocytes transform into 
macrophages, they uptake oxidized (ox) LDL, resulting in 
substantial cholesterol accumulation and the formation of foam 
cells, which ultimately lead to formation of the atherosclerotic 
lesion. In this multifactorial process, endothelial cells, smooth 
muscle cells, macrophages and lymphocytes are involved 
and interact. Increasing experimental evidence suggests 
that during this process, an array of cytokines and adhesion 
molecules are involved and promote atherogenesis (6,7). The 
innate and adaptive immune responses are also pivotal in the 
pathogenesis of atherosclerosis (8). Therefore, as a result of 
the multiple interactions, atherosclerotic plaques are formed, 
which ultimately results in cerebrovascular events and acute 
coronary syndromes.

Amygdalin (vitamin B17, also known as Laetrile), is 
extracted from Semen Persicae, the seed of Prunus Persica (L.) 
Batsch. Amygdalin is also found in abundance in the seeds of 
apricots, almonds, peaches and other rosaceous plants. To date, 
amygdalin has been widely used for the treatment of asthma, 
bronchitis, emphysema, leprosy, diabetes and cancer. The 
authors' previous study on amygdalin suggested that it may 
stimulate the immune system and exhibits immune modula-
tion functions by the regulation of regulatory T cells (Tregs) 
in apolipoprotein E‑deficient (ApoE)-/- mice. As ApoE-/- mice 
are spontaneous atherosclerotic mice, in order to determine 
whether amygdalin can alleviate high-fat/high-cholesterol 
induced atherosclerosis, LDLR-/- mice were used in the present 
study. It has been demonstrated that the cytokines produced 
by T cells, including interleukin (IL)-6 and tumor necrosis 
factor (TNF)-α, and macrophages, including IL-1β, affect 
the extent and nature of the atherosclerotic plaque (9,10). 
The authors' previous study on the anti-atherosclerotic effect 
of amygdalin demonstrated that the expression levels of 
IL-10 and transforming growth factor (TGF)-β were mark-
edly increased in the serum of the amygdalin-treated mice. 
Therefore, it was hypothesized that amygdalin possesses a 
broader immune-regulative function on atherogenesis and is 
critical in the regulation of Tregs in high-fat/high-cholesterol 
diet-induced atherosclerotic LDLR-/- mice. To confirm this 
hypothesis, the present study aimed to determine whether the 
expression levels of TNF-α, IL-1β and IL-6 can be regulated by 
amygdalin. It is well known that Tregs have a protective role in 
the progression of atherosclerosis (11) and they are considered 
to be a therapeutic target for the treatment of atherosclerosis. 
The authors' previous studies suggested that Tregs can be 
induced and expanded by amgydalin (12). Therefore, to further 
substantiate the hypothesis, the expression of forkhead box P3 
(Foxp3) was silenced through Foxp3‑specific short hairpin 
(sh)RNAs and the expression levels of the cytokines were 
observed. Previous clinical investigations of matrix metallo-
proteinase (MMP)-2 and MMP-9 demonstrated that MMP-9 
activity was found in macrophage-rich lesions, whereas the 
expression of MMP-2 was higher in lesions rich in smooth 
muscle cells, indicating that MMP-2 and MMP-9 are tightly 
associated with stable and vulnerable lesions (13). In order to 
elucidate the mechanism underlying the anti-atherosclerotic 
function of amygdalin, the present study also examined the 
expression levels of MMP-2 and MMP-9. Therefore, in order 

to determine whether amygdalin treatment attenuates plaque 
progression and alleviates the symptom of atherosclerosis, the 
present study focused on the immune regulatory function of 
amygdalin.

Materials and methods

Animals. The LDLR-/- mice were purchased from Jackson 
Laboratories (Bar Harbor, ME, USA) and maintained in a 12-h 
light/dark cycle in an atmosphere of 0.03% CO2 with free access 
to water and food. In accordance with the individual ventilated 
cage requirements of Sichuan Academy of Medical Science 
& Sichuan Provincial People's Hospital (Sichuan, China), all 
mice were raised under specific pathogen-free conditions 
with controlled temperature (23±2˚C). The use and handling 
of animals were in accordance with the Ethics Committee of 
Sichuan Academy of Medical Science & Sichuan Provincial 
People's Hospital.

