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Ferulic acid is a well-known phenolic acid compound and possesses multiple health-
promoting and pharmacological effects. Metabolic syndrome (MetS) and hyperuricemia
(HUA) have become health problems worldwide and are closely connected. The aim
of this study was to explore the influence of ferulic acid on MetS-related HUA and its
underlying mechanisms. Rats were administered high-fructose and high-fat diet (HFFD)
with or without ferulic acid (0.05 and 0.1%) for 20 weeks. Intake of HFFD resulted in
obesity, hyperglycemia, insulin resistance, and dyslipidemia, which were alleviated by
ferulic acid consumption. Treatment of rats with ferulic acid diminished the levels of
lipids and inflammatory cytokines and enhanced the activities of antioxidant enzymes in
the liver caused by HFFD. Additionally, administration of ferulic acid blocked a HFFD-
induced elevation in activities and mRNA expression of enzymes involving in uric acid
(UA) synthesis. Molecular docking analysis denoted that ferulic acid bound to the active
center of these enzymes, indicative of the potential interaction with each other. These
two aspects might partially be responsible for the decrement in serum UA content after
ferulic acid ingestion. In conclusion, ferulic acid supplementation ameliorated lipid and
glucose metabolic abnormalities, hepatic damage, and UA formation in MetS rats. There
was a dose correlation between lipid deposition and UA synthesis-related indicators.
These findings implied that ferulic acid could be applied as a promising dietary remedy
for the management of MetS-associated HUA.

Keywords: ferulic acid, metabolism syndrome, hyperuricemia, uric acid synthesis, glycolipid metabolism, liver
injury

INTRODUCTION

Experimental studies have suggested that the long-term intake of high-fructose and high-fat diet
(HFFD) that is the dietary pattern of modern people can result in metabolic syndrome (MetS),
which has become a global health issue (1–3). MetS is a cluster of cardiometabolic abnormalities
including hyperglycemia, hypertension, abdominal (visceral) obesity, hypertriglyceridemia, and
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low high-density lipoprotein-cholesterol (HDL-C) (4).
Hyperuricemia (HUA), part of the cluster of metabolic disorders,
is characterized by high serum uric acid (UA) level due to
overproduction and/or less excretion of UA and then evokes
gout and chronic kidney disease (5, 6). In the past few decades,
the incidence of HUA has been successively rising worldwide.
According to epidemiological surveys, the prevalence of HUA
in Chinese adults remarkably rises from 8.4% in 2009–2010
to 14.0% in 2018–2019, and also more than 20.0% from 2007
to 2016 in United States (7, 8). Although the serum UA level
is not a diagnostic criterion for MetS, longitudinal studies
have demonstrated that HUA is closely associated with the
development of MetS and its components, and there is a
bidirectional relationship between them (9, 10). The morbidity
of MetS gradually raises with the growth of serum UA level (11).
Moreover, a cross-sectional study reported that about 32.9% of
the very elderly population with HUA in Chengdu also developed
MetS (12). The elevated serum UA level was also found in MetS
animals and the UA content in HepG2 cells was significantly
increased after treatment with HFFD (3, 13). Hence, HUA plays
a critical role in the development of MetS and an inhibition of
the serum UA level can not only prevent HUA, but also improve
MetS to a certain extent (14, 15).

In recent years, UA-lowering strategies are focused on
suppressing UA synthesis and promoting UA excretion (6).
Reducing the production of UA using xanthine oxidase (XO)
inhibitors is the first-line method for managing HUA (11).
Allopurinol, febuxostat, and topiroxostat are the main XO
inhibitors in clinical indication. They have been shown to be
effective in decreasing the serum UA content and the risk
of HUA and some cardiovascular events. However, their side
effects are unignorable, such as gastrointestinal distress, allergic
reaction, muscle pain, and impaired liver and renal function
(16). Therefore, naturally occurring bioactive compounds have
received considerable attention from researchers owing to their
relatively low toxicity, and their prevention on MetS, type 2
diabetes mellitus, HUA, cardiovascular disease, cancer, and other
diseases has been reported (17–19). Many literature reports have
described that some bioactive substances, such as polyphenols
and probiotics, could alleviate high- fructose-, high- fat-, or
HFFD-induced glycolipid metabolic disorders, raised serum UA
level, and hepatic injury (13, 20–22).

