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Popular scientific summary

* AHWE improved metabolic parameters and reduced aortic intimal thickening in HFCD mice

* AHWE promoted cholesterol efflux and reduced cholesterol uptake in HFCD-fed mice.

* AHWE attenuated inflammation by downregulating pro-inflammatory cytokines and enhancing
Tregs immunoregulatory function.

* AHWE alleviated atherosclerosis by modulating histone H3K9 and H3K27 acetylation.

Abstract

Background: Atherosclerosis is a chronic inflammatory disease characterized by plaque accumulation and
narrowing of blood vessels. Dietary substances may help to prevent atherosclerosis by modulating lipid
metabolism and inflammation. Allium hookeri (A. hookeri), a medicinal herb used in Southeast Asia, exhibits
antioxidant and antidiabetic activities.

Objective: This study evaluated the protective effects of 4. hookeri water extract (AHWE) against atheroscle-
rosis in C57BL/6 mice fed a high-fat/high-cholesterol diet (HFCD) (60% kcal from fat plus 1% cholesterol;
HFCD) for 13 weeks.

Design: Four-week-old male C57BL/6 mice were divided into four groups (n = 10/group): control (CON),
HFCD, HFCD + AHWE 300 mg/kg/day, and HFCD + AHWE 500 mg/kg/day. Following 12 weeks of
dietary intervention, the mice were sacrificed at 17 weeks of age. Body and organ weights, serum parame-
ters, histological changes, and the expression of proteins and genes involved in lipid metabolism and inflam-
mation were analyzed. The immunomodulatory effects of AHWE were evaluated using regulatory T cells
(Tregs).

Results: AHWE supplementation at 500 mg/kg/day reduced body weight gain, liver and adipose tissue weights,
and serum levels of alanine aminotransferase, aspartate aminotransferase, triglycerides, total cholesterol,
low-density lipoprotein cholesterol, and insulin, while increasing high-density lipoprotein cholesterol levels
and reducing the atherogenic index in HFCD. AHWE alleviated hepatic lipid accumulation and aortic intimal
thickening. Mechanistically, AHWE upregulated peroxisome proliferator-activated receptor gamma, liver X
receptor alpha, and ATP-binding cassette transporter Al expression and downregulated CD36, SR-A1, and
LOX-1. In addition, AHWE promoted AMP-activated protein kinase activation, inhibited mechanistic target
of rapamycin phosphorylation, and suppressed inflammatory responses by reducing nuclear factor-kappa
B, cyclooxygenase-2, tumor necrosis factor-alpha, and interleukin-6 expression. AHWE increased Treg
populations, and TL-10 secretion, while ex vivo analysis confirmed its anti-inflammatory effects. Moreover,
AHWE inhibited H3K9 and H3K27 acetylation.

Conclusion: These findings suggest that AHWE at 500 mg/kg/day may alleviate atherosclerosis by regulating
lipid metabolism, inflammation, Treg-mediated immune balance, and histone acetylation.
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therosclerosis is a major contributor to cardio-
Avascular diseases (CVDs) and is characterized
by lipid accumulation and chronic inflammation
within the arterial wall (1). Considering that atheroscle-
rosis is a progressive condition that worsens with age,
early intervention targeting modifiable risk factors — such
as lipid levels and inflammatory responses — is essential
(2). Persistently elevated plasma lipid levels enhance oxi-
dative stress and impair endothelial integrity, facilitating
low-density lipoprotein (LDL) oxidation and foam cell
generation through disrupted cholesterol handling (3).
The liver plays a central role in lipid homeostasis by reg-
ulating lipoprotein metabolism and reverse cholesterol
transport, which removes excess cholesterol from periph-
eral tissues (4). Therefore, regulation of lipid metabolism
and inflammatory responses is considered an important
strategy for the prevention of atherosclerosis.
Disturbance of the balance between cholesterol influx
and efflux promotes hepatic lipid deposition and accel-
erates metabolic abnormalities associated with CVD
(5). Scavenger receptors, including SR-A1, CD36, and
LOX-1, promote lipid accumulation through the uptake
of oxidized low-density lipoprotein (ox-LDL) and other
modified lipids (6, 7). In contrast, cholesterol efflux medi-
ated by ATP-binding cassette transporter A1 (ABCAI)
functions as a key cholesterol exporter that removes
excess intracellular cholesterol, thereby preserving lipid
homeostasis (7). In a study by Tarling et al., ABCAI is
induced by peroxisome proliferator-activated receptor
gamma (PPARY) and liver X receptor alpha (LXR-a) (8).
The AMP-activated protein kinase (AMPK)/mech-
anistic target of rapamycin (mTOR) pathway plays a
central role in regulating lipid metabolism (9). AMPK
activation exerts anti-atherogenic effects by limiting
lipid synthesis and accumulation, reducing oxidative
stress and inflammation, and improving endothelial
function (9). In contrast, chronic inflammatory condi-
tions, such as atherosclerosis and obesity, are associated
with impaired AMPK signaling, which contributes to
metabolic dysregulation and disease progression (10).
Moreover, AMPK activation negatively regulates nuclear
factor-kappa B (NF-kB) signaling, thereby reducing the
transcription of pro-inflammatory cytokines and allevi-
ating inflammation (11). Inflammation plays a central
role in the initiation and progression of atherosclerosis,
from endothelial dysfunction to plaque rupture (12).
ox-LDL activates NF-kB signaling, which promotes the
production of pro-inflammatory cytokines, including
tumor necrosis factor-alpha (TNF-a), cyclooxygenase-2
(COX-2), and interleukin-6 (IL-6), thereby accelerating
plaque formation (13). In addition, High-fat diet (HFD)
has been shown to significantly increase the secretion of
pro-inflammatory cytokines, such as IL-1B, IL-6, and
TNF-a, compared with a standard diet (14).

2

(page number not for citation purpose)

Atherosclerosis is a chronic inflammatory disease ini-
tiated by innate immune responses and further shaped
by adaptive immune mechanisms (15). As atherosclero-
sis progresses, adaptive immune responses are activated,
involving CD4* T cells that differentiate into T helper cell
types 1 and 17 (Thl and Th17) and regulatory T (Treg)
cells (15). Pro-inflammatory Th cell subsets, including Th1
and Thl7, promote inflammation through the secretion
of cytokines such as interferon-gamma (IFN-y) and IL-17.
Conversely, Treg cells, characterized by the expression
of the transcription factor Foxp3 and the IL-2 receptor
CD25, exert protective effects by releasing anti-inflamma-
tory cytokines, including IL-10 and transforming growth
factor-beta (TGF-B), thereby suppressing excessive
immune activation and mitigating atherosclerosis devel-
opment (15). Accumulating evidence indicates that both
the reduced numbers and dysfunction of Tregs contrib-
ute to the pathogenesis of atherosclerosis (16). Tregs exert
anti-atherogenic effects primarily through the secretion of
anti-inflammatory cytokines such as IL-10 and TGF-p,
which collectively suppress the recruitment and activation
of inflammatory cells, inhibit effector T cell differentia-
tion, and attenuate vascular inflammation (17). Therefore,
restoration of immune homeostasis through regulation of
Treg function may contribute to the improvement of ath-
erosclerosis (18).

Both DNA methylation and histone modifications are
epigenetic changes relevant to atherosclerosis and recent
studies have shown that these epigenetic regulatory sys-
tems are closely interrelated (19). Histone acetylation is
a well-characterized epigenetic modification associated
with transcriptional activation through chromatin relax-
ation and enhanced gene expression (19). In atheroscle-
rosis, elevated levels of histone 3 lysine 9 acetylation
(H3K9ac) and histone 3 lysine 27 acetylation (H3K27ac)
are associated with the upregulation of genes involved in
inflammation, lipid metabolism, cell adhesion, and endo-
thelial dysfunction (20). Increased H3K27ac has been
linked to enhanced expression of scavenger receptors,
including CD36 and SR-A1, as well as pro-inflammatory
cytokines such as TNF-a and IL-6, thereby promoting
lipid accumulation and chronic vascular inflammation
(21, 22). In addition, increased H3K9ac transcriptionally
activates vascular cell adhesion molecule-1 (VCAM-1)
and intercellular adhesion molecule-1 (ICAM-1), facili-
tating immune cell infiltration into the arterial wall during
early lesion development (22).

Although lipid-lowering and anti-inflammatory agents
are widely used for the prevention and treatment of ath-
erosclerosis, long-term pharmacological therapy may
be associated with potential adverse effects, including
hepatic dysfunction, disturbances in glucose metabolism,
and other treatment-related complications (1). Therefore,
increasing attention has been directed toward natural
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bioactive compounds as potentially safer complementary
strategies for the prevention and management of athero-
sclerosis (23). Nutritional interventions targeting lipid
metabolism, inflammation, Treg regulation, and histone
acetylation can be a safe, useful, and promising strat-
egy for the prevention of atherosclerosis. Recent studies
have shown that natural compounds, including polyphe-
nols, alkaloids, and sulfur-containing compounds, exert
anti-atherosclerotic effects by promoting cholesterol
efflux and modulating inflammatory responses (23). In
our previous study, phenethyl isothiocyanate (PEITC),
a representative sulfur-containing compound, alleviated
obesity-associated atherosclerosis by regulating lipid
metabolism, inflammatory responses, and histone acetyl-
ation (24). Allium hookeri (A. hookeri), a plant native to
Southeast Asia traditionally used as a food ingredient
and folk medicine, contains various bioactive compounds,
including saponins and sulfur-containing amino acids
such as cycloalliin (25, 26). Recent studies have reported
various biological activities of A4. hookeri roots, includ-
ing anti-inflammatory, anti-obesity, and immunomodu-
latory effects (27-29). However, the potential protective
effects of 4. hookeri against atherosclerosis have not been
extensively investigated. This study aimed to investigate
the anti-atherosclerotic effects of A. hookeri water extract
(AHWE) in C57BL/6 mice fed a high-fat/high-cholesterol
diet (HFCD), focusing on regulating lipid metabolism
disorders, suppressing inflammatory responses, enhanc-
ing the population and immunoregulatory function of
Tregs, and reducing histone acetylation.

Materials and methods

Materials

Allium hookeri root powder was sourced from an online
marketplace (Gmarket, Seoul, Korea) and manufactured
by Nokshipcho Co., Ltd. (Shinan-gun, Jeollanam-do,
Korea). Antibodies against SR-A1, CD36, ABCAI, and
Foxp3 were sourced from Abcam (Cambridge, UK),
while antibodies targeting LOX-1, LXRa, PPARy, TNF-
o, COX-2, and NF-kB were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Specific quanti-
tative PCR (qPCR) primers for ABCA1, PPARy, LXR-a,
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LOX-1, CD36, TNF-0, COX-2, mTOR, Foxp3, progran-
ulin (PGRN), and B-actin were purchased from Bioneer
(Daejeon, Republic of Korea). Unless stated otherwise,
chemical reagents and extraction solvents were acquired
from Sigma-Aldrich (St. Louis, MO, USA) or Biosesang
(Seongnam, Republic of Korea).

A. hookeri root water extract preparation

To prepare the AHWE, root powder was mixed with dis-
tilled water at a 10:1 (v/w) ratio. The mixture was subjected
to two rounds of reflux extraction at 95°C for 4 h each.
After cooling, the extract was filtered, then concentrated
under reduced pressure using a rotary vacuum evapora-
tor (N-1000, EYELA, Tokyo, Japan), and subsequently
freeze-dried to determine the solid yield. The final yield of
AHWE was calculated to be 34.25%, and the dried extract
was stored at —80°C until further use.

