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Abstract: Metabolic syndrome (MetS) is a cluster of risk factors for cardiovascular diseases (CVDs)
that has become a global public health problem. Puerarin (PUE), the principal active compound of
Pueraria lobata, has the effects of regulating glucose and lipid metabolism and protecting against
cardiovascular damage. This study aimed to investigate whether dietary supplementation with PUE
could ameliorate MetS and its associated cardiovascular damage. Rats were randomly divided into
three groups: the normal diet group (NC), the high-fat/high-sucrose diet group (HFHS), and the
HFHS plus PUE diet group (HFHS-PUE). The results showed that PUE-supplemented rats exhibited
enhanced glucose tolerance, improved lipid parameters, and reduced blood pressure compared
to those on the HFHS diet alone. Additionally, PUE reversed the HFHS-induced elevations in the
atherogenic index (AI) and the activities of serum lactate dehydrogenase (LDH) and creatine kinase
(CK). Ultrasonic evaluations indicated that PUE significantly ameliorated cardiac dysfunction and
arterial stiffness. Histopathological assessments further confirmed that PUE significantly mitigated
cardiac remodeling, arterial remodeling, and neuronal damage in the brain. Moreover, PUE lowered
systemic inflammatory indices including C-reactive protein (CRP), neutrophil-to-lymphocyte ratio
(NLR), monocyte-to-lymphocyte ratio (MLR), and systemic immune-inflammation index (SII). In
conclusion, dietary supplementation with PUE effectively moderated metabolic disorders, attenuated
systemic inflammation, and minimized cardiovascular damage in rats with MetS induced by an HFHS
diet. These results provide novel insights into the potential benefits of dietary PUE supplementation
for the prevention and management of MetS and its related CVDs.

Keywords: metabolic syndrome; puerarin; cardiovascular disease; cardiac dysfunction; arterial
stiffness; systemic inflammatory indices

1. Introduction

Metabolic syndrome (MetS) increases the risk of cardiovascular diseases (CVDs) and
cardiovascular-related deaths. MetS is a cluster of metabolic abnormalities that are closely
related to obesity. Defined by the American Heart Association (AHA) and the National
Heart, Lung, and Blood Institute (NHLBI), MetS is diagnosed when at least three of the
following five conditions coexist: abdominal obesity, elevated triglycerides (TG), reduced
high-density lipoprotein cholesterol (HDL-C), hypertension, and impaired fasting glu-
cose [1]. Global statistics show that approximately a quarter of the adult population is
affected by MetS [2]. As social economy advances and lifestyles undergo transformation,
the prevalence of MetS is increasing yearly, posing a significant global health problem.
Interventions such as a Mediterranean diet, probiotics, statins, and anti-hyperglycemic
agents have apparent benefits in the management of MetS [1]. However, nutraceuticals with
minimal complications may be a promising field in the development of novel therapies.

Each component of MetS is regarded as an independent risk factor for CVDs, and
the coexistence of these risk factors further increases the incidence of CVDs, including
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microvascular dysfunction, atherosclerosis, myocardial infarction, and heart failure (HF) [3].
There is an abundance of evidence demonstrating that patients with HF are burdened by
several metabolic comorbidities included in MetS [3,4]. A study of a large cohort revealed
that the presence of MetS was determined to be a significant predictor of HF [5]. In addition,
accumulating evidence support the concept of arterial stiffness in MetS, potentially explain-
ing the increased cardiovascular risk observed in individuals with MetS [6,7]. Multiple
prospective studies involving patients with MetS showed that arterial stiffness is indepen-
dently associated with increased cardiovascular morbidity and mortality [7–10]. As CVDs
constitute the foremost cause of morbidity and mortality globally, it has become essential to
investigate the preventive and therapeutic intervention for MetS and its associated CVDs
to reduce the heavy burden of the disease.

Pueraria lobata, a medicinal and edible plant abundant in nutrients, has been receiving
growing attention due to its remarkable pharmacological properties and health-promoting
applications, as well as its advantages in terms of its low cost, low toxicity, and minimal
side effects [11]. Puerarin (PUE), the principal active compound of the plant, exhibits a
range of biological activities [11]. Numerous basic research and clinical trials have revealed
that PUE plays a regulatory role in glucose and lipid metabolism and has the ability
to mitigate oxidative stress and inflammation [12,13]. PUE is recognized as a safe and
effective treatment for diabetes as well as CVDs such as coronary heart disease, arrhythmia,
hypertension, and cerebral ischemia [14–17]. However, the efficacy of PUE in alleviating
MetS and its related CVDs remains uncertain.