Ferulic acid is a well-known phenolic acid compound widely
present in cereals, fruits, vegetables, and other edible plants (23).
It is considered as an antioxidant and anti-inflammatory factor
and as a result exerts numerous biological functions including
modulating glucose tolerance and lipid metabolism, reducing
the serum UA level, and ameliorating liver damage (24, 25).
Wang et al. proved that ferulic acid supplementation (HFFD
mixed with 0.05% ferulic acid) for 13 weeks could mitigate MetS
in rats by alleviating HFFD-induced obesity, hyperglycemia,
hyperlipidemia, insulin resistance (IR), inflammation, reduction
of antioxidant activity, and impaired liver function (26).
A previous study found that 90% wheat flour enriched with
ferulic acid showed the same consequences in MetS rats fed
with HFFD besides antioxidant activity and inflammation, and
resulted in a decreasing tendency toward the serum UA level

caused by HFFD (13). Recently, several studies exclusively
explored the inhibitory mechanism of ferulic acid against XO
in vitro by enzymatic and spectroscopic methods, which could
help explain why the serum UA content declined caused by ferulic
acid (27, 28). Hence, ferulic acid has a potential to improve
MetS-HUA. In addition, the mechanism by which ferulic acid
lowers the serum UA level in a MetS model caused by HFFD is
poorly understood.

Overall, this work aimed to investigate the alleviating effect of
ferulic acid on the MetS-related HUA in rats induced by HFFD
and the potential mechanism of antihyperuricemic capacity.
Based on previous animal experiments, the influence of a
longer experimental period and a higher dose of ferulic acid
on MetS-associated HUA was studied. Glucose tolerance, IR,
lipid homeostasis, liver and kidney function, and oxidative stress,
inflammation, UA synthesis in the liver were evaluated.

MATERIALS AND METHODS

Chemicals
Ferulic acid (purity >98%) was obtained from Jingzhu Bio-
Technology Co., Ltd. (Nanjing, China). Allopurinol was
purchased from Shanghai Xinyi Wanxiang Pharmaceutical Co.,
Ltd. (Shanghai, China). Glucose was bought from Weifang
Sheng Tai Pharmaceutical Co., Ltd. (Weifang, Shandong, China).
Insulin injection was purchased from Novo Nordisk (China)
Pharmaceuticals Co., Ltd. (Beijing, China). Commercial assay
kits including glucose, total cholesterol (TC), triglycerides
(TGs), HDL-C, low-density lipoprotein-cholesterol (LDL-C),
free fatty acid (FFA), hemoglobin A1c (HbA1c), aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), UA, blood urea nitrogen (BUN),
and creatinine (CRE) were obtained from Biosino Bio-
Technology and Science Inc. (Beijing, China). The assay kits for
malondialdehyde (MDA), superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), XO, adenylate kinase
(AK), 5′-nucleotidase (5′-NT), adenosine deaminase (ADA),
purine nucleoside phosphorylase (PNP), and lipopolysaccharide
(LPS) and enzyme-linked immunosorbent assay (ELISA) kits
for insulin, tumor necrosis factor-α (TNF-α), interleukin
(IL)-1β, IL-18, and interferon-γ (IFN-γ) were obtained from
Beijing Sinouk Institute of Biological Technology (Beijing,
China). A BCA protein assay kit was supplied from Beyotime
Biotechnology Inc. (Beijing, China). Other chemicals were of
analytical grade.

Experimental Animals
Male Sprague–Dawley rats (aged 8 weeks) were supplied by Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China)
[Certificate SCXK (Beijing) 2016-0006]. Rats were housed in
separate cages under a 12–12 h light-dark cycle (8:00 a.m. to
8:00 p.m.) at an ambient temperature of 23 ± 2◦C and relative
humidity of 55 ± 5% and given free access to food and water.
The animal experiment was approved by the Animal Ethics
Committee of the Beijing Key Laboratory of Functional Food
from Plant Resources. All animal procedures were performed in
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compliance with the guidelines for the care and use of laboratory
animals of the National Institutes of Health.

After acclimated to the environment for 1 week, 50 rats were
randomized into 5 groups (n = 10 per group) and fed with
different diets for 20 weeks. These groups were as follows: (a)
control group: basal diet (13.9 kJ/g, 4.5% fat, w/w); (b) model
group: HFFD (18.9 kJ/g, 18% fructose and 20% lard); (c–d) ferulic
acid group: HFFD mixed with ferulic acid; (e) allopurinol group
(AP): HFFD mixed with allopurinol. The compositions of the
basal diet and HFFD were the same as those in the previous study
(Table 1) (13). Allopurinol was utilized as a positive control and
added in the HFFD with a proportion of 0.0145% at its effective
intragastric dosage (10 mg/kg body weight) from several reports
(29–31). Ferulic acid was added in the HFFD with proportions of
0.05 and 0.1% (FAL and FAH), respectively. The dosage of ferulic
acid was selected according to our preceding experiment (26).
The body weight and food consumption were monitored weekly.