Animals and diet

Four-week-old male C57BL/6 mice were obtained from
Orient Bio Co. (Gyeonggi-do, South Korea). Four-week-
old mice were used to initiate dietary intervention at a
young age and to investigate metabolic and inflammatory
responses to 13 weeks of HFCD exposure, consistent
with our previous experimental protocol. The animals
were acclimated under standardized laboratory condi-
tions, including a temperature range of 20-25°C, relative
humidity of 55-60%, and a 12-h light/dark cycle, with
unrestricted access to food and water. Prior to dietary
intervention, all mice were fed a standard AIN-93G diet
(Saeronbio Inc., Gyeonggi-do, South Korea) for 1 week.
Following acclimation, the mice were randomly divided
into four experimental groups (n = 10 per group) and
subjected to a 13-week feeding regimen with the follow-
ing diets: a control group receiving the AIN-93G diet
(CON), a group receiving the HFCD (60% kcal from
fat plus 1% cholesterol), a group fed the HFCD supple-
mented with 300 mg/kg/day of AHWE (HFCD + AHWE
300), and another group receiving the HFCD with 500
mg/kg/day of AHWE (HFCD + AHWE 500). Body
weight and dietary intake were monitored at 3-day inter-
vals throughout the study. A schematic overview of the in
vivo experimental design is presented in Fig. 1. All animal
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Fig. 1. Schematic drawing of the experimental plan for the in vivo study performed in a mouse model. AHWE: Allium hookeri
water extract; CON: control group (AIN-93G diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet con-

taining 60% kcal from fat and 1% cholesterol.
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procedures were conducted in accordance with institu-
tional guidelines and approved by the Animal Care and
Use Committee of Chonnam National University (CNU
IACUC-YB-2023-85).

Histopathological examination of aorta and liver tissues

Liver and aortic tissues obtained from representative ani-
mals in each group were used for histological evaluation.
For aortic tissue collection, the thoracic and abdominal
cavities were opened after euthanasia, and the internal
organs were carefully removed to expose the aorta. The
aorta was identified based on its anatomical location
along the vertebral column and carefully dissected from
the surrounding tissues using fine forceps and scissors.
Perivascular adipose and connective tissues surround-
ing the aorta were carefully removed to minimize con-
tamination while avoiding damage to the aortic wall.
The collected liver and aortic tissues were fixed in 10%
neutral-buffered formalin (pH 7.0). After fixation, tis-
sues were rinsed with phosphate-buffered saline (PBS),
followed by paraffin embedding. The embedded tissues
were sectioned into 4-5 um slices, mounted onto micro-
scope slides, and subsequently stained with hematoxylin
and eosin (H&E) for histological evaluation. Each stained
section was observed under a light microscope (Leica
Microsystems, Wetzlar, Germany) at magnifications of
x100 or x200. The diameter was analyzed using i-Solu-
tion Auto Plus software (IMT i-Solution Inc., Vancouver,
BC, Canada). For quantitative histological analysis, hepa-
tocellular vacuolated areas were quantified using Imagel
software (National Institutes of Health, Bethesda, MD,
USA). Vacuolated areas were identified using a consistent
threshold across all images and expressed as a percent-
age of the total tissue area within each region of interest
(ROI).

Biochemical analysis

Following blood collection, serum levels of aspartate ami-
notransferase (AST), alanine aminotransferase (ALT),
total cholesterol (TC), triglycerides (TGs), low-density
lipoprotein cholesterol (LDL-C), and high-density lipo-
protein cholesterol (HDL-C) were measured using com-
mercially available assay kits (Asan Pharmaceutical,
Seoul, South Korea). The atherogenic index (AI) was cal-
culated using the established formula: Al = (TC-HDL-C)
/ HDL-C (30).

Tissue lysis and protein extraction

Whole-cell lysates were obtained using RIPA Buffer
(Biosesang, Sungnam, Korea) supplemented with Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific, Waltham, MA, USA). For nuclear pro-
tein extraction, 10% NP-40 was added to a nuclear lysis
buffer composed of 20 mM HEPES, 0.4 mM NaCl, 1
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mM EDTA, 1 mM EGTA, | mM DTT, and 1 mM PMSF.
Protein concentrations were quantified using the BCA
assay (Pierce, IL, USA) according to the manufacturer’s
protocol.

Histone extraction and purification

Core histones were extracted from liver tissues using the
Histone Purification Mini Kit (Active Motif, Carlsbad,
CA, USA) according to the manufacturer’s protocol.
Briefly, liver samples were homogenized on ice in an
extraction buffer using a Dounce homogenizer mounted
on a rotating platform. The homogenate was centrifuged
at 16,000 x g for 5 min at 4°C, and the pH of the resulting
supernatant was adjusted to 8.0 with a neutralization buf-
fer. After equilibrating the spin column with the appropri-
ate buffer, the histone-containing supernatant was applied
to the column. The column was washed three times with
the wash buffer, and histones were eluted using the elution
buffer. Eluted proteins were precipitated overnight with
4% perchloric acid (PCA). The following day, samples
were centrifuged at 16,000 X g for 1 h at 4°C and sequen-
tially washed with acetone and PCA. Purified histones
were then dissolved in DEPC-treated water, quantified,
and stored for further analysis.

Immunoblotting analysis

Immunoblotting analysis was conducted to determine the
expression levels of proteins associated with inflamma-
tion, lipid accumulation, cholesterol efflux, and histone
acetylation. SDS-PAGE separated protein (2040 ng)
and protein bands were transferred to a nitrocellulose
membrane (Invitrogen, Waltham, MA, USA), which was
subsequently reacted for 2 h in blocking buffer (10 mM
Tris-HCI, pH 7.5; 150 mM NacCl, 0.1% Tween 20, and
5% nonfat dry milk). The membrane was incubated with
the following primary antibodies: NF-xB, COX-2, TNF-
a, IL-6, SR-A1, CD36, LOX-1, LXR-a, PPARY, phos-
phorylated mTOR (p-mTOR), phosphorylated AMPK
(p-AMPK), ABCAL1, and Foxp3, followed by horserad-
ish peroxidase-conjugated (HRP-conjugated) anti-mouse
IgG and anti-rabbit IgG. Afterward, it was washed three
times at 10-min intervals with wash buffer (10 mM Tris-
HCI, pH 7.5; 150 mM NaCl, 0.1% Tween 20). The TNF-q,
COX-2, NF-kB, LXR-a, AMPK, mTOR, p-mTOR, and
B-actin were procured from Santa Cruz Biotechnology
(Dallas, TX, USA). ABCAI, SR-Al, CD36, and Foxp3
were procured from Abcam (Cambridge, MA, USA).
p-AMPK was obtained from Cell Signaling Technology
(Beverly, MA, USA). PPARy and H3 were procured
from CUSABIO (Houston, TX, USA). Specific bands on
the membrane were visualized with Chemiluminescence
Luminol Reagent (Santa Cruz Biotechnology, Dallas,
TX, USA) and were analyzed using the ChemiDoc™
XRS+ Imaging System (Bio-Rad, Hercules, CA, USA).
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Protein expression intensity was normalized to B-actin or
H3 and quantified using ImageJ (a free online image anal-
ysis software).

qPCR andlysis

gPCR was employed to evaluate the transcriptional
expression of genes involved in inflammation, lipid
storage, and cholesterol transport. Total RNA was iso-
lated using TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA) in accordance with the manufac-
turer’s instructions. RNA concentration and purity were
determined by measuring absorbance at 260 and 280
nm with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). cDNA was syn-
thesized from 1 pg of RNA using the Omniscript RT Kit
(QIAGEN, Hilden, Germany). Amplification was per-
formed using SYBR Green chemistry on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, CA, USA).
All reactions were conducted in triplicate. Relative mRNA
expression was calculated using the 22T method, with
B-actin serving as the internal control. Primer sequences
are listed in Table 1.

Enzyme-linked immunosorbent assay

Cell-free supernatants were collected, along with mouse
serum collected immediately after sacrifice, and stored
at —80°C until assay. Inflammatory factors TNF-a and

Table 1. Primer sequences

Gene Primer Sequence 5’ to 3’
Forward  TGAGTACCGCAAACGCTTCTC

cox-2 Reverse TGGACGAGGTTTTTCCACCAG
Forward ~ CCCTCACACTCAGATCATCTTCT

TNF= Reverse ~ GCTACGACGTGGGCTACAG

s Forward ~ TACCACTTCACAAGTCGGAGGC
Reverse ~ CTGCAAGTGCATCATCGTTGTTC
Forward  ACCACTGCTCAGGTCCACTGTC

NF-B Reverse ~ GCTGTCACTATCCCGGAGTTCA
Forward  CATCCTCTGCCTGGTGTTGT

tox-! Reverse ~ TCCTGCTGAGTAAGGTTCGC
Forward  ATTCTGGCCCACCAACTTCGG

PPARy Reverse  TGGAAGCCTGATGCTTTATCCCCA
Forward AGGGATAGGGTTGGAGTC

tXR-a Reverse  TTCAAGCGGATCTGTTCT
Forward ~ TGGGAACTCCTGCTAAAAT

ABCAT Reverse ~ CCATGTGGTGTGTAGACA
Forward ~ ACCGGCACACATTTGAAGAAG

mTOR Reverse ~ CTCGTTGAGGATCAGCAAGG
Forward  CCTATGGCTCCTTCCTTGGC

Foxp3 Reverse  ATGAAGTGTGGTCTGTCCTGG

, Forward  AGGCAACGGAACAGGCTATG
fractin Reverse  AATACCTCCACTTACCTTGGCG

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.147 16

Anti-atherosclerotic effects of Allium hookeri and its mechanism

IL-6 were measured using an ELISA kit (RayBiotech,
Norcross, GA, USA). All procedures were performed
according to the manufacturer’s protocol.

Splenocyte preparation

Spleens were surgically excised from 18-week-old
C57BL/6 mice housed for 13 weeks under experimental
conditions for immediate use in flow cytometry analysis,
and from 4-week-old normal C57BL/6 mice for isolation
of Treg cells. Splenocytes were collected using a 70 pm
cell strainer (SPL) and centrifuged at 1,500 rpm for 3 min
at 4°C. Erythrocytes were lysed using 1X Red Blood Cell
Lysis Buffer (Sigma-Aldrich), and splenocytes were finally
washed in Hanks’ Balanced Salt solution (HBSS, Sigma-
Aldrich). To perform the flow cytometry experiments,
freshly isolated cells (1 x 10%mL) were pooled, pelleted,
and resuspended in 1 mL of PBS. To perform the Tregs
isolation, freshly isolated cells (1 X 10%/mL) were pooled,
pelleted, and resuspended with 1~2 mL of EasySep™
Buffer (STEMCELL Technologies, Vancouver, Canada)
and used according to the manufacturer’s instructions.
Counting was performed using a TC20 Automated Cell
Counter (Bio-Rad).

Treg cell culture and AHWE treatment

Splenocytes were resuspended in EasySep™ Buffer
(STEMCELL Technologies, Vancouver, Canada).
CD4*CD25" Treg cells were isolated using the EasySep™
Mouse CD4*CD25* Regulatory T Cell Isolation Kit II
(STEMCELL Technologies, Cat#18783) following the
manufacturer’s instructions. Briefly, splenocytes were
first incubated with CD4* T Cell Isolation Cocktail and
Streptavidin RapidSpheres™, and negatively selected
using an EasySep™ magnet to enrich for CD4* T cells.
The pre-enriched cells were subsequently incubated with
Mouse FcR Blocker, CD25 Positive Selection Cocktail,
PE Selection Cocktail, and Dextran RapidSpheres™ to
isolate CD25* cells. Magnetic separation was repeated four
times to increase purity. Then, isolated Tregs were cultured
in a 6-well plate (1 X 10° cells/well) for 24 h with Roswell
Park Memorial Institute (RPMI) 1640 medium (Welgene,
Daegu, South Korea) supplemented with 10% fetal bovine
serum (FBS), 1% antibiotics (Welgene), 10 mM HEPES,
1 mM sodium pyruvate, and 50 uM B-mercaptoethanol
(Sigma-Aldrich). The culture was maintained in an atmo-
sphere of 5% CO, at 37°C. To maintain Treg survival and
function, IL-2 (2,000 TU/mL; Sigma-Aldrich) was sup-
plemented in the culture medium in 6-well plates. AHWE
(dissolved in RPMI medium) was used for cell treatment.
Tregs were cultured in the absence or presence of various
concentrations of AHWE (31-250 ug/mL) for 48 h. After
48 h of incubation, the medium was saved for the mea-
surement of IL-10, and cells were harvested for further
analysis, including flow cytometry analysis.
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Flow cytometry

Flow cytometry analysis was conducted to assess the
impact of AHWE on Treg populations in both HFCD-
fed mice and isolated Tregs. Dead cells were excluded
using the Live/Dead Fixable Aqua Dead Cell Stain Kit
(Invitrogen, USA) according to the manufacturer’s guide-
lines. The following fluorochrome-conjugated monoclonal
antibodies against mouse antigens were used: CD4-FITC,
CD25-PE, and Foxp3-APC (all from R&D Systems
[R&D], Minneapolis, MN, USA). Cells were incubated
with 10 pL of each antibody at 4°C for 30 min. For intra-
cellular detection of Foxp3, cells were washed twice with
flow staining buffer and fixed using fixation buffer Becton,
Dickinson and Company (BD Biosciences). After 30 min
incubation at 4°C, cells were again washed with Perm/
Wash Buffer (BD Biosciences) and stained for intracel-
lular Foxp3 expression at room temperature for 30 min
following the manufacturer’s protocol. Subsequently, cells
were washed twice with staining buffer and resuspended in
400 pL of buffer. Data acquisition was performed using a
CytoFLEX flow cytometer (Beckman Coulter, CA, USA).