In the present study, we replicated a rat model mimicking human MetS with car-
diovascular damage by using a long-term high-fat/high-sucrose (HFHS) diet. The aim
was to investigate the effects of dietary PUE supplementation on diet-induced MetS and
its associated cardiovascular damage. Here, we focused on assessing general metabolic
parameters and cardiovascular injury associated with MetS, and also examined changes in
the systemic inflammatory indices related to systemic chronic inflammation.

2. Materials and Methods
2.1. Animals and Diets

Male Sprague Dawley rats (aged 8–10 weeks) were acquired from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). Rats were housed (2–3 rats
per cage) with free access to standard food and water and maintained under controlled
temperature (20–25 ◦C) and 12 h light/dark conditions for 1 week prior to experiments.
All animal procedures were carried out in accordance with the guidelines and ethical
principles of the Chinese Council on Animal Care. The protocol for all animal experiments
was approved by the Animal Care and Use Committee of the Chinese Academy of Medical
Sciences (No. 00003917). Animals were randomly divided into the following 3 groups: the
NC group (n = 10), the HFHS group (n = 10), and the HFHS-PUE group (n = 10). The NC
group had ad libitum access to a normal-chow diet, while the HFHS group and the HFHS-
PUE group were subjected to experimental MetS through the high-fat/high-sucrose diet
(fat 10%, sucrose 20%, cholesterol 2.5% and sodium cholate 0.5% by weight) from the Beijing
Keao Xieli Feed Co., Ltd. (Beijing, China) for 28 weeks. During the last 12 weeks of the
experiment, the HFHS-PUE group received an additional daily supplementation of 5% PUE
(Aladdin, Shanghai, China). Figure 1A shows the schematic of the experimental protocol.

At the end of the experiment, body weight, glucose tolerance, lipid profiles, and
blood pressure were assessed, respectively. Blood pressure was recorded using the tail
cuff method by a CODA instrument (ADInstruments, Shanghai, China). An oral glucose
tolerance test (OGTT) was conducted by giving the rats glucose orally at a dose of 2 g/kg
body weight. The blood samples were then obtained from the tail vein at intervals of 0,
15, 30, 60, 90, and 120 min. Blood glucose levels were determined using the blood glucose
meter (Yuwell, Danyang, China). The area under the curve (AUC) was calculated to assess
glucose tolerance using GraphPad Prism 8.0 software.
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Finally, animals were anesthetized with the inhalation of isoflurane (3–5%), and blood
samples were collected from the abdominal aorta. The tissue of hearts, aortas, and brains
were rapidly dissected out. Hearts were weighed and the heart index was determined by
calculating the ratio of heart weight to body weight. Tissues were maintained in buffered
10% formalin for histopathological observation or kept at −80 ◦C for subsequent analysis.

2.2. Hemogram Analysis

Blood samples that were anticoagulated with ethylene diamine tetra acetic acid were
assayed using the automated hematology analyzer CELL-DYN® CD3700 (Abbott, Santa
Clara, CA, USA). White blood cells count (WBCs) and neutrophils count (NEUs) were
examined, and the neutrophil to lymphocyte ratio (NLR), monocyte to lymphocyte ratio
(MLR), and systemic immune inflammation index (SII) were calculated using the following
formulas [18]:

NLR = [absolute neutrophil count (ANC)]/[absolute lymphocyte count (ALC)];
MLR = ([absolute monocyte count (AMC)])/ALC;
SII = [ANC × absolute platelet count (APC)]/ALC

2.3. Serum Biochemical Determination

The TG, total cholesterol (TC), low density lipoprotein cholesterol (LDL-C), HDL-C,
activities of lactate dehydrogenase (LDH), and creatine kinase (CK) in the serum were
measured by using commercial kits (BioSin Bio-Technology and Science Inc., Beijing, China).
The serum C-reactive protein (CRP) was examined using a commercial kit (Elabscience,
Wuhan, China).