Oral Glucose and Insulin Tolerance Tests
Oral glucose tolerance test (OGTT) was performed using oral
gavage of glucose (2 g/kg body weight) after 12 h of fasting
on the first day of week 19, and insulin tolerance test (ITT)
was conducted via intraperitoneal supplementation with insulin
(0.5 U/kg body weight) after 4–5 h of fasting on the last day of
week 19. The blood glucose concentrations were monitored by
the tail blood using a glucometer (Life Scan Inc., Milpitas, CA,
United States) with One Touch Ultra test trips at 0, 30, 60, and
90 min of gavage or injection. The integrated areas under the
curve (AUC) of OGTT and ITT were calculated by a trapezoidal
method (32).

Sample Collection
At the end of the experimental period, the rats were fasted
overnight with water ad libitum and sacrificed by cervical
dislocation under deep anesthesia. Blood samples were collected

TABLE 1 | Composition of basal diet and HFFD.

Basal diet HFFD

Corn starch (g/kg) 250 –

Wheat middling (g/kg) 200 –

Refined wheat flour (g/kg) 219 420

Soybean meal (g/kg) 200 80

Fructose (g/kg) – 180

Lard (g/kg) – 200

Chicken powder (g/kg) – 80

Sodium cholate (g/kg) – 2

Miscellaneous meal (g/kg) 45 –

Vegetable oil (g/kg) 20 –

Fish meal (g/kg) 20 –

Calcium bicarbonate (g/kg) 10 10

Mountain flour (g/kg) 16 8

Vitamin and mineral mixture (g/kg) 20 20

Total energy (kJ/g) 13.9 18.9

HFFD, high-fat and high-fructose diet.

by retro-orbital sinus puncture and incubated at 4◦C for
6 h. Liver, kidney, perirenal fat, and epididymal fat tissues
were dissected and weighed immediately for calculating the
organ index [organ index (%) = organ weight/final body
weight × 100%]. One part of liver tissues was soaked in a
10% formalin solution for histopathological observation. The
remaining livers were flash-frozen in liquid nitrogen and stored
at−80◦C for further analysis.

Detection of Biochemical Indicators
Serum samples were separated by centrifugation at 4000 × g
for 20 min at 4◦C. The serum lipids profiles (TG, HDL-C,
LDL-C, and FFA), liver function markers (AST, ALT, and ALP),
kidney function markers (UA, BUN, and CRE), and glucose
metabolism markers [fasting blood glucose (FBG) and HbA1c]
were determined on a Mindray BS-420 automatic biochemistry
analyzer (Shenzhen Mindray Bio-Medical Electronics Co., Ltd.,
Shenzhen, China) using corresponding assay kits following
the manufacturer’s instructions. The level of fasting blood
insulin (FBI) at week 20 was measured using an ELISA kit.
Homeostasis model assessment of insulin resistance (HOMA-IR),
β-cell function (HOMA-β), and quantitative insulin sensitivity
check index (QUICKI) were calculated as follows (33): HOMA-
IR = FBG × FBI/22.5; HOMA-β = 20 × FBI/FBG-3.5;
QUICKI = 1/[log (FBI) + log (FBG)].

The liver tissues were homogenized and the lipids were
extracted according to the protocols of Zhang et al. (2).
The concentrations of TG, TC, and FFA were detected using
corresponding assay kits. The supernatant was collected from the
liver homogenates after centrifugation at 12,000 × g for 20 min
at 4◦C for other hepatic parameters. The activities of SOD, CAT,
GSH-Px, XO, AK, 5′-NT, ADA, and PNP, as well as the contents of
MDA, UA, and LPS, were measured according to the instruction
manuals of corresponding commercial kits. ELISA kits were used
to determine the levels of TNF-α, IL-1β, IL-18, and IFN-γ in the
liver homogenate. Total protein concentrations of the liver were
measured by a BCA protein assay kit.

RNA Isolation and Quantitative
Real-Time PCR
Total RNA was extracted from the liver tissues using TRIpure
reagent (Aidlab Biotechnologies Co., Ltd., Beijing, China)
and reverse transcribed into cDNA was synthesized using a
FastQuant RT kit (Tiangen Biotech Co. Ltd., Beijing, China). The
mRNA expression levels were measured on a CFX96 real-time
PCR detection system (CFX96, Bio-Rad, United States) using
SuperReal PreMix Plus with SYBR Green (Tiangen Biotech Co.
Ltd., Beijing, China). The primer sequences were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China) and are provided
in Table 2. The mRNA expression levels were normalized to
GAPDH and calculated by the 2−11Ct method.