Statistical analysis

All experiments were performed at least three times.
Multiple comparisons were performed using one-way
analysis of variance (ANOVA), followed by Duncan’s mul-
tiple range test using SPSS version 25.0 (SPSS Institute,
Chicago, IL, USA). The specific significance values are
provided in the figure legends, and statistical significance
was defined as P < 0.05.

Results

AHWE supplementation reduced body weight, organ weights,
and food efficiency in HFCD-fed mice

In this study, mice were considered obese if their body
weight was at least 20% higher than that of age-matched

normal diet-fed controls, a criterion commonly used in
rodent models of diet-induced obesity (31). As presented
in Table 2, body weight was markedly increased in the
HFCD group following 13 weeks of HFCD feeding, rel-
ative to the CON group (P < 0.05). In contrast, AHWE
supplementation led to significantly lower body weight
gain relative to the HFCD group (P < 0.05). Importantly,
food consumption did not differ significantly among the
groups. The food efficiency ratio (FER) was lower in
the CON group than in the three groups fed an HFCD
(P < 0.05). Furthermore, the HFCD + AHWE 500 group
showed a reduced FER compared to the HFCD group
(P <0.05). Liver tissue weights were elevated in the HFCD
group compared to the CON group (P < 0.05); however,
those in the HFCD + AHWE 500 group were significantly
reduced relative to the HFCD (P < 0.05). Similarly, the
weights of epididymal and retroperitoneal adipose tissues
were increased in the HFCD group relative to the CON
group (P < 0.05). Although a reduction was observed in
the HFCD + AHWE 300 group compared to the HFCD
group, the change was not statistically significant. In
contrast, the HFCD + AHWE 500 group exhibited sig-
nificantly lower epididymal and retroperitoneal adipose
tissue weights than the HFCD group (P < 0.05). Given
that obesity is a major risk factor for the development of
atherosclerosis, these findings suggest that AHWE may
attenuate diet-induced obesity by reducing body weight
gain and improving FER, thereby potentially contribut-
ing to the prevention of atherosclerosis.

AHWE supplementation improved metabolic parameters in
HFCD-fed mice

As shown in Table 3, both the AST and ALT Ilevels
were increased in the HFCD group compared to the
CON group (P < 0.05) but decreased in the HFCD
+ AHWE 500 group compared to the HFCD group
(P < 0.05), suggesting a hepatoprotective effect of

Table 2. Effects of AHWE on the body, organ weights and food efficiency in HFCD-fed mice

Parameters CON (n = 10) HFCD (n = 10) HFCD + AHWE 300 (n = 10)  HFCD + AHWE 500 (n = 10)
Baseline body weight (g) 19.34 £ 0.65 19.45 + 1.03 19.01 £ 0.87 19.35 £ 0.87

Final body weight (g)" 32.74 £ 1.04¢ 46.20 + |.47¢ 4425 + 1.61° 3952 £ 1.18°

Body weight gain (g) 13.7 £ 0.69¢ 26.98 + 1.05* 25.68 + 1.06* 20.01 +0.83°
Average daily food intake (g/day) 2.86 £0.10 3.03£0.10 3.03£0.11 326 £0.13

Food efficiency (%)? 5.15 £ 0.26¢ 9.57 £ 0.37¢ 9.11 £0.38 6.60 + 0.27°

Liver (g) 1.07 £ 0.05¢ 2.71 £0.25° 2.38 £ 0.27% 1.83 £ 0.14°
Epididymal white adipose tissue (g) 1.21 £ 0.15° 237 £0.14 226 £0.16* 2.24 + 0.09*
Retroperitoneal adipose tissue (g) 0.49 + 0.06° 1.08 + 0.07¢ 1.03 + 0.09* 0.63 £ 0.02°

Body weight was measured once every 3 days throughout the experimental period. |) Body weights after 13 weeks in C57BL/6 mice. 2) Food efficiency
ratio was calculated as follows: (body weight gain (g)/total food intake (g)) * 100. AHWE: Allium hookeri water extract; CON: control group (AIN-93G diet
containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol; HFCD + AHWE 300: HFCD supple-
mented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500 mg/kg/day AHWE. Data are expressed as mean * SEM (n = 10).
Different letters indicate significant differences (P < 0.05) as determined by Duncan’s multiple range test.

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.14716

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v70.14716

Anti-atherosclerotic effects of Allium hookeri and its mechanism

Table 3. Effects of AHWE on plasma metabolic parameter in HFCD-fed mice

Parameters CON (n=10) HFCD (n = 10) HFCD + AHWE 300 (n = 10) HFCD + AHWE 500 (n = 10)
AST (U/L) 58.67 + 9.54¢ 135.75 + 10.43 110.33 £ [7.46 69.29 + 3.1

ALT (U/L) 43.26 + 13.77° 95.31 £ 10.66 80.04 £ 7.71» 50.22 + 6.40°

TC (mg/dL) 7732 £ 472 193.27 + 13.05* 14527 £ 9.11° 100.98 + 8.99¢

TG (mg/dL) 76.96 +401¢ 117.40 £ 4012 92.83 £ |.54" 78.10 £ 491
HDL-C (mg/dL) 71.97 £5.112 3375 £ L.77° 61.14+4.17° 7331 £433

LDL-C (mg/dL) 32.37 £ 5.35¢ 156.29 £ 13412 102.25 + 10.18> 56.04 + 8.85¢

Serum insulin (ng/mL) 111 £0.12° 4.05 + 0.64 2.18 £0.33° 1.23 £ 0.21°

Fasting glucose (mg/dL) 115.20 + 3.53¢ 248.30 £ 8.00* 199.67 + 10.22: 196.50 + 5.50°

Al 0.42 £ 0.07° 4.89 + 0.57 I.51 £0.27° 0.56 + 0.15°

AST: aspartate aminotransferase; ALT: alanine aminotransferase; TC: total cholesterol; TG: triglycerides; HDL-C: high-density lipoprotein cholesterol;
LDL-C: low-density lipoprotein cholesterol; Al: atherogenic index, calculated as (TC — HDL-C)/HDL-C; AHWE: Allium hookeri water extract; CON:
control group (AIN-93G diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol;
HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500 mg/kg/day AHWE. Data
are expressed as mean * SEM (n = 10). Different letters indicate significant differences (P < 0.05) as determined by Duncan’s multiple range test.

AHWE. Dyslipidemia, a key contributor to atherosclero-
sis and CVD, was also assessed. The HFCD increased the
TG levels compared to the CON diet (P < 0.05). AHWE
supplementation reduced the TG levels compared to the
HFCD (P < 0.05). Similarly, the TC and LDL-C levels
were significantly higher in the HFCD group than in the
CON group (P < 0.01), whereas AHWE supplementation
decreased both parameters (P < 0.05). Conversely, the
HDL-C levels were reduced by HFCD feeding (P < 0.05)
but were significantly restored in AHWE-supplemented
mice (P < 0.05). The AI, which reflects the risk of choles-
terol-related vascular damage, was increased in the HFCD
group relative to the CON group (P < 0.05). AHWE sup-
plementation lowered the Al values relative to the HFCD
(P < 0.05), indicating a potential to reduce atheroscle-
rotic risk. In addition, hyperinsulinemia — a hallmark of
insulin resistance that promotes vascular inflammation
— was observed in the HFCD group, with higher insulin
levels compared to the CON group (P < 0.05). These ele-
vated levels were decreased in the HFCD + AHWE 500
group (P < 0.05). Fasting blood glucose levels followed a
similar trend, with increased values in the HFCD group
(P < 0.01), which were reduced by AHWE supplementa-
tion (P < 0.05). This suggests a beneficial role of AHWE
in improving insulin sensitivity.

AHWE supplementation ameliorated hepatic injury in

HFCD-fed mice

Representative gross images of the liver and epididy-
mal adipose tissue are shown in Fig. 2A. To evaluate
the protective effect of AHWE on hepatic lipid accu-
mulation in HFCD-fed mice, we observed lipid vacuoles
using H&E-stained hepatic sections, as shown in Fig. 2B.
Compared to the CON group, marked hepatic vacuola-
tion was observed in the HFCD group, whereas AHWE
supplementation attenuated these histological changes.
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Specifically, the HFCD group exhibited numerous clear
cytoplasmic vacuoles consistent with hepatic lipid accu-
mulation, whereas AHWE treatment reduced the extent
of these vacuolar changes. Quantitative analysis of the
H&E-stained liver sections showed that the hepatic vac-
uolated area was significantly increased in the HFCD
group compared with the CON group (P < 0.05), whereas
AHWE supplementation significantly reduced the vacu-
olated area compared with the HFCD group (P < 0.05)
(Fig. 2C). Consistent with the liver weight presented in
Table 1, these findings suggest that AHWE supplementa-
tion may alleviate hepatic lipid accumulation by reducing
lipid accumulation in the liver of HFCD-fed mice. Given
that metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) is closely associated with the development
and progression of atherosclerosis, AHWE may have
potential anti-atherosclerotic effects.

AHWE supplementation ameliorated aorta injury in

HFCD-fed mice

To evaluate the histological characteristics of the aorta,
sections were stained with H&E, as shown in Fig. 3.
Structurally, the arterial wall consists of three anatomi-
cally defined layers: the intima (the inner endothelial lin-
ing), the media (a central layer rich in smooth muscle),
and the adventitia (the outermost layer composed of con-
nective tissue). Atherosclerotic lesions typically begin with
endothelial dysfunction in the intima, which increases
vascular permeability and facilitates the accumulation of
lipids and immune cells between the intimal and medial
layers, leading to intimal thickening and luminal narrow-
ing. In the CON group, no pathological changes were
observed in the aortic structure. In contrast, HFCD-fed
mice revealed marked intimal thickening. However, the
AHWE-treated group showed less pronounced intimal
thickening than the HFCD group. Moreover, the mean
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Fig 2. Effects of AHWE on lipid accumulation in liver and epididymal adipose tissue of HFCD-fed mice. (A) Representative
images of the liver and epididymal white adipose tissue of male C57BL/6 mice from each group at the end of the experiment. After
sacrifice, liver and epididymal white adipose tissues were excised and photographed to assess gross morphological changes. (B)
Histological evaluation of liver tissue in HFCD-fed mice treated with AHWE. Representative photomicrographs of hematoxylin
and eosin (H&E)-stained liver sections show intracellular hepatocellular vacuolation (white areas) in hepatocytes. Arrows indicate
clear cytoplasmic vacuoles associated with hepatic lipid accumulation. Images were obtained from formalin-fixed, paraffin-embed-
ded liver sections at X100 magnification (scale bars = 100 um). (C) Quantification of hepatic vacuolated area in H&E-stained liver
sections, expressed as a percentage of the total tissue area. AHWE: Allium hookeri water extract; CON: control group (AIN-93G
diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol;
HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500
mg/kg/day AHWE; ANOVA: analysis of variance. Data are expressed as mean + SEM (n = 10). Different letters indicate significant

differences among groups (P < 0.05), as determined by one-way ANOVA followed by Duncan’s multiple range test.

aortic wall thickness was increased in the HFCD group
relative to the CON group (P < 0.05). AHWE treatment
attenuated this thickening, resulting in a marked decrease
in wall thickness relative to the HFCD group (P < 0.05).
These observations suggest that AHWE may exert a
potential protective effect against atherosclerotic lesion
development.