2.4. Atherogenic Index (AI)

The AI was evaluated by the serum levels of TC and HDL-C. It was calculated accord-
ing to the method of Hassan et al. [19], following the equation below:

AI = (TC − HDL-C)/(HDL-C)

2.5. Echocardiographic Analysis

At the end of the experiment, cardiac function was determined through standard
transthoracic echocardiogram analysis using a Vevo2100 Imaging System (FUJIFILM Visu-
alSonics, Toronto, ON, Canada). The left ventricular parameters including left ventricular
anterior wall thickness (LVAW), left ventricular internal diameter (LVID), end-diastolic
volume (EDV), ejection fraction (EF), and fractional shortening (FS) were measured via
standard M-mode imaging. The mitral inflow E and A wave ratio (E/A) were evaluated
using a pulse wave Doppler (PW Doppler) mode [20].

Aortic stiffness was assessed by measuring the pulse wave velocity (PWV) of abdomi-
nal aorta. Pulse waves were recorded from a PW Doppler image encompassing both the
distal and proximal locations of the probes. The PWV was calculated using the following
formula [21]:

PWV = (length of abdominal aorta)/(distal time delay − proximal time delay)

2.6. Histological Examination

Tissues were fixed in 10% buffered formalin. The samples were dehydrated in graded
alcohol, embedded in paraffin wax, and cut into sections (4 µm thick) for hematoxylin and
eosin (H&E) staining (left ventricle, abdominal aorta, and brain) and Masson trichrome
staining (left ventricle and abdominal aorta). Changes in histopathology were observed
under a microscope (Zeiss, Shanghai, China) and photographed. The images were quantita-
tively analyzed using the ImageJ software (Version 1.53). The cardiomyocyte cross-sectional
area (CSA) based on HE staining was calculated to evaluate the cell sizes.
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2.7. Immunofluorescence Analysis

The coronal brain slices of the right parietal cortex and hippocampus with a 20 µm
thickness at intervals of 100 µm were sectioned. The selected sections were first fixed in
ice-cold 4% paraformaldehyde for 15 min then washed 3 times with phosphate buffered
saline (PBS). Brain sections were boiled in citric acid buffer for 5 min in a microwave oven
and were treated with 0.3% Triton X100 and 10% goat serum for 1 h at room temperature,
then incubated in primary antibodies for 2 h at room temperature and then overnight at
4 ◦C (1:300 rabbit anti-NeuN Polyclonal antibody, Proteintech, Wuhan, China). The sections
were washed 3 times with PBS and then incubated in corresponding secondary antibodies
in a dark room at room temperature for 2 h. Finally, all sections were counterstained and
then stained with a dye containing 4′,6-diamidino-2-phenylindole (DAPI) and anti-fade
reagent. Fluorescent images were observed under a microscope (Zeiss, Shanghai, China)
and photographed. The NeuN-positive neurons were quantified using the ImageJ software
(Version 1.53).

2.8. RNA Isolation and Reverse Transcription-Quantitative PCR (qRT-PCR)

Total RNA was extracted from the left ventricle with the PureLink™ RNA mini kit
(Thermo Fisher Scientific, Waltham, MA, USA), followed by quantification with NanoDrop
(Thermo Fisher Scientific, MA, USA). cDNA was synthesized using the HiFiScript cDNA
Synthesis Kit (CoWin, Taizhou, China) and the qRT-PCR was carried out in the CFX Con-
nect™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using the UltraSYBR
Mixture (CoWin, Taizhou, China). The reference gene GAPDH was used for homogeniza-
tion to correct and normalize the expression level of the target genes utilizing the 2−∆∆CT

method. The following PCR primers sequences were used: Forward (F) and Reverse (R)
for BNP: F: GAACAATCCACGATGCAGAAGC, R: GGGCCTTGGTCCTTTGAGAG; ANP,
F: AGCCGAGACAGCAAACATCA, R: AGGTGGTCTAGCAGGTTCTTG; Collagen I, F:
GGAGAGAGCATGACCGATGG, R: AAGTTCCGGTGTGACTCGTG; α-SMA, F: CATCC-
GACCTTGCTAACGGA, R: AATAGCCACGCTCAGTCAGG; GAPDH, F: TGATGGGTGT-
GAACCACGAG, R: GGCATGGACTGTGGTCATGA.