Liver Histopathology
The liver tissues were fixed with 10% formalin solution,
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (H&E). The histopathological changes of liver
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sections were examined with a light microscope (BA-9000
L, Osaka, Japan).

Molecular Docking
The molecular docking study was performed on the AutoDock
v4.2 program to investigate the interaction between ferulic acid
and UA synthesis-associated enzymes. The crystal structure of
AK (PDB ID: 1z83), 5′-NT (PDB ID: 2XCW), PNP (PDB
ID: 3K8O), ADA (PDB ID: 1VFL), and XO (PDB ID: 1FIQ)
was obtained from the RCSB Protein Database Bank.1 The 3D
structures of ferulic acid were acquired from PubChem database.2

Before docking, AutoDock tools were applied to pretreat the
proteins via removing all of the water molecules, adding the
hydrogen atoms, and computing the Gasteiger charges. The
ligand (ferulic acid) was designated the rotatable bonds. In the
docking pattern, the flexible ligand inserted into the rigid protein.
A grid box with dimensions of 60 Å × 60 Å × 60 Å and a
grid spacing of 0.375 Å was set up to embrace the active sites of
corresponding proteins. Then the Lamarckian genetic algorithm
with local search and number of runs (100 times) were defined
to conduct docking calculations. The combination model with
the lowest binding energy and the highest number of ligands was
considered as the best docking result. PyMol 2.5.2 and LigPlot+
v.2.2 were used to depict the outputs.

Statistical Analysis
All data are presented as mean ± standard deviation (SD).
Prism 8.0 (GraphPad Software, San Diego, CA, United States)
was applied to analysis the statistical significance between
groups by unpaired t-test. A value of p < 0.05 was considered
statistically significant.

RESULTS

Effects of Ferulic Acid on Basic
Parameters in HFFD-Fed Rats
During the experimental period, the body weight of rats in
different groups was increased gradually (Figure 1A). The food
and energy intake declined slightly and then changed to be steady
(Figures 1B,C). In the end, the final body weight and average
energy intake in the treatment groups were raised and the average
food intake was considerably reduced relative to those in the

1http://www.rcsb.org/pdb
2https://pubchem.ncbi.nlm.nih.gov/

TABLE 2 | The rat-specific primer sequences used for qRT-PCR.

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

Ak1 CTCTTCCAACGGCTTCTT CTCTTCTTGATGGTCTCCTC

Nt5e GGCTATCTGAAGGTTGAGT CCGAGTTCCTGTGTAGAATA

Pnp ATCCGTGACCACATCAAC GCCTTCTGCCTCATATCC

Ada GTGGTGGCTATGGACTTG GGCTTCATCCTCTATTGTGT

Xdh GGATGAGGTTACTTGTGTTG TTGTGATAATGGCTGGAAGA

Gapdh GCTGCCTTCTCTTGTGAC CTTGACTGTGCCGTTGAA

control group (p < 0.01, Table 3). Supplementation with low and
high doses of ferulic acid and allopurinol markedly lowered the
final body weight by 9.9, 11.3, and 10.6%, respectively (vs. Model,
p < 0.05). However, the average food and energy intake was not
affected by the treatment with ferulic acid and allopurinol.

HFFD caused an augment in the liver and fat indexes and a
remarkable reduction in the kidney index of rats as comparison
with the control group (p < 0.01, Table 3). Rats in the ferulic
acid and AP groups produced the same results in the fat indexes
(p < 0.01). After intake of ferulic acid (low and high doses)
and allopurinol, these changes induced by HFFD were almost
improved. The kidney index of rats was significantly enhanced
only in the FAH group (vs. Model, p < 0.05). In addition to the
FAH group, the kidney index of rats in the FAL and AP groups
was lower than that in the control group (p < 0.05). No obvious
variation was found in the liver index among the control, ferulic
acid, and AP groups.

Ferulic Acid Alleviated Glucose
Metabolic Disorders in HFFD-Fed Rats
After HFFD administration for 20 weeks, the AUC of OGTT
and ITT were markedly increased (vs. Control, p < 0.01,
Figures 2A,B). The HOMA-IR index and levels of FBG, FBI,
and HbA1c were remarkably raised and the values of HOMA-
β and QUICKI were significantly diminished (vs. Control,
p < 0.01, Figures 2C–H). These results indicated that the
impaired glucose metabolism was found in the HFFD-fed rats.
Allopurinol markedly decreased the AUC of OGTT and ITT
(p < 0.01), concentrations of FBI and HbA1c (p < 0.01), and
values of HOMA-β and QUICKI (p < 0.05). Only the FBI level
in the AP group showed no apparent difference from that in the
control group. All indices caused by HFFD were significantly
ameliorated in the FAL and FAH groups (p < 0.01), which
reached the level of the control group except HOMA-β value in
both groups and the AUC of OGTT in the FAL group. Moreover,
ferulic acid led to more minor FBI content than the control group
(p < 0.01, Figure 2D).