AHWE supplementation upregulated the expression of genes
involved in the reverse cholesterol transport pathway in the liver
of HFCD-fed mice

The reverse cholesterol transport pathway, mediated by
the PPARy-LXR-0-ABCAI1 signaling cascade, is a crit-
ical process that maintains cholesterol homeostasis by
promoting the efflux of excess cholesterol from peripheral
tissues, including the arterial wall, to the liver for excre-
tion (32). The expression levels of the PPARy, LXR-
a, and ABCA1 genes, which are involved in cholesterol
efflux, were evaluated using immunoblotting and qPCR.

(page number not for citation purpose)

For immunoblotting, PPARy and LXR-a were analyzed
using liver nuclear extracts, whereas ABCA1 was analyzed
using whole-liver lysates. As illustrated in Fig. 4A-D,
although the protein levels of LXR-a and ABCA1 were
significantly decreased in the HFCD group (P < 0.05).
Consistently, as shown in Fig. 4E-G, the mRNA expres-
sion levels of PPARy, LXR-a, and ABCA1 were also
decreased in the HFCD group relative to the CON group
(P < 0.05). Notably, AHWE supplementation upregu-
lated the expression of PPARy, LXR-a, and ABCAIl
relative to the HFCD group (P < 0.05). These findings
suggest that AHWE may exert protective effects against
atherosclerosis by upregulating cholesterol efflux-asso-
ciated expression of genes such as PPARy, LXR-a, and
ABCAL. Considering the critical role of lipid homeosta-
sis in the development and progression of atherosclerosis,
these results indicate that AHWE supplementation may
contribute to the maintenance of cholesterol homeostasis
and attenuate atherogenic risk in HFCD-fed mice.
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Fig 3. Effect of AHWE on the aorta of HFCD-fed mice. (A) Representative histological images of aortic tissue stained with
hematoxylin and eosin (H&E). Sections were prepared from formalin-fixed, paraffin-embedded samples and captured at x40
(scale bar = 50 um) and %200 (scale bar = 25 um) magnifications. The upper and lower panels represent low- and high-magnifi-
cation images, respectively, from the same experimental group. (B) Quantification of mean aortic wall thickness. The thickness
of the aortic wall was measured using ImageJ software. Multiple measurements were taken from each section and averaged to
determine the mean thickness for each mouse. AHWE: Allium hookeri water extract; CON: control group (AIN-93G diet con-
taining 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol; HFCD +
AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500 mg/kg/
day AHWE. Data are expressed as mean £ SEM (n = 10). Different letters indicate significant differences (P < 0.05) as deter-

mined by one-way ANOVA followed by Duncan’s multiple range test.

AHWE supplementation downregulated the expression of genes
involved in lipid uptake in the liver of HFCD-fed mice

In chronic inflammatory conditions, such as obesity and
atherosclerosis, the upregulation of scavenger receptors
responsible for the uptake of modified cholesterol (CD36,
SR-A1, and LOX-1) disrupts hepatic lipid homeostasis by
promoting lipid accumulation, thereby contributing to the
progression of atherosclerosis. To assess the effect of AHWE
on the expression of CD36, SR-Al, and LOX-1 under ath-
erosclerotic conditions, immunoblotting was performed
using whole-liver lysates. As shown in Fig. SA-D, the expres-
sion levels of CD36, SR-A1, and LOX-1 were increased in
the HFCD group compared to the CON group (P < 0.05).
AHWE supplementation reduced the expression of these
scavenging receptors (P < 0.05). Additionally, the mRNA
expression of LOX-1 was determined using qPCR. Figure
SE demonstrates that LOX-1 mRNA levels were upregu-
lated in the HFCD group relative to the CON group, but
significantly downregulated following AHWE supplemen-
tation (P < 0.05). These observations indicate a potential
atherosclerosis protective role of AHWE by alleviating lipid
accumulation in the liver through the downregulation of
scavenger receptors such as CD36, SR-Al, and LOX-1.

AHWE supplementation modulated the expression of genes
involved in the AMPK/mTOR pathway in the liver of HFCD-fed
mice

Dysregulation of AMPK and mTOR signaling is closely
associated with metabolic disorders, including obesity,
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hepatic steatosis, and atherosclerosis. The protein expres-
sion of AMPK and mTOR was analyzed using immuno-
blotting and whole-liver lysates. As shown in Fig. 6A-C,
p-AMPK, which represents its activated state, was signifi-
cantly downregulated in the HFCD group compared to the
CON group (P < 0.05). In contrast, AHWE supplemen-
tation restored p-AMPK expression, showing a marked
increase compared with the HFCD group (P < 0.05).
Conversely, the expression of p-mTOR, the active form
of mTOR, was elevated by the HFCD when compared
to the CON diet (P < 0.05). These levels were suppressed
in the AHWE supplementation group. Furthermore,
the mRNA expression of mTOR was determined using
gPCR. As illustrated in Fig. 6D, the mRNA expression
level of p-mTOR was downregulated in the AHWE sup-
plementation group relative to the HFCD group (P < 0.05).
AHWE supplementation appears to improve lipid metab-
olism by modulating the interplay between AMPK sig-
naling and the mTOR pathway, thereby at least partially
alleviating atherosclerosis.

AHWE supplementation modulated the expression of pro-
inflammatory markers in the liver of HFCD-fed mice
Pro-inflammatory cytokines are significantly upregulated
during the progression of atherosclerotic lesions, contrib-
uting to sustained inflammatory response. To evaluate the
inflammatory responses, the expression levels of COX-
2, TNF-a, IL-6, and NF-«kB were analyzed by immu-
noblotting and qPCR. For immunoblotting, COX-2,
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Fig 4. Effect of AHWE on the reverse cholesterol transport pathway in the liver of HFCD-fed mice. (A) Protein expression lev-
els of ABCA1, LXR-a, and PPARY in liver tissue were assessed by immunoblotting using whole-liver lysates. (B-D) Equal load-
ing of proteins was confirmed by reprobing for B-actin and histone H3 following membrane stripping. (E-G) Hepatic mRNA
expression levels of ABCA1, LXR-a, and PPARy were quantified using qPCR and analyzed by the 2T method. Expression
levels were normalized to B-actin. AHWE: Allium hookeri water extract; CON: control group (AIN-93G diet containing 7% kcal
from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol; HFCD + AHWE 300:
HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500 mg/kg/day AHWE;
ABCAL1: ATP-binding cassette subfamily A member 1; LXR-a: liver X receptor alpha; PPARYy: peroxisome proliferator-activated
receptor gamma; qPCR: quantitative polymerase chain reaction. Data are expressed as mean = SEM (n = 5). Different letters
indicate significant differences (P < 0.05) as determined by one-way ANOVA followed by Duncan’s multiple range test.
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Fig. 5. Effect of AHWE on lipid accumulation in the liver of HFCD-fed mice. (A) Protein expression levels of SR-A1, CD36,
and LOX-1 in liver tissue were assessed by immunoblotting using whole-liver lysates. (B-D) Equal loading of proteins was con-
firmed by reprobing for B-actin following membrane stripping. (E) Hepatic mRNA expression levels of LOX-1 were quantified
using qPCR and analyzed by the 22T method. Expression levels were normalized to B-actin. AHWE: Allium hookeri water
extract; CON: control group (AIN-93G diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet contain-
ing 60% kcal from fat and 1% cholesterol; HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD +
AHWE 500: HFCD supplemented with 500 mg/kg/day AHWE; SR-A1: scavenger receptor Al; CD36: cluster of differentiation
36; LOX-1: lectin-like oxidized low-density lipoprotein receptor-1; qPCR: quantitative polymerase chain reaction. Data are
expressed as mean £ SEM (n = 5). Different letters indicate significant differences (P < 0.05) as determined by one-way ANOVA
followed by Duncan’s multiple range test.
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Fig 6. Effect of AHWE on the AMPK/mTOR pathway in the liver of HFCD-fed mice. (A) Protein levels of p-AMPK and
p-mTOR were measured by immunoblotting using whole-liver lysates. (B-C) Equal protein loading was confirmed by stripping
and reprobing the membranes for -actin. (D Hepatic mRNA expression of mTOR was analyzed using qPCR and quantified
by the 2 2*“Tmethod. Expression levels were normalized to B-actin. AHWE: Allium hookeri water extract; CON: control group
(AIN-93G diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1%
cholesterol; HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD sup-
plemented with 500 mg/kg/day AHWE; p-AMPK: Phosphorylated AMP-activated protein kinase; p-mTOR: Phosphorylated
mechanistic target of rapamycin; qPCR: quantitative polymerase chain reaction. Data are expressed as mean + SEM (n = 5).
Different letters indicate significant differences (P < 0.05) as determined by one-way ANOVA followed by Duncan’s multiple

range test.

TNF-a, and IL-6 were analyzed using whole-liver lysates,
whereas NF-kB was analyzed using liver nuclear extracts.
Figure 7A-E demonstrates that the expression levels of
these pro-inflammatory genes were markedly increased in
the HFCD group relative to the CON group (P < 0.01).
In contrast, supplementation with AHWE significantly
attenuated their expression relative to the HFCD group
(P < 0.01). These findings suggest that AHWE supple-
mentation may exert anti-inflammatory effects in HFCD-
fed mice by downregulating pro-inflammatory cytokines.
Moreover, as shown in Fig. 7F-H, the mRNA expression
of COX-2, TNF-a, and NF-xB was significantly upregu-
lated in the HFCD group compared to the CON group
(P < 0.01). AHWE supplementation led to downregula-
tion of these inflammatory genes relative to the HFCD
group (P < 0.01). Additionally, the ELISA results (Fig. 71
and 7J) demonstrated that the secretion levels of TNF-a,
and IL-6 were increased in the HFCD group (P < 0.01),
but were decreased in the HFCD + AHWE 500 group
relative to the HFCD group (P < 0.01). These findings

12

(page number not for citation purpose)

suggest that AHWE may contribute to the attenuation of
atherosclerosis in HFCD-fed mice through the downregu-
lation of pro-inflammatory cytokines.