2.9. Statistical Analysis

All data are presented as mean ± SEM. The results were analyzed using GraphPad
Prism 8.0. Depending on the design of the experiment, the data were analyzed using
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A p value < 0.05
was considered statistically significant.

3. Results
3.1. PUE Improved Metabolic Parameters in HFHS Diet Rats

At the end of the experiment, we assessed the impact of PUE on the general symptoms
of MetS, including glucose tolerance, lipid profiles, and blood pressure. The HFHS diet
induced weight gain, glucose intolerance, lower level of HDL-C, and elevated levels of
TC, TG, and LDL-C in rats (Figure 1B–H). Dietary PUE supplementation for 12 weeks
significantly reversed these alterations induced by HFHS diet. PUE reduced the body
weight of rats fed an HFHS diet, but the difference was not significant. Additionally,
compared with the NC group, the SBP, DBP, and MAP were elevated in the HFHS group
(p < 0.01, p < 0.01, and p < 0.001, respectively), and PUE supplementation significantly
alleviated these changes (p < 0.05, p < 0.05, and p < 0.01, respectively; Figure 1I,J,K). These
findings suggested that PUE protected against the general symptoms of MetS.
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Figure 1. Effects of PUE on changes in metabolic parameters in HFHS diet rats. (A) Schematic diagram
of experiments in rats; (B) body weight; (C) oral glucose tolerance test (OGTT); (D) OGTT area under
the curve (AUC); serum levels of (E) total cholesterol (TC), (F) triglyceride (TG), (G) low-density
lipoprotein cholesterol (LDL-C) and (H) high-density lipoprotein cholesterol (HDL-C); (I) systolic
blood pressure (SBP); (J) diastolic blood pressure (DBP); (K) mean arterial pressure (MAP). NC:
Normal-chow diet; HFHS: High-fat/high-sucrose diet; HFHS-PUE: High-fat/high-sucrose diet plus
puerarin. Values were presented as mean ± SEM (n ≥ 5). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs.
NC; # p < 0.05 and ## p < 0.01 vs. HFHS.

3.2. PUE Decreased the Cardiovascular Damage Indicators in HFHS Diet Rats

AI, LDH, and CK serve as cardiovascular damage indicators. Compared with the NC
group, the HFHS group exhibited a significant increase in AI (p < 0.01), accompanied by
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the elevated enzymatic activities of LDH (p < 0.05) and CK (p < 0.01). The administration of
PUE effectively reversed these changes in HFHS diet rats (p < 0.01; Figure 2A–C). These
findings suggested that PUE alleviated the cardiovascular damage associated with MetS
induced by an HFHS diet.
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Figure 2. Effects of PUE on cardiovascular damage indicators. (A) Atherogenic index (AI); serum
activities of (B) lactate dehydrogenase (LDH) and (C) creatine kinase (CK). NC: Normal-chow diet;
HFHS: High-fat/high-sucrose diet; HFHS-PUE: High-fat/high-sucrose diet plus puerarin. Values
were presented as mean ± SEM (n ≥ 5). * p < 0.05 and ** p < 0.01 vs. NC; ## p < 0.01 vs. HFHS.

3.3. PUE Mitigated Cardiac Dysfunction and Structural Remodeling in HFHS Diet Rats

To evaluate the cardio-protective effect of PUE in MetS rats, transthoracic echocar-
diography was performed. Figure 3A shows representative echocardiography images
indicating the systolic and diastolic function of heart. Rats fed an HFHS diet had
thickened LVAW and increased LVID and EDV compared with the NC group (p < 0.05,
Figure 3B–D). The effect of these processes was reversed by PUE supplementation
(p < 0.05). An HFHS diet had no effect on the EF (Figure 3E) or the FS (Figure 3F) but
decreased the E/A (p < 0.05; Figure 3G). However, PUE supplementation effectively re-
versed this reduction in the E/A (p < 0.05). Histopathological staining showed that PUE
supplementation rescued broken myofilaments, corrected disordered sarcomeres, and
reduced the percentage of interstitial fibrosis induced by an HFHS diet (Figure 3H,N).
The heart index and CSA increased in the HFHS group, indicating cardiac hypertrophy
(p < 0.05 and p < 0.001), which was reversed by PUE supplementation (p < 0.05, Figure 3K–
M). qPCR results demonstrated that cardiac hypertrophy-related mRNAs, including
brain natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) (Figure 3I,J), and car-
diac fibrosis-related mRNAs, including collagen I and α-smooth muscle actin (α-SMA)
(Figure 3O,P), were upregulated in the HFHS group (p < 0.05) but downregulated after
PUE supplementation (p < 0.05, p < 0.05, p < 0.05, and p < 0.01, respectively). These
findings suggest that PUE has cardio-protective effects against cardiac dysfunction and
structure remodeling associated with MetS.