Ferulic Acid Suppressed Lipid Deposition
in the Serum and Liver of HFFD-Fed Rats
As shown in Figures 3D–F and Table 4, HFFD provoked a
notable elevation in the contents of TC, TG, LDL-C, and FFA
in the serum and liver and a diminishing in the serum HDL-
C content relative to the control group (p < 0.05). The serum
HDL-C and FFA levels in the FAL group and the TG level
in the FAH and AP groups exhibited a similar trend as the
model group, as well as the hepatic TC and FFA levels in the
ferulic acid and AP groups. Compared with the model group, the
concentrations of TC, TG, and FFA in the liver of rats treated
with ferulic acid and allopurinol were markedly downregulated
(p < 0.05, Figures 3D–F). Apart from the FFA content in the
FAL group, administration of ferulic acid and allopurinol could
alleviate the changes in the levels of TG, LDL-C, HDL-C, and
FFA in the serum (p < 0.05, Table 4). Overall, the high dose
of ferulic acid was superior to the low dose of ferulic acid and
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FIGURE 1 | Effects ferulic acid of on changes of body weight (A), food intake (B), and energy intake (C) in HFFD-fed rats during experimental period. Data are
presented as mean ± SD. A value of p < 0.05 was considered statistically significant. FAL, low dose of ferulic acid group administered of HFFD mixed with 0.05%
ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group administered of HFFD mixed with 0.0145%
allopurinol.

TABLE 3 | Effects of ferulic acid on body weight, food intake, and organ indexes in HFFD-fed rats.

Variable Control Model FAL FAH AP

Initial body weight (g) 363.22 ± 21.84 367.46 ± 19.91 365.33 ± 23.46 365.20 ± 30.62 362.00 ± 26.00

Final body weight (g) 618.50 ± 42.14 777.78 ± 47.22** 700.83 ± 38.33**,# 690.00 ± 52.86**,# 695.71 ± 48.94**,#

Food intake (g/rat/day) 26.54 ± 2.25 21.85 ± 2.47** 21.90 ± 2.29** 22.23 ± 2.38** 21.53 ± 2.14**

Energy intake (g/rat/day) 368.88 ± 31.26 414.29 ± 46.87** 415.08 ± 43.35** 421.12 ± 45.00** 408.24 ± 40.55**

Liver index (%) 2.15 ± 0.12 2.38 ± 0.12** 2.14 ± 0.21# 2.06 ± 0.17# 2.21 ± 0.11#

Kidney index (%) 0.507 ± 0.024 0.424 ± 0.030** 0.453 ± 0.042** 0.488 ± 0.021# 0.461 ± 0.045*

Perirenal fat index (%) 0.48 ± 0.10 1.09 ± 0.10** 0.77 ± 0.16**,# 0.68 ± 0.13**,# 0.78 ± 0.10**,#

Epididymal fat index (%) 1.72 ± 0.23 2.91 ± 0.27** 2.29 ± 0.38**,# 2.21 ± 0.28**,# 2.53 ± 0.27**

Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs. Control; #p < 0.05, vs. Model. FAL, low dose of ferulic acid group administered of HFFD mixed with 0.05%
ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group administered of HFFD mixed with 0.0145% allopurinol.

allopurinol in attenuating lipid accumulation in the serum and
liver contributed by HFFD.

Ferulic Acid Improved Liver and Kidney
Function in HFFD-Fed Rats
The activities of AST, ALT, and ALP and the contents of UA,
BUN, and CRE in the serum were determined to evaluate the
effects of ferulic acid on liver and kidney function in HFFD-fed
rats (Figures 3A–C and Table 4). After consuming HFFD for

20 weeks, hepatic and renal injury occurred in rats according
to the higher activities of ALT and ALP and levels of UA and
BUN than rats in the control group (p < 0.01, Figures 3B,C
and Table 4). But the AST activity and CRE content were
not significantly affected by HFFD. The UA content in the
FAL and AP groups and the ALP activity in the AP group
were remarkably raised compared to those in the control group
(p < 0.05). There were no obvious differences in other indices
among the control, ferulic acid, and AP groups. In contrast to
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FIGURE 2 | Effects of ferulic acid on glucose metabolism in HFFD-fed rats. (A) The AUC of OGTT; (B) the AUC of ITT; (C) FBG; (D) FBI; (E) HbA1c; (F) HOMA-IR;
(G) HOMA-β; (H) QUICKI. Data are presented as mean ± SD. **p < 0.01, vs. Control; #p < 0.05, ##p < 0.01, vs. Model. FAL, low dose of ferulic acid group
administered of HFFD mixed with 0.05% ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group
administered of HFFD mixed with 0.0145% allopurinol.

the model group, all indicators except the CRE content made
an apparent improvement in the ferulic acid and AP groups
(p < 0.05). The UA content in the FAL, FAH, and AP groups
was dramatically decreased by 16.9, 27.9, and 17.2%, respectively
(vs. Model, p < 0.05, Table 4). In addition, the high dose of
ferulic acid exerted more efficient effects on reversing a HFFD-
induced reduction of kidney function for the low dose of ferulic
acid and allopurinol.