Study design. Amygdalin was purchased from Changsha 
Staherb Natural Ingredients Co., Ltd. (Changsha, Hunan, 
China). The 8-week-old male mice were divided into five 
groups (n=30 in each group, and body weight range of 
~22-24 g): i) LDLR-/- control group (control): 8-week-old 
male LDLR-/-mice were fed a standard laboratory diet (10% 
fat, 15% protein and 75% carbohydrate); ii) LDLR-/- high-fat 
diet (HFD) control group (LDLR-/-): 8-week-old male LDLR-/- 
mice were fed an HFD containing 40% fat, 14% protein and 
46% carbohydrate for 12 weeks; iii) Amygdalin (Low) group: 
8-week-old male LDLR-/- mice were fed the HFD for 12 weeks 
and amygdalin (1 mg/kg/day for 4 weeks consecutively) was 
injected intraperitoneally; iv) Amygdalin (medium) group: 
8-week-old male LDLR-/- mice were fed the HFD for 12 weeks 
and amygdalin (3 mg/kg/day for 4 weeks consecutively) 
was injected intraperitoneally; v) Amygdalin (high) group: 
8-week-old male LDLR-/- mice were fed the HFD for 12 weeks 
and amygdalin (10 mg/kg/day for 4 weeks consecutively) was 
injected intraperitoneally. All groups of mice were sacrificed 
following 4 weeks of drug delivery.

Lipid profile and cytokine measurements. For measuring total 
cholesterol content, blood samples were collected from each 
mouse at the beginning and end of amygdalin treatment. Total 
plasma cholesterol (TC) and triglyceride (TG) levels were 
determined using commercial kits (Applygen Technologies, 
Inc., Beijing, China). The levels of murine IL-1β, TGF-α and 
IL-6 were assayed using ELISA kits with paired antibodies 
according to the manufacturer's protocol (R&D Systems, Inc. 
Minneapolis, MN, USA).

Assessment of aortic sinus atherosclerosis. The hearts and 
upper sections of the aorta were removed from the mice, 
fixed, embedded in paraffin and sectioned (5-µm). The 
sections were then stained with hematoxylin and eosin (cat. 
no. C0105; Beyotime Institute of Biotechnology, Suzhou, 
China) and oil red O (cat. no. O0625; Sigma-Aldrich; Merck 
KGaA, Darmstadt, Germany). Atherosclerotic lesions were 
quantified by calculating the lesion size in the aortic sinus, as 
previous described (14,15). The vessel areas were measured 
using ImageJ software (version 1.47; National Institutes of 
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Health; Bethesda, MD, USA) from images obtained with a 
Nikon 80i microscope (Nikon Corporation, Tokyo, Japan). For 
comparisons of plaque areas between the amygdalin groups 
and control groups, 100 and 200 µm distant sites were used.