3.4. PUE Ameliorated Arterial Stiffness in HFHS Diet Rats

To evaluate the effect of PUE on arterial stiffness, we utilized an ultrasound to
measure the PWV of the abdominal aorta. The results showed that the PWV was
accelerated in the HFHS group (p < 0.05) compared with the NC group, but significantly
decelerated by PUE supplementation (p < 0.01; Figure 4A). H&E and Masson staining
exhibited there was vascular remodeling in the abdominal aorta of the HFHS diet rats,
characterized by disordered smooth muscle cells and interstitial fibrosis (Figure 4B,D).
PUE supplementation reversed these changes, leading to a decrease in media thickness
(p < 0.01) and the collagen volume fraction of the aorta (p < 0.05; Figure 4C,E). These
findings suggest that PUE supplementation effectively protects against arterial stiffness
related to MetS.
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Figure 3. Effect of PUE on cardiac injury associated with MetS in HFHS diet rats. (A) Representative
M-mode echocardiographic and PW Doppler images; (B) left ventricular anterior wall thickness
(LVAW); (C) left ventricular internal diameter (LVID); (D) end-diastolic volume (EDV); (E) left
ventricular ejection fraction (EF); (F) fractional shortening (FS); (G) the mitral inflow E and A wave
ratio (E/A); (H) representative images of H&E-stained sections of the left ventricle (×20; framed zone:
×5); (I) BNP, (J) ANP mRNA expression in the left ventricle; (K) representative images of HE-stained
sections of cross-sectional view of cardiomyocytes (×40); (L) heart index; (M) cross-sectional area
of cardiomyocytes (CSA); (N) representative images of Masson-stained sections of the left ventricle
(×20; framed zone: ×5); (O) Collagen I and (P) α-SMA mRNA expression in the left ventricle. NC:
Normal-chow diet; HFHS: High-fat/high-sucrose diet; HFHS-PUE: High-fat/high-sucrose diet plus
puerarin. Values were presented as mean ± SEM (n ≥ 5). * p < 0.05 and *** p < 0.001 vs. NC; # p < 0.05
and ## p < 0.01 vs. HFHS.
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3.5. PUE Alleviated Neuronal Damage in HFHS Diet Rats

The protective effect of PUE on neurons was evaluated by observing the histopatho-
logic changes in the brain in HFHS diet rats. H&E staining results revealed that there were
neuronal damages in the CA1 and DG regions of the hippocampus (Figure 5A) as well as in
the cortex (Figure 5B) of HFHS diet rats, manifested as nuclear condensation and aberrant
cell morphology. Furthermore, a reduction in the number of capillaries was observed in
the cortex of HFHS diet rats. PUE supplementation significantly reversed these changes
induced by an HFHS diet. Immunofluorescence staining of neuron labeling NeuN was
further conducted, suggesting a significant reduction in neuron count in HFHS diet rats
(Figure 5C–F). However, PUE supplementation significantly ameliorated this neuronal loss.
These results indicated that PUE supplementation attenuated neuronal damage associated
with MetS.
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Figure 5. Effect of PUE on neuronal damage associated with MetS in HFHS diet rats. (A) Representa-
tive images of H&E staining of the CA1 and DG region of the hippocampus (×20); (B) representative
images of H&E staining of the cortex (×10, ×20); (C) representative images of immunofluores-
cence staining of neurons in the hippocampus (×5) and (D) cortex (×5); (E) quantitative analysis of
NeuN-positive cells number in the hippocampus and (F) cortex. Aberrant morphology of neurons
(black arrow), capillaries (little arrow). NC: Normal-chow diet; HFHS: High-fat/high-sucrose diet;
HFHS-PUE: High-fat/high-sucrose diet plus puerarin. Values were presented as mean ± SEM (n = 3).
* p < 0.05 vs. NC; # p < 0.05 and ## p < 0.01 vs. HFHS.