AHWE supplementation modulated H3K9ac and H3K27ac in
the liver of HFCD-fed mice

Histone acetylation, a type of epigenetic modification,
plays a significant role in atherosclerosis by regulating
gene expression involved in inflammation and plaque for-
mation within the blood vessel wall. Specifically, H3K9ac
and H3K27ac have been shown to upregulate the expres-
sion of pro-inflammatory cytokines, such as IL-6 and
matrix metalloproteinases (MMPs), including MMP-
1, -3, -10, -12, and -13, which are critical mediators of
plaque development and progression. To confirm whether
histone acetylation regulates gene expression during ath-
erosclerosis, H3K9ac and H3K27ac were evaluated in the
presence or absence of AHWE supplementation. Histones
were isolated from mouse liver tissues to assess H3K9ac
and H3K27ac. As illustrated in Fig. 8, both H3K9ac and
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Fig. 7. Effect of AHWE on inflammation-related genes in the liver of HFCD-fed mice. (A) Protein levels of TNF-a, COX-2,
IL-6, and NF-kB were measured by immunoblotting using whole-liver lysates. (B—F) Equal protein loading was confirmed by
stripping and reprobing the membranes for B-actin and histone H3. (G-H) Hepatic mRNA expression levels of TNF-a, COX-
2, and NF-xB were quantified using qPCR and analyzed by the 22T method. Expression levels were normalized to B-actin.
(I-J) The secretion levels of TNF-a and IL-6 in serum were measured using ELISA kit. AHWE: Allium hookeri water extract;
CON: control group (AIN-93G diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60%
kcal from fat and 1% cholesterol; HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE
500: HFCD supplemented with 500 mg/kg/day AHWE; TNF-o: Tumor necrosis factor-alpha; COX-2: Cyclooxygenase-2; IL-6:
Interleukin-6; NF-«B: Nuclear factor-kappa B; qPCR: quantitative polymerase chain reaction. Data are expressed as mean *
SEM (n = 5). Different letters indicate significant differences (P < 0.05) as determined one-way ANOVA followed by Duncan’s
multiple range test.
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Fig. 8. Effect of AHWE on histone acetylation in the liver of HFCD-fed mice. (A) Protein levels of acetylated H3K9 and H3K27
were measured by immunoblotting using histones extracted from liver tissue. (B-C) Equal protein loading was confirmed by
stripping and reprobing the membranes for histone H3; AHWE: Allium hookeri water extract; CON: control group (AIN-93G
diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol;
HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with
500 mg/kg/day AHWE; H3K9ac: acetylation of histone H3 at lysine 9; H3K27ac: acetylation of histone H3 at lysine 27, qPCR:
quantitative polymerase chain reaction. Data are expressed as mean = SEM (n = 5). Different letters indicate significant differ-
ences (P < 0.05) as determined one-way ANOVA followed by Duncan’s multiple range test.

H3K27ac were elevated in the HFCD group, but signifi-
cantly reduced in the groups receiving AHWE supplemen-
tation compared to the HFCD group (P < 0.05). These
findings suggest that AHWE suppresses inflammation by
decreasing HFCD-induced histone acetylation, thereby
moderating pro-inflammatory cytokine transcription.

AHWE supplementation restored the reduced Treg cell
population and function in vivo

To regulate immune hyperactivity, increased secre-
tion of anti-inflammatory cytokines, such as IL-10 and
TGF-B, by Tregs is essential. It is well established that
both the population and function of Treg cells decline
during the progression of atherosclerosis (16). To exam-
ine the effect of AHWE on the functional foxp3-Treg
population in HFCD-fed mice, we analyzed the pro-
portion of CD4*CD25'Foxp3* T cells in the spleen.
Figure 9 illustrates the impact of AHWE supplementa-
tion on the population of CD4*CD25* T cells (Fig. 9A)
and CD4*CD25*Foxp3* T cells (Fig. 9B) in HFCD-fed
mice. As shown in Fig. 9C, the proportion of Tregs was
reduced in the HFCD group compared to the CON group
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(P < 0.05). However, HFCD + AHWE 500 restored the
Tregs population compared to the HFCD (P < 0.05).

To confirm the functional expression level of Treg
cells, we analyzed the level of Foxp3 expression and the
secretion ability of the anti-inflammatory cytokine IL-10.
Foxp3 protein expression was analyzed by immunoblot-
ting using whole-spleen lysates. As shown in Fig. 9D-F,
the expression level of Foxp3 was significantly reduced in
the HFCD group relative to the CON group. However,
AHWE supplementation significantly restored Foxp3
expression compared to the HFCD. Likewise, IL-10 secre-
tion was diminished in the HFCD group, but was notably
elevated in the AHWE supplementation group (Fig. 9G).

AHWE treatment enhanced the immunoregulatory function of
Treg cells in vitro

To further investigate how AHWE increases the pop-
ulation and function of Treg cells in mice, we isolated
CD4*CD25*Foxp3* T cells and cultured them in vitro.
The results of this experiment are presented in Fig. 10.
The purity of the isolated Tregs was confirmed to be over
70% (Fig. 10A and 10B). IL-2 is essential for Treg survival
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Fig. 9. Effect of AHWE on the population and function of regulatory T cells in HFCD-fed mice. (A) Representative dot plots
showing the proportion of CD4*CD25*T cells in the spleen of HFCD-fed mice supplemented with AHWE, analyzed by flow
cytometry. (B) Representative dot plots showing the proportion of CD4*CD25* Foxp3* T cells in the spleen of HFCD-fed
mice supplemented with AHWE, analyzed by flow cytometry. (C) Quantification of CD4*CD25"Foxp3* T cells expressed as
a percentage of total CD4* T cell. (D) Protein levels of Foxp3 was measured by immunoblotting using whole-liver lysates. (E)
Equal protein loading was confirmed by stripping and reprobing the membranes for B-actin. (F) mRNA expression of Foxp3
was analyzed using qPCR and quantified by the 2**“Tmethod. Expression levels were normalized to B-actin. (G) The secretion
levels of IL-10 in serum were measured using ELISA kit. AHWE: Allium hookeri water extract; CON: control group (AIN-93G
diet containing 7% kcal from fat); HFCD: high-fat and high-cholesterol diet containing 60% kcal from fat and 1% cholesterol;
HFCD + AHWE 300: HFCD supplemented with 300 mg/kg/day AHWE; HFCD + AHWE 500: HFCD supplemented with 500
mg/kg/day AHWE; Foxp3: forkhead box P3; IL-10: Interleukin-10. Data are expressed as mean + SEM (n = 5). Different letters
indicate significant differences (P < 0.05) as determined one-way ANOVA followed by Duncan’s multiple range test.

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.147 16 I 5

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v70.14716

Seung-Hui Choi et al.

A B Before After
- . Treg isolation . Treg isolation
g [ Before Treg cell isolation | < 3 ]
=~ ﬁ [ After Treg cell isolation o 1.22% o 73.55 %
3] = =
=21 =21
g ey e
3 {\ s =]
g - -
} , w| BT e e e R S At S
/ l g aron Foa
o L ] O |Gated on CD4*
0 00 10 100 0 105 100 Foxp3
AHWE
C IL2 /- o el AHWE
- = ng/mL 31 pg/mL
-] -
3 55.38 % 1 58.50 % 59.90 %
24 =1
£e
Ee £ ]
EE ]
° 101 102 105 10% 1P 1CP o 10 107 105 0% 16 10 o o1 107 10° 109 168 10
APC-A APC-A APC-A
AHWE AHWE AHWE
- 62 pg/mL 125 pg/mL - 250 pg/mL
= 60.17 % 62.76 % =1 64.36 %
=1 =4
= =4 == é
N E% E
o =3 3
S B
= v " il | J J = E
!’ o 101 107 108 10°% 10 1P 0 o 0 107 105 10% 16 16F
a " APC-A PC-A
O |Gated on CD4
Foxp3
E F
120 4 a a a a 5.0 65
S b -
< ] 3
2 100 ) = T w0 6
- S X
3 EE <
5 807 2 g i
= £ 33.0 261
4 &4 S
»
o 60 - 3> =
= < 8 e
= = a
2 5 S 2.0 8 59
& 40 Ex ¥
28 2
20 E 1.0 Os7
: : 0.0 55
IL-2-/- 0 31 62 125 250 IL-2-/- 0 31 62 125 250 IL-2-/- 0 31 62 125 250
IL-2 + AHWE (ng/mL) IL-2 + AHWE (ug/mL) IL-2 + AHWE (pg/mL)
G 2.0 H 500 -
= 400
> 15 A
2~
] =
£E E 300
25 )
] 1.0 - 2
2 8 =
5% Z 200
s 2
Zl0s
- 100
Z<
<]
-4
0.0 -

L2~ 0 31 62
L2 + AHWE (ng/mL)

125 250

L2~ 0 31 62
IL-2 + AHWE (ug/mL)

125 250

Fig 10. Effects of AHWE on the population and function of regulatory T cells ex vivo. (A) Histograms showing the populations
of CD4* T cells before and after Treg cell isolation. (B) Representative dot plots showing the population of CD4*CD25*Foxp3*
T cells before and after Treg cell isolation. (C) Representative dot plots of CD4*CD25*Foxp3* T cells after 48 h cell culture under
the following conditions: without IL-2, or with IL-2 supplemented with various concentrations of AHWE (31-250 ug/mL). (D)
Quantification of CD4"CD25*Foxp3* T cells expressed as a percentage of total CD4" T cells. (E) cells were stained with a viabil-
ity dye to distinguish live and dead cell populations. (F-G) mRNA expression of Foxp3 and PGRN were analyzed using qPCR
and quantified by the 24T method. Expression levels were normalized to B-actin. (H) The secretion levels of IL-10 in the cell
culture supernatant were measured using an ELISA kit. AHWE: Allium hookeri water extract; CD4: cluster of differentiation
4; CD25: interleukin-2 receptor alpha chain; Foxp3: forkhead box P3; IL-2: interleukin-2. Data are expressed as mean = SEM
(n = 2). Different letters indicate significant differences (P < 0.05) as determined by Duncan’s multiple range test.
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and function (33). As shown in Fig. 10C, no significant
differences in the Treg population were observed between
the groups with or without IL-2. However, AHWE treat-
ment led to a dose-dependent increase in the Treg cell
population (Fig. 10C and 10D). Similarly, cell viability
increased in a dose-dependent manner following AHWE
treatment (P < 0.01), as determined by flow cytometry
(Fig. 10E). Moreover, IL-2 supplementation enhanced
cell viability compared to the untreated group (P < 0.05).
As shown in Fig. 10F, Foxp3 mRNA expression increased
in a dose-dependent manner following AHWE treatment
(P < 0.01) in vitro. PGRN can preserve Foxp3 expres-
sion in Tregs, maintain their regulatory function, and
mitigate inflammation within atherosclerotic lesions (34).
As shown in Fig. 10G, PGRN mRNA expression was
increased at a high concentration (250 pg/mL) of AHWE
(P < 0.05). As shown in Fig. 10H, the IL-10 levels were
increased in a dose-dependent manner following AHWE
treatment (P < 0.05).

Discussion
Allium hookeri has been used as a food ingredient, and
several studies have reported its potential biological
activities, including anti-inflammatory and metabolic
effects. However, evidence regarding its protective effects
against atherosclerosis and the underlying mechanisms
remains limited. In this study, we provide new evidence
that AHWE may protect against HFCD-induced athero-
sclerotic changes through the coordinated regulation of
lipid metabolism, inflammatory responses, and immune
homeostasis. AHWE supplementation improved serum
lipid profiles and insulin sensitivity and attenuated hepatic
histological alterations and aortic thickening in HFCD-
fed mice. These phenotypic improvements were accom-
panied by enhanced PPARY/LXRo/ABCAL1 signaling,
reduced expression of the scavenger receptors CD36,
SR-A1, and LOX-1, activation of AMPK with suppres-
sion of mTOR signaling, and attenuation of NF-kB-
mediated inflammatory responses. In addition, AHWE
increased the Treg population and IL-10 expression and
altered histone acetylation. Collectively, these findings
suggest that the beneficial effects of AHWE on athero-
sclerosis may involve coordinated improvements in lipid
metabolism and inflammatory and immune responses.
Obesity-induced inflammation is a key driver of meta-
bolic dysfunction, including insulin resistance and CVD
development (35). In this study, an atherosclerosis model
was established by feeding C57BL/6 mice an HFCD to
induce obesity. Our findings showed that HFCD sig-
nificantly increased body weight gain and tissue weight,
accompanied by lipid accumulation in the liver and adi-
pose tissue. These changes were effectively attenuated
by AHWE supplementation. Similar effects on reducing
body weight gain, adipose tissue mass, and hepatic lipid
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accumulation in high-fat diet-induced obese mice have
been reported for other natural extracts, such as Carya
cathayensis leaf extract and Artemisia capillaris extract
(36, 37).