Western blot analysis. The proteins were lysed by radio-
immunoprecipitation lysis buffer (Beyotime Institute of 
Biotechnology) and quantified with bicinchoninic method 
(Beyotime Institute of Biotechnology) as previously 
described (12). A total of 20 µg protein was loaded onto a 
NuPageNovex 10% Bis‑Tris gel (Thermo Fisher Scientific, Inc.) 
for electrophoresis. Following electrophoresis, the proteins 
were transferred onto polyvinylidene fluoride membranes (Pall 
Life Sciences, Port Washington, NY, USA). The membranes 
were blocked bovine serum albumin (Sigma-Aldrich; Merck 
KGaA), and then incubated with primary antibodies overnight 
at 4˚C followed by incubation with horseradish peroxidase 
(HRP)-conjugated secondary antibody at room temperature 
for 2 h. Chemiluminescence detection was performed using 
Immobilon Western Chemiluminescent HRP substrate (EMD 
Millipore, Billerica, MA, USA), and measured directly 
using a BioSpectrum imaging system (UVP, Inc., Upland, 
CA, USA). The mouse monoclonal CD68 (cat. no. sc-20060; 
1:1,000), mouse monoclonal MMP-2 (cat. no. sc-13594; 1:500), 
mouse monoclonal MMP-9 (cat. no. sc-393859; 1:500) and 
mouse monoclonal β-actin (cat. no. sc-47778; 1:5,000) were 
purchased from Santa Cruz Biotechnology (Dallas, TX, 
USA). Rabbit polyclonal monocyte chemoattractant protein-1 
(MCP-1; cat. no. ab9899; 1:500) was purchased from Abcam 
(Cambridge, MA, USA). T cells from the spleen were isolated 
from the mice in each group. Western blot analysis was 
performed with mouse monoclonal anti-Foxp3 antibody (cat. 
no. ab20034; 1:500; Abcam). For the secondary antibody, 
HRP-conjugated goat anti-mouse IgG polyclonal antibody 
(cat. no. 115-035-003) and HRP-conjugated goat anti-rabbit 
polyclonal IgG (cat. no. 111-035-003) were used, which were 
purchased from Jackson ImmunoResearch Laboratories, Inc. 
(West Grove, PA, USA). The levels of β-actin were determined 
as the loading control.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA from the splenocytes 
and lymphocyte cells was isolated using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). The primer 
sequences: FOXP3 forward, 5'-CCC AGG AAA GAC AGC 
AAC CTT-3' and reverse, 5'-TTC TCA CAA CCA GGC CAC 
TTG-3'; MCP-1 forward, 5'-TTA AAA ACC TGG ATC GGA 
ACC AA-3' and reverse, 5'-GCA TTA GCT TCA GAT TTA 
CGG G-3'; MMP-2 forward, 5'-ACC CAG ATG TGG CCA ACT 
AC-3' and reverse, 5'-TAC TTT TAA GGC CCG AGC AA-3'; and 
MMP-9 forward, 5'-ATG ATG GAG GAG AAG CAG TC-3' and 
reverse, 5'-AGG TGA AGG GAA AGT GAC AT-3' were used as 
previously described (12,16,17). The RT-qPCR analysis was 
performed on an ABI 7900 system using Applied Biosystems 
Power SYBR® Green PCR Master mix (Thermo Fisher 
Scientific, Inc.) in triplicate (18). In brief, 0.5 µM forward and 
reverse primes, 2 µl buffer and 100 ng cDNA templates were 
added to each tube and the total volume was adjusted to 20 µl 
by RNase free water (Thermo Fisher Scientific Inc.). Following 
3 min denaturation at 95˚C; amplification was performed for 

35 cycles, including 95˚C for 10 sec for denaturation and 55˚C 
for 30 sec for annealing and extension. The copy number was 
calculated using the 2-ΔΔCq method. The Cq value for GAPDH 
was used to normalize the samples (19).

Lentivirus preparation and injection. The Foxp3 target 
sequences were as follows: forward, 5'-GGA CAC UCA AUG 
AAA UCU ATT-3'; reverse, 5'-UAG AUU UCA UUG AGU GUC 
CTC-3' (20). The shRNAs were synthesized and cloned into pTY 
linkers. Third-generation vectors were used in this experiment. 
The shRNA lentiviral vector was transiently transfected into 
293T cells (Type Culture Collection of the Chinese Academy 
of Sciences, Shanghai, China). Briefly, the 293T cells were 
co-transfected with appropriate quantities of vector plasmids, 
including the helper construct, envelope plasmid, tat plasmid 
and pTYlinker containing shRNAs. The viral supernatant was 
harvested at 48 h, filtered through a 0.45‑µm filter, subjected 
to ultracentrifugation (113,000 x g at 4˚C for 2 h) for 100‑fold 
concentration and stored at ‑80˚C. Then lentiviral supernatant 
was thawed at 37˚C and diluted in 0.9% saline (Sichuan Kelun 
Pharmaceuticals, Co., Ltd., Chengdu, Sichuan, China) and 
polybrene (8 µg/ml final concentration; Sigma‑Aldrich; Merck 
KGaA) to give a dose of 1.6x107 or 1.6x108 transducing units 
in a 50 µl injection volume. The virus was injected intrave-
nously into the mice with a 30-gauge needle on a 1-cc syringe. 
After the LDLR-/- mice were confirmed as atherosclerotic, 3 
consecutive injections were administered at 3-day intervals 
(n=6).