3.6. PUE Reduced the Systemic Inflammatory Indices in HFHS Diet Rats

MetS has been shown to be associated with low-grade systemic inflammation. The
serum level of CRP was increased in the HFHS group (p < 0.05) but significantly decreased
by PUE supplementation (p < 0.01; Figure 6A). Hemogram analysis indicated that NEUs and
WBCs increased in the HFHS group (p < 0.05) and significantly decreased in the HFHS-PUE
group (p < 0.05; Figure 6B,C). NLR, MLR, and SII, as new inflammatory markers, have the
potential to predict the clinical outcome of cardiovascular and cerebrovascular diseases [18].
Compared with the NC group, NLR, MLR, and SII significantly increased in the HFHS
group (p < 0.01, p < 0.05, and p < 0.05, respectively), and were significantly decreased by
PUE supplementation (p < 0.01, p < 0.05, and p < 0.01, respectively; Figure 6D–F). These
results indicated that PUE may play a protective role on the heart, brain, and vascular in
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MetS, reducing the risk of CVDs and improving the prognosis of the disease by reducing
systemic inflammation.
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Figure 6. Effects of PUE on systemic inflammatory indices in HFHS diet rats. Comparative measure-
ment of (A) the serum C-reactive protein (CRP) levels, (B) the neutrophils count (NEUs), (C) the white
blood cells count (WBCs), (D) neutrophil-to-lymphocyte ratio (NLR), (E) monocyte to lymphocyte
ratio (MLR), and (F) the systemic immune-inflammation index (SII). NC: Normal-chow diet; HFHS:
High-fat/high-sucrose diet; HFHS-PUE: High-fat/high-sucrose diet plus puerarin. Values were
presented as mean ± SEM (n ≥ 5). * p < 0.05 and ** p < 0.01 vs. NC; # p < 0.05 and ## p < 0.01
vs. HFHS.

4. Discussion

In recent years, numerous studies have demonstrated the beneficial effects of PUE
on the regulation of glucose and lipid metabolism [12,13]. A review indicates that PUE is
effective in mitigating the initiation and progression of various diseases, including obe-
sity, diabetes, hypertension, atherosclerosis, cardiac ischemia, cardiac arrhythmia, cardiac
hypertrophy, ischemic stroke, and cognition decline, by reducing oxidative stress and
inflammation [12]. In this study, for the first time, we systematically examined the impact
of PUE on MetS and its associated CVDs in rats fed an HFHS diet.

We replicated a rat model of human MetS with cardiovascular damage by subjecting
animals to a long-term HFHS diet for 28 weeks. The HFHS diet induced signs of MetS
with cardiovascular injury, such as weight gain, impaired glucose tolerance, elevated
blood pressure, abnormal lipid profiles, cardiac diastolic dysfunction, arterial stiffness, and
neuronal damage in rats. However, dietary supplementation with PUE ameliorated these
alterations induced by the HFHS diet. A review has summarized the mechanisms by which
PUE regulates glucose and lipid metabolism both in vivo and vitro [13]. These mechanisms
include inhibiting the release of glucose and free fatty acid (FFA), modulating the transport
of glucose and fatty acid (FA), reducing the synthesis of glucose and FA, promoting β-
oxidation, enhancing insulin secretion and sensitivity, and alleviating oxidative stress and
inflammatory responses. A clinical trial involving 18–50-year-old men without a history
of CVDs indicated that PUE supplementation had lower fasting glucose compared to the
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placebo group [22]. Furthermore, the accumulating evidence indicate that PUE has anti-
hypertensive effect in various animal models of hypertension, including spontaneously
hypertensive rats (SHR), Ang II-infused hypertensive rats, and renovascular hypertensive
rats [23]. In this study, we have shown for the first time that PUE reduces blood pressure in
rats with MetS-associated hypertension. Additionally, it is reported that PUE ameliorates
metabolic-dysfunction-associated fatty liver disease [24,25]. Our recent findings were
consistent with previous studies that PUE improved the serum aspartate transaminase
(AST) and alanine aminotransferase (ALT) level, reduced liver fat accumulation, and
exhibited the protective effect on MetS-associated liver dysfunction. PUE supplementation
reduced the body weight in rats fed an HFHS diet, but the difference was not significant.
This is similar to a previous report [26]. Collectively, this is the first in vivo study to evaluate
whether dietary supplementation with PUE could ameliorate various manifestations of
MetS in rats fed an HFHS diet.