In the initial phase of atherosclerosis, serum LDL-C
functions as a key marker of disease onset. When LDL-C
levels are elevated, they are prone to oxidative modifica-
tion, and this oxidized form of LDL-C is considered a
critical contributor to both the initiation and progression
of coronary atherosclerosis (38). Our study demonstrated
an abnormal lipid profile in the HFCD group compared
to the other groups, as well as elevated fasting blood glu-
cose and elevated insulin levels. AHWE supplementation
significantly reduced serum TG, TC, and LDL-C levels
while also increasing HDL-C levels in HFCD-fed mice.
It also improved insulin sensitivity. Similarly, a previous
study investigating an extract from a commonly con-
sumed food ingredient reported that bitter melon extract
supplementation improved glucose tolerance and insulin
sensitivity while reducing serum TG and LDL-C levels
in HFD-fed mice (39). The beneficial effects of AHWE
may be associated, at least in part, with its bioactive orga-
nosulfur compounds. Allium hookeri contains various
organosulfur compounds, including cycloalliin, which
has been reported as one of its major bioactive constit-
uents (32). In our previous study, AHWE and cycloalliin
inhibited foam cell formation by promoting the PPARYy/
LXRo/ABCAI1-mediated cholesterol efflux pathway and
suppressing scavenger receptor expression and inflam-
matory responses (36). These previous findings are con-
sistent with the present in vivo results, in which AHWE
enhanced cholesterol efflux-associated signaling, reduced
the expression of CD36, SR-A1, and LOX-1, and atten-
uated inflammatory responses. Thus, cycloalliin may con-
tribute, at least in part, to the anti-atherosclerotic effects
of AHWE observed in this study. Taken together, these
findings suggest that AHWE supplementation may exert
protective effects against atherosclerosis by improving
hepatic lipid metabolism and insulin sensitivity in HFCD-
fed mice.

Fatty liver is closely associated with CVD, and hepatic
lipid accumulation contributes to metabolic dysfunction,
including dyslipidemia and insulin resistance (40). In
addition, individuals with fatty liver have an increased
risk of cardiovascular events, such as myocardial infarc-
tion and stroke (40). Atherosclerosis is characterized by
the accumulation of lipid-rich plaques within the arte-
rial wall, initiated by cholesterol deposition in the vascu-
lar intima (41). Our findings show that HFCD-fed mice
exhibited marked hepatic vacuolation consistent with
lipid accumulation, as observed by H&E staining, along
with increased aortic intima-media thickness, indicating
the progression of atherosclerotic changes. These his-
tological alterations were substantially ameliorated by
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AHWE supplementation, suggesting a protective role
against atherogenesis. This is consistent with a previous
report demonstrating that dietary lycopene reduced aor-
tic plaque burden and intima-media thickness in HFD-
fed ApoE knockout mice, accompanied by histologically
verified improvements in vascular structure and athero-
sclerotic lesion scores (42). These findings align with pre-
vious research emphasizing that fatty liver is not merely a
hepatic disorder but a systemic condition with profound
implications for cardiovascular health (40). However, lip-
id-specific staining, hepatic lipid content, and histological
steatosis scores were not assessed in this study. Therefore,
the H&E findings should be interpreted as morphological
evidence consistent with hepatic lipid accumulation rather
than as a direct assessment of hepatic steatosis. Further
studies using lipid-specific staining and quantitative anal-
ysis of hepatic lipid content are warranted to confirm the
effects of AHWE on hepatic lipid accumulation.

Plaque formation is accelerated by dysregulated choles-
terol metabolism and enhanced inflammatory responses.
Extensive in vivo evidence suggests that consumption
of a high-fat diet promotes hepatic lipid accumulation
and accelerates atherosclerosis progression (43). Among
the key mediators of lipid uptake are scavenger recep-
tors such as CD36, SR-A1, and LOX-1, which facilitate
cholesterol influx into cells (6, 7, 44). In particular, CD36
deficiency has been shown to inhibit plaque formation
in apoE—/— mice (44). In this study, expression of CD36,
SR-A1, and LOX-1 was markedly increased in the HFCD
group, whereas AHWE supplementation significantly
downregulated their expression. The reverse cholesterol
transport pathway plays a crucial role in maintaining
cholesterol homeostasis by removing excess cholesterol
from peripheral tissues and circulation, thereby prevent-
ing atherosclerotic lesion development in the aorta (45).
Within this pathway, ABCALI serves as a central regula-
tor by facilitating the transfer of intracellular cholesterol
to apoAl, a critical step in HDL formation (46) PPARYy
promotes ABCAIl-mediated cholesterol efflux through
upregulation of LXR-a expression, while LXR-a inde-
pendently functions as a key transcriptional regulator of
ABCA1 (8). Accordingly, the PPARy-LXR-0-~ABCALI
signaling cascade is considered essential for maintaining
cholesterol homeostasis and has emerged as a therapeutic
target for atherosclerosis. Natural compounds including
quercetin, curcumin, and sulforaphane have been reported
to enhance cholesterol efflux (47). Similar to previous
studies, AHWE supplementation activated the reverse
cholesterol transport pathway by upregulating PPARY,
LXR-a, and ABCAI1, which likely contributed to improv-
ing dysregulated cholesterol metabolism (48). Notably,
PPARY expression was elevated in both the HFCD and
HFCD + AHWE groups compared with the CON group,
consistent with previous findings that PPARy activation
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enhances cholesterol efflux and promotes hepatic clear-
ance of excess cellular cholesterol (24). Importantly,
AHWE supplementation improved serum lipid profiles
and attenuated hepatic vacuolar changes and aortic wall
thickening in HFCD-fed mice. These biochemical and
histological improvements were accompanied by reduced
expression of the scavenger receptors CD36, SR-A1, and
LOX-1, which are involved in lipid uptake, together with
enhanced PPARY/LXR-a/ABCAI1 signaling associated
with cholesterol efflux. Thus, the observed improvements
in lipid-related biochemical and histological parameters
may be associated with reduced lipid uptake and enhanced
cholesterol efflux through coordinated regulation of these
pathways.

Activation of AMPK suppresses lipid and cholesterol
synthesis by phosphorylating key anabolic enzymes,
including acetyl-CoA carboxylase (ACC) and HMG-CoA
reductase (HMGCR), thereby reducing lipid accumula-
tion (49). In contrast, chronic lipid overload during obe-
sity can impair AMPK activation while enhancing mTOR
signaling, which promotes adipogenesis and cholesterol
synthesis and ultimately contributes to lipid accumula-
tion (50). Previous studies have demonstrated that natu-
ral compounds alleviate metabolic dysfunction through
modulation of the AMPK/mTOR signaling pathway.
For example, pectic bee pollen polysaccharide extracted
from Rosa rugosa improved hepatic lipid accumulation
and insulin resistance in HFD-induced obese mice by reg-
ulating AMPK/mTOR signaling (50). Similarly, red gin-
seng and green tea extract have been reported to activate
AMPK, reduce lipid levels, and attenuate atherosclerosis
progression in murine models (51). Beyond its role in lipid
metabolism, AMPK is also recognized as an important
regulator of inflammatory responses. AMPK activation
suppresses pro-inflammatory signaling cascades and
reduces the accumulation of lipid intermediates that can
trigger immune activation, whereas pro-inflammatory
mediators have been shown to inhibit AMPK activation
and impair lipid oxidation (52). Chronic inflammation
is closely associated with the progression of obesity and
atherosclerosis, and inflammatory cytokines are criti-
cally involved in the development and destabilization of
atherosclerotic plaques (13). In particular, IL-6, TNF-q,
COX-2, and NF-«B are key mediators implicated in ath-
erosclerosis progression (53). In this study, HFCD reduced
AMPK activation while increasing mTOR signaling and
inflammatory mediator expression. In contrast, AHWE
supplementation restored AMPK activation, suppressed
mTOR signaling, and significantly reduced the expression
of IL-6, TNF-0, COX-2, and NF-xB in HFCD-fed mice.
These findings are consistent with our in vitro results and
suggest that AHWE may alleviate lipid accumulation
and inflammatory responses through modulation of the
AMPK/mTOR/NF-«kB signaling pathway.
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Persistent low-grade systemic inflammation caused
by prolonged immune activation plays a critical role in
the development of CVDs, including atherosclerosis
(54). In atherosclerosis, immune imbalance character-
ized by increased pro-inflammatory T cell responses and
impaired Treg function plays a critical role in plaque pro-
gression (18). While Thl cells promote vascular inflam-
mation through the secretion of TNF-a and IFN-y, Tregs
maintain immune homeostasis and exert immunosup-
pressive effects through the production of anti-inflamma-
tory cytokines such as TGF-f and IL-10 (55). However,
chronic inflammatory conditions impair Treg function
and enhance inflammatory Thl and Thl7 responses,
thereby accelerating atherosclerotic progression and
immune dysregulation (56). Therefore, strategies aimed
at restoring the immunoregulatory function of Tregs
have emerged as promising therapeutic approaches for
mitigating atherosclerosis. Our study demonstrated that
HFCD-fed mice exhibited a marked decrease in Treg
populations, along with reduced Foxp3 expression, a
key transcription factor required for Treg maintenance.
However, AHWE supplementation restored Treg pop-
ulations and function by significantly increasing Foxp3
expression and IL-10 secretion, suggesting a protective
effect against inflammation-driven Treg dysfunction.
Several studies have indicated that dietary interventions
can mitigate the detrimental effects of HFD on immune
regulation, particularly by enhancing the population of
Treg cells. For example, Camacho-Muifioz et al. reported
that omega-3 polyunsaturated fatty acids supplementa-
tion in a Western diet model significantly increased the
proportion of CD4+Foxp3+ Tregs in lymphoid organs
by attenuating ceramide-induced T cell dysfunction (55).
Lewis et al. demonstrated that dietary blueberry supple-
mentation improved T cell-mediated immune function
in HFD-induced obese mice, partially restoring T cell
proliferation and cytokine production compared to the
HFD-only group (57). Consistent with these previous
studies, our results indicate that AHWE may preserve
Treg populations by modulating inflammatory responses
in HFCD-fed mice. IL-2 is a crucial cytokine for Treg sur-
vival, proliferation, and function, which stabilizes Foxp3
expression and maintains Treg suppressive capacity (33,
58). In our study, regardless of IL-2 supplementation,
AHWE treatment dose-dependently enhanced Treg popu-
lation and viability, accompanied by increased expression
of Foxp3 and PGRN, as well as elevated IL-10 secretion.
These findings suggest that AHWE may enhance Treg
population and function, in part by promoting anti-in-
flammatory gene expression and cell survival.

Additionally, emerging evidence suggests that chronic
inflammation and metabolic dysfunction are closely asso-
ciated with epigenetic alterations involved in atherosclero-
sis progression. A recent study has demonstrated that in
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obese conditions, H3K9ac is significantly elevated in the
liver, which disrupts normal hepatic function by impair-
ing lipid metabolism, ultimately contributing to liver
dysfunction and the progression of metabolic disorders
(20). According to Cordero-Herrera et al., (—)-epicatechin
— the main flavanol in cocoa — was effective in attenuat-
ing H3K9ac induced by high glucose (59). H3K9ac has
been shown to enhance the activity of MMPs, which
degrade extracellular matrix components and thereby
contribute to plaque instability and rupture during ath-
erosclerotic progression. Moreover, both H3K9ac and
H3K27ac directly upregulate the expression of the pro-in-
flammatory cytokine IL-6, a critical mediator in plaque
formation and progression. Furthermore, H3K27ac has
been reported to increase reactive oxygen species levels,
leading to oxidative stress, which further accelerates ath-
erosclerotic development. In our study, HFCD increased
H3K9%ac and H3K27ac in hepatic tissue, whereas AHWE
supplementation modulated H3K9ac and H3K27ac
levels. These findings suggest that AHWE supplemen-
tation effectively mitigates epigenetic alterations that
exert detrimental effects on lesion progression by reduc-
ing H3K9ac and H3K27ac, suggesting protective effects
against epigenetic alterations associated with atheroscle-
rosis progression. Taken together, atherosclerosis is driven
by interconnected metabolic, lipid-related, and inflam-
matory processes that contribute to macrophage lipid
accumulation, foam cell formation, and plaque develop-
ment. In this study, AHWE modulated multiple path-
ways associated with these processes, including reduced
expression of the scavenger receptors CD36, SR-A1, and
LOX-1, enhanced PPARY/LXRa/ABCA1-mediated cho-
lesterol efflux signaling, suppression of NF-kB-mediated
inflammatory responses, and enhancement of Treg/IL-10-
related immune regulation. These coordinated changes
suggest that AHWE may improve cholesterol homeo-
stasis and attenuate the pro-inflammatory environment
associated with early atherogenesis. These effects may, at
least in part, be attributable to bioactive constituents of
A. hookeri, particularly organosulfur compounds such as
cycloalliin. However, atherosclerotic plaque burden and
foam cell formation were not directly quantified in this
study, and the contribution of individual bioactive com-
pounds to the observed effects was not directly examined.
Therefore, further studies using direct quantitative assess-
ments of atherosclerotic lesions and foam cell formation,
together with isolated or standardized bioactive com-
pounds, are warranted to confirm the anti-atherosclerotic
mechanisms of AHWE and identify the specific constitu-
ents responsible for these effects.