Statistical analysis. The effects of treatment on the lesions, 
plaque compositions, levels of IL-1β, IL-6 and TNF-α, and 
mRNA levels were calculated using one-way analysis of 
variance and Bonferroni/Dunn's test or Student's t-test by 
GraphPad Prism™ software (version 5.0; GraphPad Software 
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Amygdalin regulates lipid composition and the development 
of atherosclerosis. The authors' previous data indicated that 
amygdalin attenuated atherosclerosis in ApoE-/- mice. To 
further examine the therapeutic effect of amygdalin in athero-
sclerosis, an atherosclerotic mouse model was established in 
the present study by feeding LDLR-/- mice with an HFD. It 
was evident from analyzing the lipid profile (Table I), that the 
TG levels and TC levels were increased in the LDLR-/- mice. 
However, these changes were alleviated when the mice were 
treated with amygdalin. A high dose of amygdalin resulted in 
the 2-fold decrease in TG levels, compared with those in the 
LDLR-/- mice (P<0.05). By comparing the TC and LDL levels 
between the drug delivery groups and corresponding control 
groups, it was found that the mice treated with amygdalin had 
decreased levels of TC and LDL (P<0.05). In addition, increased 
levels of HDL were observed in the amygdalin-treated mice 
(P>0.05). Therefore, amygdalin regulated lipid contents in the 
HFD-treated LDLR-/- mice.

As the atherosclerotic lesions in the LDLR-/- mice fed with 
the HFD demonstrated the same morphological characteris-
tics as those of humans, and the mouse model imitated the 
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progression of atherosclerosis, the aortic sinus was stained 
with H&E and oil red O in the present study (Fig. 1A). The 
atherosclerotic plaques were well developed in the LDLR-/- 
mice. By contrast, no atherosclerotic plaques were found in 
the amygdalin-treated mice. The, vessel areas, lumen areas 
and plaque areas were also analyzed. As exhibited in Fig. 1B, 
with the progression of atherosclerosis, the diameters of the 
aortic sinus increased. In addition, the areas of the lumen were 
decreased (Fig. 1C) and those of the plaques were increased 
(Fig. 1D) in the LDLR-/- mice. By contrast, the mice treated 
with amygdalin exhibited a significantly reduced extent of 
atherosclerosis, evident by the smaller aortic sinus plaques, 
smaller aortic sinus and expanded lumen are as. This finding 
was confirmed by the analysis of atherosclerosis surface 
coverage areas (Fig. 1E), showing decreased lesions in the 
amygdalin-treated LDLR-/- mice. Therefore, these data indi-
cated that amygdalin inhibited the HFD-induced increase in 
atherosclerotic lesions in the LDLR-/- mice.

Amygdalin inhibits the inflammatory response. To investi-
gate whether amygdalin inhibits inflammation in the aorta 
of LDLR-/- mice, the present study compared the mRNA 
and protein levels of MCP-1, CD68, MMP-2 and MMP-9 in 
the atherosclerotic arteries. As shown in Fig. 2A and B, the 
LDLR-/- mice exhibited a marked increase in the expression 
levels of CD68, MCP-1, MMP-2 and MMP-9. As expected, 
decreased activities of CD68, MCP-1, MMP-2 and MMP-9 
were observed following amygdalin treatment. In addition, 
to further confirm the inhibitory function of amygdalin in 
inflammation, plasma inflammatory markers were assessed. 
As predicted, the analysis of serum inflammatory cytokines 
revealed that amygdalin markedly reduced the secretion of 
IL-1β (Fig. 3A), IL-6 (Fig. 3B), and TNF-α (Fig. 3C).

Amygdalin inhibits the progression of atherosclerosis via 
the induction of Tregs. To determine whether the presence of 
Tregs is associated with lipid profile changes and inhibited 
inflammatory responses following amygdalin delivery, the 
present study investigated the mRNA and protein levels of 
Foxp3 in splenocytes and peripheral blood cells. Following 
quantification of them RNA levels of Foxp3, the mRNA 
levels in peripheral blood cells were increased by 6.3-fold 
(Fig. 4A), and the mRNA levels in splenocytes were increased 
by 3.5-fold (Fig. 4B) in the groups treated with a high-dose 
of amygdalin, compared with the untreated groups (P<0.05). 