Ferulic Acid Attenuated Inflammatory
Response and Histological Changes in
the Liver of HFFD-Fed Rats
The alterations of proinflammatory cytokines (TNF-α, IL-1β, and
IL-18) in rat livers were presented in Figures 3G–I to assess
the effects of ferulic acid on hepatic inflammatory response in
HFFD-fed rats. Compared with the control group, an apparent
increment of the contents of TNF-α, IL-1β, and IL-18 was
observed in the model group by 3.1-, 3.4-, and 1.9-fold (p< 0.01).
Although ferulic acid consumption also significantly enhanced
these indicators compared to the control group (p < 0.01), the
levels of TNF-α, IL-1β, and IL-18 showed a marked decrement

after supplementation with ferulic acid (vs. Model, p < 0.01).
Conversely, the IL-1β and IL-18 contents in the AP group
were higher than those in the model group (p < 0.01). The
results revealed that ferulic acid exhibited an alleviating effect in
HFFD-caused inflammation in rat livers, while allopurinol could
aggravate the hepatic inflammatory response.

Hematoxylin and eosin staining was used to analyze the
effect of ferulic acid on the hepatic histopathological changes
resulting from HFFD (Figure 3J). Rat livers in the control
group had the expected regular architecture with central vein.
Nevertheless, HFFD feeding for 20 weeks elicited severe damages
in liver structure, characterized by disordered hepatocellular
arrangement, inflammatory cell infiltration, and lots of fat
vacuoles. The hepatic degeneration was normalized by ferulic
acid administration relative to the model group as the infiltration
of inflammatory cells and fat vacuoles were greatly alleviated. On
the contrary, diffuse steatosis was also observed in the AP group.

Ferulic Acid Mitigated Oxidative Stress in
the Liver of HFFD-Fed Rats
As displayed in Figure 4, rats administered HFFD with or
without ferulic acid and allopurinol produced higher MDA level
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FIGURE 3 | Effects of ferulic acid on hepatic function, lipid levels, inflammatory response, and histological changes in the liver of HFFD-fed rats. (A) Serum AST; (B)
serum ALT; (C) serum ALP; (D) hepatic TC; (E) hepatic TG; (F) hepatic FFA; (G) hepatic TNF-α; (H) hepatic IL-1β; (I) hepatic IL-18; (J) representative H&E staining
images in liver tissues (×100 and ×200 magnification). The blue, black, and red arrows represent inflammatory cells, fat vacuoles, and steatosis. Data are presented
as mean ± SD. *p < 0.05, **p < 0.01, vs. Control; #p < 0.05, ##p < 0.01, vs. Model. FAL, low dose of ferulic acid group administered of HFFD mixed with 0.05%
ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group administered of HFFD mixed with 0.0145%
allopurinol.

TABLE 4 | Effects of ferulic acid on lipid profiles and renal indicators in the serum of HFFD-fed rats.

Variable Control Model FAL FAH AP

Lipid profiles

TG (mmol/L) 1.05 ± 0.23 2.30 ± 0.29** 1.39 ± 0.52## 1.41 ± 0.18*,# 1.57 ± 0.33*,##

LDL-C (mmol/L) 0.58 ± 0.10 0.77 ± 0.18* 0.51 ± 0.03# 0.50 ± 0.04# 0.42 ± 0.05##

HDL-C (mmol/L) 1.10 ± 0.12 0.78 ± 0.06** 0.94 ± 0.13*,# 0.99 ± 0.07## 0.94 ± 0.17#

FFA (mmol/L) 0.75 ± 0.09 1.08 ± 0.12** 0.94 ± 0.20* 0.75 ± 0.08## 0.80 ± 0.10##

Renal indicators

UA (µmol/L) 62.46 ± 2.31 91.27 ± 11.90** 75.82 ± 9.74**,# 65.81 ± 7.22## 75.54 ± 3.07**,#

BUN (mg/L) 93.66 ± 7.81 160.01 ± 10.75** 91.31 ± 10.21## 100.82 ± 7.64## 79.51 ± 7.92*,##