Conclusions
AHWE supplementation attenuated body and tissue
weight gain and improved metabolic parameters in
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C57BL/6 mice fed the HFCD. Hepatic lipid accumulation
and vascular endothelial dysfunction in the aorta were also
alleviated by AHWE supplementation. Mechanistically,
AHWE promoted cholesterol efflux through upregula-
tion of PPARy, LXR-a, and ABCAI1, while suppressing
lipid accumulation by downregulating SR-A1, CD36,
and LOX-1. In addition, AHWE restored abnormal lipid
metabolism by enhancing AMPK activation and inhibiting
mTOR signaling. AHWE supplementation also reduced
inflammatory responses by suppressing NF-«B, TNF-a,
COX-2, and IL-6. Furthermore, AHWE increased Treg
populations and enhanced their anti-inflammatory func-
tion, as indicated by elevated Foxp3 and IL-10 expression.
Consistent with these findings, ex vivo analysis confirmed
the Treg-associated anti-inflammatory effects of AHWE
and increased PGRN expression following AHWE
treatment. Moreover, AHWE supplementation reduced
H3K9%ac and H3K27ac levels, suggesting protective effects
against epigenetic alterations associated with atheroscle-
rosis progression. Taken together, these findings suggest
that AHWE supplementation may alleviate obesity-in-
duced atherosclerosis in HFCD-fed mice by improving
cholesterol homeostasis and lipid metabolism, suppress-
ing inflammatory responses, enhancing Treg-mediated
immunoregulation, and reducing histone acetylation.

Declaration of interests
The authors declare no conflicts of interest.

Acknowledgements

The authors would like to thank the National Research
Foundation of Korea (NRF) for funding this research
through a grant from the Korea government (MSIT) (No.
2022R1F1A1062814 and RS-2025-23672968).

Author contributions

Seung-Hui Choi: Writing — original draft, Data curation,
Methodology, Formal analysis. Ha-Rin Moon: Writing —
original draft, Data curation, Methodology, Formal anal-
ysis. Daeun Hong: Data curation, Methodology, Formal
analysis. Jung-Mi Yun: Conceptualization, Methodology,
Investigation, Data curation, Writing — review & editing,
Funding acquisition.

Conflict of interest and funding
The authors are not applicable potential conflict of inter-
ests and funding.

References

1. Araujo G, Valencia LM, Martin-Ozimek A, Soto Y, Proctor
SD. Atherosclerosis: from lipid-lowering and anti-inflammatory
therapies to targeting arterial retention of ApoB-containing
lipoproteins. Front Immunol 2025; 16: 1485801. doi: 10.3389/
fimmu.2025.1485801

20

(page number not for citation purpose)

2. Luca AC, David SG, David AG, Tarca V, Paduret IA, Mindru
DE, et al. Atherosclerosis from newborn to adult-epidemiology,
pathological aspects, and risk factors. Life (Basel) 2023; 13(10):
2056. doi: 10.3390/1ife13102056

3. Libby P. The changing landscape of atherosclerosis. Nature
2021; 592(7855): 524-33. doi: 10.1038/s41586-021-03392-8

4. Meex RCR, Watt MJ. Hepatokines: linking nonalcoholic fatty
liver disease and insulin resistance. Nat Rev Endocrinol 2017;
13(9): 509-20. doi: 10.1038/nrendo.2017.56

5. Wang B, Tontonoz P. Liver X receptors in lipid signalling and
membrane homeostasis. Nat Rev Endocrinol 2018; 14(8):
452-63. doi: 10.1038/s41574-018-0037-x

6. Akhmedov A, Sawamura T, Chen CH, Kraler S, Vdovenko D,
Liischer TF. Lectin-like oxidized low-density lipoprotein recep-
tor-1 (LOX-1): a crucial driver of atherosclerotic cardiovascu-
lar disease. Eur Heart J 2021; 42(18): 1797-807. doi: 10.1093/
eurheartj/ehaa770

7. Ben J, Zhu X, Zhang H, Chen Q. Class Al scavenger recep-
tors in cardiovascular diseases. Br J Pharmacol 2015; 172(23):
5523-30. doi: 10.1111/bph.13105

8. Zhu R, Ou Z, Ruan X, Gong J. Role of liver X receptors in cho-
lesterol efflux and inflammatory signaling (review). Mol Med
Rep 2012; 5(4): 895-900. doi: 10.3892/mmr.2012.758

9. Al-Kuraishy HM, Sulaiman GM, Mohsin MH, Mohammed
HA, Dawood RA, Albuhadily AK, et al. Targeting of AMPK/
MTOR signaling in the management of atherosclerosis: out-
most leveraging. Int J Biol Macromol 2025; 309(Pt 2): 142933.
doi: 10.1016/j.ijbiomac.2025.142933

10. Mohseni R, Teimouri M, Safaei M, Arab Sadeghabadi Z. AMP-
activated protein kinase is a key regulator of obesity-associated
factors. Cell Biochem Funct 2023; 41(1): 20-32. doi: 10.1002/
cbf.3767

11. Xu Y, Bai L, Yang X, Huang J, Wang J, Wu X, et al. Recent
advances in anti-inflammation via AMPK activation. Heliyon
2024; 10(13): €33670. doi: 10.1016/j.heliyon.2024.e33670

12. Ajoolabady A, Pratico D, Lin L, Mantzoros CS, Bahijri S,
Tuomilehto J, et al. Inflammation in atherosclerosis: pathophys-
iology and mechanisms. Cell Death Dis 2024; 15(11): 817. doi:
10.1038/s41419-024-07166-8

13. Kong P, Cui ZY, Huang XF, Zhang DD, Guo RJ, Han M.
Inflammation and atherosclerosis: signaling pathways and ther-
apeutic intervention. Signal Transduct Target Ther 2022; 7(1):
131. doi: 10.1038/s41392-022-00955-7

14. Duan Y, Zeng L, Zheng C, Song B, Li F, Kong X, et al.
Inflammatory links between high fat diets and diseases. Front
Immunol 2018; 9: 2649. doi: 10.3389/fimmu.2018.02649

15. Saigusa R, Winkels H, Ley K. T cell subsets and functions in
atherosclerosis. Nat Rev Cardiol. 2020;17(7):387-401. doi:
10.1038/s41569-020-0352-5

16. Ou Hx, Guo Bb, Liu Q, Li Yk, Yang Z, Feng Wj, et al.
Regulatory T cells as a new therapeutic target for atheroscle-
rosis. Acta Pharmacol Sin 2018; 39(8): 1249-58. doi: 10.1038/
aps.2017.140

17. Churov AV, Chegodaev YS, Khotina VA, Ofitserov VP, Orekhov
AN. Regulatory T cells in atherosclerosis: is adoptive cell
therapy possible? Life (Basel) 2023; 13(9): 1931. doi: 10.3390/
life13091931

18. Xia 'Y, Gao D, Wang X, Liu B, Shan X, Sun Y, et al. Role of Treg
cell subsets in cardiovascular disease pathogenesis and poten-
tial therapeutic targets. Front Immunol 2024; 15: 1331609. doi:
10.3389/fimmu.2024.1331609

19. Lee HT, Oh S, Ro DH, Yoo H, Kwon YW. The key role of
DNA methylation and histone acetylation in epigenetics of

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.14716


http://dx.doi.org/10.29219/fnr.v70.14716
https://doi.org/10.3389/fimmu.2025.1485801
https://doi.org/10.3389/fimmu.2025.1485801
https://doi.org/10.3390/life13102056
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1038/s41574-018-0037-x
https://doi.org/10.1093/eurheartj/ehaa770
https://doi.org/10.1093/eurheartj/ehaa770
https://doi.org/10.1111/bph.13105
https://doi.org/10.3892/mmr.2012.758
https://doi.org/10.1016/j.ijbiomac.2025.142933
https://doi.org/10.1002/cbf.3767
https://doi.org/10.1002/cbf.3767
https://doi.org/10.1016/j.heliyon.2024.e33670
https://doi.org/10.1038/s41419-024-07166-8
https://doi.org/10.1038/s41392-022-00955-7
https://doi.org/10.3389/fimmu.2018.02649
https://doi.org/10.1038/s41569-020-0352-5
https://doi.org/10.1038/aps.2017.140
https://doi.org/10.1038/aps.2017.140
https://doi.org/10.3390/life13091931
https://doi.org/10.3390/life13091931
https://doi.org/10.3389/fimmu.2024.1331609

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

atherosclerosis. J Lipid Atheroscler 2020; 9(3): 419-34. doi:
10.12997/j1a.2020.9.3.419

GreiBlel A, Culmes M, Burgkart R, Zimmermann A, Eckstein
HH, Zernecke A, et al. Histone acetylation and methylation
significantly change with severity of atherosclerosis in human
carotid plaques. Cardiovasc Pathol 2016; 25(2): 79-86. doi:
10.1016/j.carpath.2015.11.001

Morral N, Liu S, Conteh AM, Chu X, Wang Y, Dong XC, et al.
Aberrant gene expression induced by a high fat diet is linked
to H3K9 acetylation in the promoter-proximal region. Biochim
Biophys Acta Gene Regul Mech 2021; 1864(3): 194691. doi:
10.1016/j.bbagrm.2021.194691

Wu L, Li W, Ye W. Role of histone post-translational modifica-
tions in atherosclerosis and the therapeutic potential of target-
ing epigenetic modifiers. Front Cell Dev Biol 2025; 13: 1705966.
doi: 10.3389/fcell.2025.1705966

Palumbo M, Ugolotti M, Zimetti F, Adorni MP. Anti-
atherosclerotic effects of natural compounds targeting lipid
metabolism and inflammation: focus on PPARs, LXRs, and
PCSKO9. Atheroscler Plus 2025; 59: 39-53. doi: 10.1016/j.athplu.
2024.12.004

Gwon MH, Im YS, Seo AR, Kim KY, Moon HR, Yun JM.
Phenethyl Isothiocyanate Protects against high fat/cholesterol
diet-induced obesity and atherosclerosis in C57BL/6 mice.
Nutrients 2020; 12(12): 3657. doi: 10.3390/nu12123657

Ayam V. Allium hookeri, Thw. Enum. A lesser known terrestrial
perennial herb used as food and its ethnobotanical relevance in
Manipur. Afr J Food Agric Nutr Dev 2011; 11: 5389-412. doi:
10.18697/ajfand.47.9330

Myint AA, Aregay MG, Kang M, Kim B-S, Lee Y-W, Kim J.
Comprehensive study on the formation mechanism of highly
bioactive compounds from Allium hookeri root using subcritical
water and their antioxidant and anticancer effects. J Supercrit
Fluids 2020; 157: 104709. doi: 10.1016/j.supflu.2019.104709
Jeong UY, Jung J, Lee EB, Choi JH, Kim JS, Jang HH, et al.
Antioxidant and immune stimulating effects of Allium hookeri
extracts in the RAW 264.7 cells and immune-depressed C57BL/6
mice. Antioxidants (Basel) 2022; 11(10): 1927. doi: 10.3390/
antiox11101927

Jung J, Kim JS, Jeong U-Y, Bae U-J, Kim M, Park S-Y, et al. The
immune-stimulating and anti-diabetic effects of Allium hookeri
leaves grown in a plant factory with artificial lights in immuno-
suppressed obese C57BL/6 mice. Pharmaceuticals 2024; 17(1):
91. doi: 10.3390/ph17010091