Even in the groups treated with a low dose of amygdalin, 
the mRNA levels of Foxp3 in the peripheral blood cells and 
splenocytes were markedly elevated. There was also a marked 
increase in the protein levels of Foxp3in the amygdalin-treated 
groups (Fig. 4C).

A previous report indicated that the deletion of Foxp3 
results in the absence of functional Tregs in the periphery and a 
conditionally active form of Foxp3 induces the reprogramming 
of human T cells into Tregs (21). To further establish that Tregs 
are induced by amygdalin, the knockdown of Foxp3mRNA 
was achieved using a lentiviral vector carrying shRNA 
(Fig. 5A), following which serum proinflammatory cytokines 
were assessed. As expected, the levels of IL-1β (Fig. 5B), IL-6 
(Fig. 5C) and TNF-α (Fig. 5D) were significantly increased 
in the amygdalin-treated mice bearing Foxp3 shRNA. These 
data indicated that amygdalin attenuated the development of 
atherosclerosis via the regulation of Tregs and proinflamma-
tory cytokines in LDLR-/- mice.

Discussion

The authors' previous studies on amygdalin in ApoE-/- mice 
demonstrated that amygdalin ameliorated the progression of 
atherosclerosis by the regulation of Tregs (12). However, to 
assess the regulatory role of amygdalin on atherosclerosis 
induced by a western diet, the LDLR-/- mouse model was 
used in the present study. Unlike ApoE-/- mice, a spontaneous 
atherosclerotic model, LDLR-/- mice do not develop athero-
sclerosis if they are not fed with an HFD. A previous study 
demonstrated that the oral administration of oxLDL induced 
attenuated atherosclerosis in LDL-/- mice (22), indicating that 
the abnormal lipid composition is involved in the progression 
of atherosclerosis. The present study demonstrated that amyg-
dalin significantly inhibited the development of atherosclerosis 
in LDLR-/- male mice fed an HFD as a western-style diet. 
These mice, in addition to exhibiting hypercholesterolemia, 
exhibited hypertriglyceridemia, therefore, they exhibited the 
clinical features of human hypercholesterolemia and hyper-
triglyceridemia. On comparing the blood cholesterol levels, 
blood lipids were significantly decreased following amygdalin 
treatment. This observation was consistent with our previous 
study in ApoE-/- mice, indicating that amygdalin is critical in 
the regulation of lipid profiles. Of note, in the present study, 
the HFD produced more advanced atherosclerotic lesions in 
the LDLR-/- mice.

Table I. Lipid profile of different groups of mice (n=10 in each group).

Group TG (mmol/l) TC (mmol/l) HDL (mmol/l) LDL (mmol/l)

Control 1.05±0.14a 1.62±0.43a 0.75±0.04 0.82±0.29a

LDLR-/- 4.96±1.21 4.13±2.73 0.72±0.13 5.42±0.36
Amygdalin (low) 3.71±0.51a 3.62±0.38a 0.95±0.08a 4.56±0.26a

Amygdalin (medium) 2.18±0.48a 3.36±0.26a 1.27±0.11a 3.65±0.30a

Amygdalin (high) 1.75±0.33a 2.61±0.58a 1.55±0.25a 2.74±0.27a

TG, triglyceride; TC, total cholesterol; HDL, high density lipoprotein; LDL, low density lipoprotein; LDLR-/-, low-density lipoprotein receptor 
deficiency. aP<0.05 vs. LDLR-/- group.
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There is increasing evidence that cytokines produced 
by CD4+ T cells and macrophages, including TNF-α, IL-1β 

and IL-6, affect the extent and nature of the atheroscle-
rotic plaque. A substantial number of clinical studies have 

Figure 1. LDLR-/- mice treated with amygdalin reduce signs of atherosclerotic plaques. (A) Representative images of H&E staining and oil red O staining 
of mice aorta tissues (magnification, x100). Graphs show results of statistical analyses of (B) aortic sinus lesion area, (C) lumen area, (D) plaque area, and 
(E) percentage aortic plaque coverage. Amygdalin treatment significantly reduced the signs of atherosclerosis. Data are presented as the mean ± standard error 
of the mean. *P<0.05 and **P<0.01. LDLR-/-, low‑density lipoprotein receptor deficiency; H&E, hematoxylin and eosin.