High levels of TC, TG, and LDL-C, lower HDL-C, and an increased AI are all indicators
of atherogenic dyslipidemia [27]. It is reported that PUE mitigated the hypercholesterolemic
diet-induced elevation of TC in both serum and liver, leading to a significant decrease in
the AI [28]. Clinical studies have shown that the AI was significantly higher in individuals
with MetS [29]. In our study, rats fed an HFHS diet exhibited a significantly increased
AI, but PUE supplementation reversed this change. The result suggested that PUE might
reduce the risk of MetS-associated CVDs.

The protective role of PUE on cardiac function have been demonstrated in numerous
studies. In a rat model of coronary artery disease, PUE decreased circulating markers
of cardiac damage (CK, CK-MB, LDH, troponin) and protected against cardiomyocyte
damage [30]. In mice with myocardial fibrosis, PUE decreased fibrosis by inhibiting NF-kB
activation and collagen deposition, thereby enhancing cardiac performance [31]. PUE has
also been shown to alleviate CVDs by reducing infarct size, inflammatory markers, and
FFA levels in those with myocardial infarction [32,33]. MetS components can individually
serve as independent risk factors for HF development, while there is also a high prevalence
of MetS among HF patients [3]. Overnutrition is the primary trigger leading to insulin re-
sistance, neurohormonal activation, microvascular circulation impairment, oxidative stress
and inflammation. These conditions ultimately result in myocardial cell death, extracellu-
lar fibrosis, and altered myocardial-endothelial interactions [34]. In our study, an HFHS
diet caused cardiac diastolic dysfunction and cardiac structure remodeling with broken
myofilaments, disordered sarcomeres, and interstitial fibrosis in rats. However, EF and FS
remained within normal ranges. These findings are consistent with the features of HF with
preserved EF (HFpEF), a prevalent type of HF characterized by normal systolic function
but diastolic dysfunction of heart [35]. HFpEF has been considered as the predominant
type of HF worldwide and its incidence is escalating yearly with an annual mortality rate of
approximately 15% [36,37]. Mechanistically, it has been postulated that chronic low-grade
systemic inflammation linked to MetS contributes to ventricular remodeling in HFpEF [35].
The enzymatic activities of LDH and CK were significantly increased in the HFHS diet
rats. PUE supplementation reduced the LDH and CK activities, improved cardiac diastolic
dysfunction, and reversed the cardiac histopathological alternations induced by HFHS diet.
PUE also decreased the expression of cardiac hypertrophy and fibrosis-related mRNAs.
These findings suggested that PUE could protect against the HFpEF associated with MetS.

Hypertension, diabetes, dyslipidemia, and obesity all contributed to arterial stiffness.
Accordingly, MetS is closely related to arterial stiffness, which is characterized by excessive
fibrosis and loss of arterial elasticity that result in a diminished arterial storage capacity
and an accelerated PWV along the vessel wall [21,38–41]. Arterial stiffness leads to an
increase in SBP, promotes left ventricular hypertrophy, and might progress to HF [6].
Hence, MetS associated with arterial stiffness has been established as one of the major risk
factors for the progression of CVDs [42]. There are limited evidence demonstrating the
beneficial effect of PUE on arterial stiffness. It was reported that the administration of PUE
resulted in a mild reduction in carotid artery thickness and the inner diameter in SHR [43].
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Additionally, PUE has exhibited the ability to inhibit vascular calcification in vivo [44]
and in vitro [45]. A randomized controlled trial suggested that 24 weeks of intravenous
treatment with PUE reduced carotid intima-media thickness in subjects with rheumatoid
arthritis [46]. Our findings exhibited that prolonged consumption of an HFHS diet leads to
accelerated PWV and structural abnormalities in the aorta, including increased thickness
and fibrosis. However, dietary supplementation with PUE reduced the thickness of aorta,
decreased fibrosis, and restored the PWV. Collectively, our results firstly reported that
dietary supplementation with PUE has the potential to reverse arterial stiffness induced
by MetS and restore vascular compliance. It is important to note that arterial stiffness
tends to worsen as the number of MetS components increases [47–49]. Conversely, recovery
from MetS has been shown to alleviate arterial stiffness [47]. Therefore, further research
is warranted to determine whether PUE directly contributes to the mitigation of arterial
stiffness or indirectly through alleviating symptoms of MetS components.