Moon HR, Yun JM. Protective effect of Allium hookeri water
extract and its main compound, cycloalliin, on foam cell forma-
tion in THP-1-derived macrophages. Food Nutr Res 2025; 69:
10763. doi: 10.29219/fnr.v69.10763

Wang ZL, Li J, Sun CH, Yin X, Zhi XY, Liu YT, et al. Strong
association between atherogenic index of plasma and obesity
in college students. BMC Endocr Disord 2025; 25(1): 80. doi:
10.1186/s12902-024-01807-x

Smoczek M, Vital M, Wedekind D, Basic M, Zschemisch
N-H, Pieper DH, et al. A combination of genetics and micro-
biota influences the severity of the obesity phenotype in
diet-induced obesity. Sci Rep 2020; 10(1): 6118. doi: 10.1038/
$41598-020-63340-w

Xu P, Zhai Y, Wang J. The role of PPAR and its cross-talk with
CAR and LXR in obesity and atherosclerosis. Int J Mol Sci
2018; 19(4): 1260. doi: 10.3390/ijms19041260

Harris F, Berdugo YA, Tree T. IL-2-based approaches to Treg
enhancement. Clin Exp Immunol 2023; 211(2): 149-63. doi:
10.1093/cei/uxacl05

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.147 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Anti-atherosclerotic effects of Allium hookeri and its mechanism

Wei F, Zhang Y, Zhao W, Yu X, Liu C-j. Progranulin facilitates
conversion and function of regulatory T cells under inflamma-
tory conditions. PLoS One 2014; 9(11): e112110. doi: 10.1371/
journal.pone.0112110

Basil B, Myke-Mbata BK, Eze OE, Akubue AU. From adipos-
ity to steatosis: metabolic dysfunction-associated steatotic liver
disease, a hepatic expression of metabolic syndrome — current
insights and future directions. Clin Diabetes Endocrinol 2024;
10(1): 39. doi: 10.1186/s40842-024-00187-4

Tang S, Shi Z, Qiao X, Zhuang Z, Ding Y, Wu Y, et al. Carya
cathayensis leaf extract attenuates ectopic fat deposition in
liver, abdomen and aortic arch in ovariectomized rats fed a
high-fat diet. Phytomedicine 2021; 82: 153447. doi: 10.1016/].
phymed.2020.153447

Liang M, Huo M, Guo Y, Zhang Y, Xiao X, Xv J, et al.
Aqueous extract of Artemisia capillaris improves non-al-
coholic fatty liver and obesity in mice induced by high-fat
diet. Front Pharmacol 2022; 13: 1084435. doi: 10.3389/fphar.
2022.1084435

Gaggini M, Gorini F, Vassalle C. Lipids in atherosclerosis:
pathophysiology and the role of calculated lipid indices in
assessing cardiovascular risk in patients with hyperlipidemia.
Int J Mol Sci 2022; 24(1): 75. doi: 10.3390/ijms24010075

Yu Y, Zhang XH, Ebersole B, Ribnicky D, Wang ZQ. Bitter
melon extract attenuating hepatic steatosis may be mediated
by FGF21 and AMPK/Sirt] signaling in mice. Sci Rep 2013; 3:
3142. doi: 10.1038/srep03142

Duell PB, Welty FK, Miller M, Chait A, Hammond G, Ahmad
Z, et al. Nonalcoholic fatty liver disease and cardiovascular risk:
a scientific statement from the American Heart Association.
Arterioscler Thromb Vasc Biol 2022; 42(6): e¢168-85. doi:
10.1161/ATV.0000000000000153

Rafieian-Kopaei M, Setorki M, Doudi M, Baradaran A, Nasri
H. Atherosclerosis: process, indicators, risk factors and new
hopes. Int J Prev Med 2014; 5(8): 927-46.

Mannino F, Pallio G, Altavilla D, Squadrito F, Vermiglio G,
Bitto A, et al. Atherosclerosis plaque reduction by lycopene is
mediated by increased energy expenditure through AMPK and
PPARa in ApoE KO mice fed with a high fat diet. Biomolecules
2022; 12(7): 973. doi: 10.3390/biom12070973

Lavillegrand J-R, Al-Rifai R, Thietart S, Guyon T, Vandestienne
M, Cohen R, et al. Alternating high-fat diet enhances athero-
sclerosis by neutrophil reprogramming. Nature 2024; 634(8033):
447-56. doi: 10.1038/s41586-024-07693-6

Kuchibhotla S, Vanegas D, Kennedy DJ, Guy E, Nimako G,
Morton RE, et al. Absence of CD36 protects against athero-
sclerosis in ApoE knock-out mice with no additional protection
provided by absence of scavenger receptor A I/II. Cardiovasc
Res 2008; 78(1): 185-96. doi: 10.1093/cvr/cvm093

Duan Y, Gong K, Xu S, Zhang F, Meng X, Han J. Regulation
of cholesterol homeostasis in health and diseases: from mech-
anisms to targeted therapeutics. Signal Transduct Target Ther
2022; 7(1): 265. doi: 10.1038/s41392-022-01125-5

Ouimet M, Barrett TJ, Fisher EA. HDL and reverse choles-
terol transport. Circ Res 2019; 124(10): 1505-18. doi: 10.1161/
circresaha.119.312617

Lin XL, Liu MH, Hu HJ, Feng HR, Fan XJ, Zou WW), et al.
Curcumin enhanced cholesterol efflux by upregulating ABCA1
expression through AMPK-SIRT1-LXRa signaling in THP-1
macrophage-derived foam cells. DNA Cell Biol 2015; 34(9):
561-72. doi: 10.1089/dna.2015.2866

Park SH, Paek JH, Shin D, Lee JY, Lim SS, Kang YH. Purple
perilla extracts with a-asarone enhance cholesterol efflux from

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v70.14716
https://doi.org/10.12997/jla.2020.9.3.419
https://doi.org/10.1016/j.carpath.2015.11.001
https://doi.org/10.1016/j.bbagrm.2021.194691
https://doi.org/10.3389/fcell.2025.1705966
https://doi.org/10.1016/j.athplu.2024.12.004
https://doi.org/10.1016/j.athplu.2024.12.004
https://doi.org/10.3390/nu12123657
https://doi.org/10.18697/ajfand.47.9330
https://doi.org/10.1016/j.supflu.2019.104709
https://doi.org/10.3390/antiox11101927
https://doi.org/10.3390/antiox11101927
https://doi.org/10.3390/ph17010091
https://doi.org/10.29219/fnr.v69.10763
https://doi.org/10.1186/s12902-024-01807-x
https://doi.org/10.1038/s41598-020-63340-w
https://doi.org/10.1038/s41598-020-63340-w
https://doi.org/10.3390/ijms19041260
https://doi.org/10.1093/cei/uxac105
https://doi.org/10.1371/journal.pone.0112110
https://doi.org/10.1371/journal.pone.0112110
https://doi.org/10.1186/s40842-024-00187-4
https://doi.org/10.1016/j.phymed.2020.153447
https://doi.org/10.1016/j.phymed.2020.153447
https://doi.org/10.3389/fphar.2022.1084435
https://doi.org/10.3389/fphar.2022.1084435
https://doi.org/10.3390/ijms24010075
https://doi.org/10.1038/srep03142
https://doi.org/10.1161/ATV.0000000000000153
https://doi.org/10.3390/biom12070973
https://doi.org/10.1038/s41586-024-07693-6
https://doi.org/10.1093/cvr/cvm093
https://doi.org/10.1038/s41392-022-01125-5
https://doi.org/10.1161/circresaha.119.312617
https://doi.org/10.1161/circresaha.119.312617
https://doi.org/10.1089/dna.2015.2866

Seung-Hui Choi et al.

49.

50.

51.

52.

53.

54.

55.

oxidized LDL-exposed macrophages. Int J Mol Med 2015;
35(4): 957-65. doi: 10.3892/ijmm.2015.2101

Foretz M, Viollet B. Activation of AMPK for a break in hepatic
lipid accumulation and circulating cholesterol. EBioMedicine
2018; 31: 15-16. doi: 10.1016/j.ebiom.2018.05.009

Li X, Gong H, Yang S, Yang L, Fan Y, Zhou Y. Pectic bee pol-
len polysaccharide from Rosa rugosa alleviates diet-induced
hepatic steatosis and insulin resistance via induction of AMPK/
mTOR-mediated autophagy. Molecules 2017; 22(5): 699. doi:
10.3390/molecules22050699

Huang HC, Lin JK. Pu-erh tea, green tea, and black tea sup-
presses hyperlipidemia, hyperleptinemia and fatty acid synthase
through activating AMPK in rats fed a high-fructose diet. Food
Funct 2012; 3(2): 170-7. doi: 10.1039/c1fo10157a

Kaldirim M, Lang A, Pfeiler S, Fiegenbaum P, Kelm M, Bénner
F, et al. Modulation of mTOR signaling in cardiovascular dis-
ease to target acute and chronic inflammation. Front Cardiovasc
Med 2022; 9: 907348. doi: 10.3389/fcvm.2022.907348

Zhang H, Dhalla NS. The role of pro-inflammatory cytokines in
the pathogenesis of cardiovascular disease. Int J Mol Sci 2024;
25(2): 1082. doi: 10.3390/ijms25021082

Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S,
Franceschi C, et al. Chronic inflammation in the etiology of dis-
ease across the life span. Nat Med 2019; 25(12): 1822-32. doi:
10.1038/s41591-019-0675-0

Camacho-Munoz D, Niven J, Kucuk S, Cucchi D, Certo M,
Jones SW, et al. Omega-3 polyunsaturated fatty acids reverse the

22

(page number not for citation purpose)

56.

57.

58.

59.

impact of western diets on regulatory T cell responses through
averting ceramide-mediated pathways. Biochem Pharmacol
2022;204: 115211. doi: 10.1016/j.bep.2022.115211

He X, Liang B, Gu N. Th17/Treg imbalance and atherosclerosis.
Dis Markers 2020; 2020(1): 8821029. doi: 10.1155/2020/8821029
Lewis ED, Ren Z, DeFuria J, Obin MS, Meydani SN,
Wu D. Dietary supplementation with blueberry partially
restores T-cell-mediated function in high-fat-diet-induced
obese mice. Br J Nutr 2018; 119(12): 1393-9. doi: 10.1017/
s0007114518001034

Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et
al. An essential role for the IL-2 receptor in T(reg) cell function.
Nat Immunol 2016; 17(11): 1322-33. doi: 10.1038/ni.3540
Cordero-Herrera I, Chen X, Ramos S, Devaraj S. (-)-Epicatechin
attenuates high-glucose-induced inflammation by epigene-
tic modulation in human monocytes. Eur J Nutr 2017; 56(3):
1369-73. doi: 10.1007/s00394-015-1136-2

*Prof. Jung-MiYun, PhD
Department of Food and Nutrition
Chonnam National University
Yongbong-ro, Buk-gu

Gwangju 61186, South Korea

Tel: +82-62-530-1332

Fax: +82-62-530-1339

Email: sosung75@jnu.ac.kr

Citation: Food & Nutrition Research 2026, 70: 14716 - http://dx.doi.org/10.29219/fnrv70.14716


http://dx.doi.org/10.29219/fnr.v70.14716
https://doi.org/10.3892/ijmm.2015.2101
https://doi.org/10.1016/j.ebiom.2018.05.009
https://doi.org/10.3390/molecules22050699
https://doi.org/10.1039/c1fo10157a
https://doi.org/10.3389/fcvm.2022.907348
https://doi.org/10.3390/ijms25021082
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1016/j.bcp.2022.115211
https://doi.org/10.1155/2020/8821029
https://doi.org/10.1017/s0007114518001034
https://doi.org/10.1017/s0007114518001034
https://doi.org/10.1038/ni.3540
https://doi.org/10.1007/s00394-015-1136-2
mailto:sosung75@jnu.ac.kr