CRE (µmol/L) 55.65 ± 1.77 57.09 ± 3.00 55.54 ± 2.62 54.83 ± 2.75 51.04 ± 1.93##

Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs. Control; #p < 0.05, ##p < 0.01, vs. Model. FAL, low dose of ferulic acid group administered of HFFD
mixed with 0.05% ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group administered of HFFD mixed with
0.0145% allopurinol.

and lower activities of SOD, CAT, and GSH-Px for the rats in
the control group (p < 0.01). Surprisingly, less SOD and GSH-Px
activities were also found in the AP group than those in the model
group (p < 0.01), along with no obvious changes in the MDA

level and CAT activity as comparison with the model group.
Treatment with ferulic acid conspicuously suppressed the MDA
content and promoted the activities of antioxidant enzymes (vs.
Model, p < 0.01).
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FIGURE 4 | Ferulic acid suppressed lipid peroxidation and oxidative stress in the liver of HFFD-fed rats. (A) MDA; (B) SOD; (C) CAT; (D) GSH-Px. Data are
presented as mean ± SD. **p < 0.01, vs. Control; ##p < 0.01, vs. Model. FAL, low dose of ferulic acid group administered of HFFD mixed with 0.05% ferulic acid;
FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group administered of HFFD mixed with 0.0145% allopurinol.

FIGURE 5 | Effects of ferulic acid on the UA level and UA synthesis-associated indices in the liver of HFFD-fed rats. (A) UA; (B) XO; (C) PNP; (D) ADA; (E) 5′-NT;
(F) AK; (G) LPS; (H) IFN-γ. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs. Control; #p < 0.05, ##p < 0.01, vs. Model. FAL, low dose of ferulic acid
group administered of HFFD mixed with 0.05% ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group
administered of HFFD mixed with 0.0145% allopurinol.

Ferulic Acid Inhibited Uric Acid Synthesis
in the Liver of HFFD-Fed Rats
The contents of UA, IFN-γ, and LPS and activities of XO, PNP,
ADA, 5′-NT, and AK in the liver were determined to investigate
the effect of ferulic acid on hepatic UA synthesis of HFFD-fed
rats (Figure 5). These indices in the model group were markedly
increased with respect to those in the control group (p< 0.01). In
the conditions of the high dose of ferulic acid and allopurinol, the
rats provoked less UA level and UA synthesis-related indices in
the liver compared to the rats receiving HFFD (p < 0.01). Rats in
the FAL group showed the same results except for the LPS level.
Additionally, the UA content and activities of PNP, 5′-NT, and

AK in the AP group exhibited no significant changes from those
in the control group, and allopurinol markedly lowered other
indicators (vs. Control, p < 0.05). The AK activity and levels of
UA and LPS in the FAH group reached the level of the control
group, as well as the UA level and AK activity in the FAL group.
Therefore, the high dose of ferulic acid possessed more beneficial
effects on suppressing the UA synthesis-related indicators than
the low dose of ferulic acid.

To further explore the underlying inhibitory mechanisms of
ferulic acid on the activities of UA synthesis-associated enzymes,
the mRNA expression levels of these enzymes in rat livers
were determined (Figure 6). Intake of HFFD upregulated the
relative expression levels of Ak1, Nt5e, Pnp, Ada, and Xdh genes
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FIGURE 6 | Effects of ferulic acid on the mRNA expression levels of UA synthesis-associated enzymes in the liver of HFFD-fed rats. (A) Ak1; (B) Nt5e; (C) Pnp;
(D) Ada; (E) Xdh. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs. Control; #p < 0.05, ##p < 0.01, vs. Model. FAL, low dose of ferulic acid group
administered of HFFD mixed with 0.05% ferulic acid; FAH, high dose of ferulic acid administered of HFFD mixed with 0.1% ferulic acid; AP, allopurinol group
administered of HFFD mixed with 0.0145% allopurinol.

(p < 0.05), and ferulic acid and allopurinol could counteract this
augment. No obvious difference in the relative expressions of Pnp,
Ada, and Xdh mRNA was noted between the ferulic acid and
control groups, and the Ak1 gene expression level was markedly
lower in the FAL group (vs. Control, p < 0.05). Administration
of the low dose of ferulic acid considerably reduced the mRNA
expression of all genes as compared with the HFFD group
(p < 0.05). Apart from the Ak1 gene expression level, the mRNA
expression of other genes also declined after supplementation
with the high dose of ferulic acid compared to that in the model
group (p < 0.05). Except for the relative expressions of Ak1 and
Pnp mRNA, allopurinol resulted in a remarkable downregulation
in the relative expression of other genes (vs. Model, p < 0.05).