Patients with MetS have an increased risk of developing cognitive impairment [50].
Hypercholesterolemia triggered by diet exacerbates neuroinflammatory response, provokes
atherosclerosis, and increases brain blood barrier permeability, resulting in neuronal dam-
age and cognitive impairment [51–53]. Arterial stiffness not only promotes left ventricular
hypertrophy but also imposes a significant hemodynamic burden on cerebral circulation,
leading to microvascular damage [54]. Additionally, HF leads to cerebral hypoperfusion
and chronic cerebral hypoxia, ultimately resulting in cerebral microbleeds, neurodegenera-
tion, and cognitive impairment [55]. It is reported that PUE can protect against neuronal
injury induced by different etiologies, such as aging and hypertension [12]. In our study,
rats with diet-induced MetS exhibited neuronal damage and loss, and a reduction in corti-
cal and hippocampal capillaries. However, these alterations were reversed through PUE
supplementation. These findings do not directly indicate that rats fed an HFHS diet have
cognitive impairment. However, structural changes and a reduction in the number of
neurons may affect the speed at which information is transmitted and processed between
neurons, thus affecting cognitive function [56,57]. Therefore, our findings suggest that PUE
may serve as a preventive measure against neurological impairment associated with MetS
and reduce the risk of cognitive impairment.

Markers of systemic inflammation, including CRP, interleukin 6 (IL-6), and tumor
necrosis factor-alpha (TNF-α) have been found to be elevated in patients with MetS [2].
Recent evidence suggests that oxidative stress and chronic low-grade systemic inflamma-
tion may underlie the pathophysiological process of MetS and CVDs [58]. PUE exerts
beneficial effects by alleviating oxidative stress and adverse inflammatory events in the
heart, arteries, and brain, thereby impeding the pathogenesis of obesity, diabetes, hyper-
tension, atherosclerosis, cardiac dysfunction, and cognitive decline [12]. Recently, the
systemic inflammatory indices, including CRP, NLR, MLR, and SII, serve as indicators
of systemic inflammation and prognostic marker for chronic CVDs [59–62]. Our findings
revealed elevated levels of them in rats with MetS. However, dietary supplementation
with PUE effectively decreased these inflammatory indices. These results indicate that
alleviating systemic inflammation may be the potential mechanism by which PUE exerts its
protective effect. In the future, we will study the precise molecular mechanisms by which
PUE regulates systemic inflammation at the cellular level.

Despite the promising results, there are several limitations in this study. Firstly, the
study duration was relatively short, and it is imperative to conduct longer-term studies
in order to evaluate the sustained effects of PUE supplementation. Secondly, the precise
mechanisms responsible for the benefit of PUE still need to be fully elucidated. Finally,
the utilization of a rat model may not comprehensively predict the intricate physiological
reactions in humans. In the future, it would be valuable to investigate the long-term effects
of PUE supplementation on lifespan and overall health in animal models. Further studies
are required to elucidate the precise mechanisms through which PUE exerts its beneficial
effects. Additionally, clinical trials are warranted to assess the efficacy and safety of PUE
supplementation in individuals with MetS and related CVDs. Such studies would provide
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valuable insights into the potential of PUE as a supplement agent for the prevention and
management of these conditions.

5. Conclusions

In conclusion, our study showed that rats fed an HFHS diet exhibited the general
manifestations of MetS and its associated cardiovascular injury. Dietary supplementation
with PUE was found to improve glucose intolerance and blood lipid parameters, lower
blood pressure, improve cardiac diastolic dysfunction and cardiac structural remodeling,
alleviate arterial stiffness, regulate the body’s inflammatory state, and reduce the risk
of cognitive impairment. These results showed that the effects of PUE on MetS and its
associated CVDs might be multifaceted. However, further research is necessary to confirm
these findings in humans and elucidate the underlying mechanisms responsible for the
beneficial effects of PUE.
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