Figure 2. Protein expression levels of CD68, MCP-1, MMP-2 and MMP-9. (A) Western blot analysis demonstrated that amygdalin treatment reduced the 
protein levels of CD68, MCP‑1, MMP‑2 and MMP‑9. (B) Relative mRNA levels were quantified. Data are presented as the mean ± standard error of the mean 
from three independent experiments. *P<0.05 and **P<0.01. LDLR-/-, low‑density lipoprotein receptor deficiency; MCP‑1, monocyte chemoattractant protein‑1; 
MMP, matrix metalloproteinase.
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shown that the plasma concentration of TNF-α is associated 
with the degree of atherosclerosis (23,24). To date, epide-
miological studies have found that several inflammatory 
mediators, including IL-6 and TNF-α, appear to be elevated 
in association with increased vascular risk, indicating cyto-
kine‑mediated inflammation is present in the early stages 
of atherogenesis (25,26). Huber et al demonstrated that the 
injection of recombinant IL-6 exacerbated development of 
the early lesion of atherosclerosis in mice (27). Studies on 
IL-1β have also indicated that the overexpression of IL-1β 
occurs in various inflammatory diseases, including athero-
sclerosis, and a reduction of IL-1β decreases the severity of 
atherosclerosis in ApoE-/- mice (28,29). Studies by Kirii et al 

demonstrated a significant decrease in atherosclerotic 
lesions at the aortic sinus in ApoE-/-/IL-1β-/- mice, and the 
mRNA levels of MCP-1 in the aorta were improved in these 
mice (28). Their results indicated that the reduction of IL-1β 
decreases the severity of atherosclerosis through increasing 
the expression of MCP-1. It has also been reported that 
macrophage foam cells and smooth muscle cells express 
IL-6, indicating that IL-6, in addition to IL-1β and TNF-α, 
are critical in the progression of atherosclerosis (9). In the 
present study, it was demonstrated that even a low dose 
of amygdalin markedly reduces the expression levels of 
circulating cytokines, including IL-6, IL-1β and TNF-α. 
However, compared with the low dose group, no significant 

Figure 4. Amygdalin induces Tregs in LDLR-/- mice. mRNA levels of Foxp3 in the (A) blood and (B) splenocytes were analyzed. (C) Protein levels of Foxp3 
were quantified using western blot analysis. Data are presented as the mean ± standard error of the mean from three independent experiments. *P<0.05 and 
**P<0.01. LDLR-/-, low‑density lipoprotein receptor deficiency; Amy, amygdalin; Foxp3, forkhead box P3.

Figure 3. Amygdalin inhibits serum cytokine secretion. Serum levels of (A) IL-1β (B) IL-6 and (C) TNF-α were analyzed. Data are presented as the 
mean ± standard error of the mean from three independent experiments. *P<0.05 and **P<0.01. IL, interleukin; TNF-α, tumor necrosis factor-α; LDLR-/-, 
low‑density lipoprotein receptor deficiency.
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difference in the reduction of proinflammatory cytokines 
was observed in when the mice were treated with a high dose 
of amygdalin.

It is widely acknowledged that Tregs are important in the 
development of atherosclerosis, confirmed by studies investi-
gating the adoptive transfer of lymphocytes (15,30) and Th2 
cytokines produced by Tregs. In the authors' previous study, the 
anti-atherosclerotic function of amygdalin was demonstrated 
by its successful induction of Tregs in ApoE-/- mice. However, 
in the high-fat/high-cholesterol diet-induced atherosclerosis of 
LDLR-/- mice, whether the anti-atherosclerotic effect of amyg-
dalin is via the regulation of Tregs remains to be elucidated. 
Foxp3 has been demonstrated to govern the development and 
function of Tregs (31). Mutations in Foxp3 eliminate CD25+ 

Tregs and cause autoimmune disorders (32,33). Therefore, 
the present study also focused on Tregs, and further substan-
tiation of our hypothesis was achieved by the silencing of 
Foxp3. As expected, elevated mRNA and protein expression 
levels of Foxp3 were observed in the amygdalin-treated mice. 
Following silencing of Foxp3, a marked increase in cytokines 
was observed in the circulation, indicating that the inhibi-
tion of Tregs exacerbated the atherosclerotic situation. These 
results provide evidence that the inhibition of Foxp3 acceler-
atedthe development of atherosclerosis, even with amygdalin 
treatment, suggesting that the anti-atherosclerotic effect of 
amygdalin occurred through the regulation of Tregs.

Although it is widely acknowledged that lipids are central 
in the pathogenesis of plaques, macrophages, and their 
secreted cytokines contribute substantially to atherogenesis. 
It has been reported that M1 macrophages in atheroma may 
have pro‑inflammatory functions, which produce high levels 
of effectors, including cytokines IL-1β and TNF-α (13). 
According to the results of the present study, demonstrated in 
Fig. 3, amygdalin significantly reduced the cytokine secretion 

of M1 macrophages, suggesting the anti-atherosclerotic effect 
of amygdalin may be partly due to the inhibition of proinflam-
matory cytokines. Specifically, the mice treated with a high 
dose of amygdalin showed significantly decreased expression 
of CD68, indicating that the high dose of amygdalin exerted 
a more marked inhibitory effect on proinflammatory cyto-
kines. As atheroma formation also involves the recruitment 
of T cells and chemokines, the present study examined other 
factors contributing to atherosclerosis. It has been documented 
that MCP-1 has a unique and crucial role in the initiation 
and evolution of atherosclerosis by regulating the migration 
of monocytes and T-cells into the vessel wall (34,35). In the 
present study, an increased expression level of MCP-1 was 
observed in the atherosclerotic mice, however, treatment with 
amygdalin markedly reduced the chemokine secretion in the 
region of the lesion. The migration of SMCs also contributes 
to vascular remodeling during the development and complica-
tion of human atherosclerotic lesions. Clinical data show that 
MMP-2 facilitates the migration and proliferation of SMCs 
and may be important in atherogenesis (34). Cumulative 
evidence has demonstrated that MMP‑2‑deficiency reduces 
atherosclerotic plaque lesion formation in ApoE-/- mice (7). 
In clinical studies, that increased MMP-2 and MMP-9 
staining was observed in the plaques of expansively remod-
eled segments, indicating that MMP-2 and MMP-9 may be 
involved in plaque vulnerability and in expansive arterial 
remodeling (36). By contrast, deficiency of MMP‑9 has also 
been associated with reduced plaque size, macrophage content 
and collagen deposition in aortic lesions of ApoE-/- mice (37) 
and LDLR-/-/Apob100/100 mice (19). In the present study, it was 
demonstrated that a high dose of amygdalin markedly reduced 
MMP-9 at the transcription and translation levels, indicating 
the anti-atherosclerotic effect of amygdalin via the inhibition 
of MMP-9.

Figure 5. Silencing of Foxp3 results in increased pro‑inflammatory cytokine secretion. (A) Representative images of western blots following Foxp3 knock-
down. Levels of Serum (B) IL-1β, (C) IL-6 and (D) TNF-α were analyzed. Data are presented as the mean ± standard error of the mean from three independent 
experiments. *P<0.05. IL, interleukin; TNF-α, tumor necrosis factor-α; LDLR-/-, low‑density lipoprotein receptor deficiency; siRNA, small interfering RNA; 
shRNA, short hairpin RNA; Amy, amygdalin; NS, no significant difference.
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In conclusion, the present study demonstrated that, in 
the development of atherosclerosis in LDLR-/- mice fed 
with an HFD (western-style diet), amygdalin inhibited the 
progression of atherosclerosis. Amygdalin also markedly 
alleviated hypercholesterolemia and hypertriglyceridemia in 
the LDLR-/- mice and affected the extent of atherosclerotic 
lesions. Subsequent investigations on the mechanism of 
amygdalin-induced anti-atherosclerotic effects revealed that 
amygdalin inhibited the inflammatory response and induced 
Tregs. These results demonstrated the potential of amygdalin 
in the control and treatment of atherosclerosis, and support 
the potential of the clinical application of amygdalin as a 
novel anti‑inflammatory drug in the prevention of coronary 
heart disease.
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