Molecular Docking Analysis
The interaction of ferulic acid with UA synthesis-associated
enzymes could be another factor that ferulic acid suppressed
the activities of UA synthesis-associated enzymes. Molecular
docking is widely used to visualize the interaction and predict the
possible binding models of ligand-protein complexes. According

to the docking study, the estimated free energies of ferulic acid
binding with XO, PNP, ADA, 5′-NT, and AK were −23.73,
−16.74, −38.01, −50.98, and −52.87 kJ/mol, respectively. As
displayed in Figure 7A, ferulic acid bound to the active cavity
at the center of the flavin adenine dinucleotide (FAD) region
of XO. Figure 8A demonstrated that ferulic acid formed three
hydrogen bonds with the residues Glu263, Asp360, and Lys433
(2.56, 2.95, and 2.74 Å, respectively), and interacted with
the residues Ile358 and Arg426 through hydrophobic forces.
Figures 7B, 8B showed that ferulic acid inserted into the
active pocket of PNP by forming hydrogen bonds between
the carboxyl and phenolic hydroxyl groups of ferulic acid and
PNP with Pro198, Ala116 residues and -SO4 (2.91, 2.81, and
2.65 Å, respectively). The stability of the ferulic acid-PNP
complex was also strengthened by hydrophobic interactions
with the amino acid residues Tyr88, Ala117, Phe200, Gly218,
Met219, and His257.

Figures 7C–E revealed that ferulic acid was docked into
the active sites of ADA, 5′-NT, and AK. Ferulic acid formed
six hydrogen bonds with the residues His12, His14, Asp182,
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FIGURE 7 | Docking model of the best binding pose for ferulic acid with UA synthesis-associated enzymes and three-dimensional structure diagrams for the
interaction of ferulic acid with the major amino acid residues of the enzymes. (A) XO; (B) PNP; (C) ADA; (D) 5′-NT; (E) AK.

Glu183, His211, His235, and Asp292 of ADA (Figure 8C). Some
residues, including Leu55, Gly181, Glu214, and Val215, were also
involved in stabilizing the conformation of the ferulic acid-ADA
complex through hydrophobic forces (Figure 8C). Moreover, a
key coordination bond was observed between one of the oxygens
of the carboxyl group of ferulic acid and catalytic zinc ion of the
ADA active site which in turn interacted with His12, His211, and
Asp292 residues (Figure 8C). The negatively charged carboxyl
group of ferulic acid could also produce a coulombic interaction
with the positively charged zinc ion (Figure 8C). The ferulic
acid-5′-NT complex was stabilized by three hydrogen bonds
with the residues Asn52, Lys215, and Asp351 and hydrophobic
effects with the residues Asp54, Phe157, His209, Tyr210, Asn250,
and Ser251 (Figure 8D). Ferulic acid made three hydrogen
bonds with Arg97, Arg138, and Arg149 residues of AK and
hydrophobic interactions with Gly15, Gly16, Pro17, Lys21, and
Tyr153 residues (Figure 8E). There was a coordination bond
between the carboxyl group of ferulic acid with magnesium
ion and zinc ion which were the active site of 5′-NT and AK,
respectively (Figures 8D,E).

DISCUSSION

After prolonged ingestion of HFFD, an increasing number
of people suffer from MetS, diabetes mellitus, cardiovascular
disease, and other chronic diseases, which are closely linked
to HUA (9, 32). Under the circumstances of most drugs that
show some side effects, dietary intervention derived from natural
ingredients exhibits a great advantage (16, 17, 34). Our team
successfully established a MetS model using HFFD in vivo and
reported that several polyphenols and polyunsaturated fatty acids
could alleviate MetS (2, 32, 35). Ferulic acid, one of the phenolic
acid compounds, possessed a beneficial function in regulating
glucose and lipid metabolism, antioxidation, antiinflammation,
etc. (24, 26). The UA level and activity of XO, a crucial
rate-limiting enzyme in the UA synthesis process, can be
suppressed by ferulic acid, making ferulic acid show a potential
antihyperuricemic property (13, 27). Whereas, little information
is currently available on the underlying mechanism of ferulic acid
on the UA content in a MetS model. Thus, this study set out
with the aim of evaluating the protective effect of ferulic acid on
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FIGURE 8 | Two-dimensional structure diagrams for the interaction of ferulic acid with the major amino acid residues of UA synthesis-associated enzymes. (A) XO;
(B) PNP; (C) ADA; (D) 5′-NT; (E) AK.

MetS-related HUA in rats fed with HFFD for 20 weeks, as well as
its underlying mechanism.

A Joint Scientific statement points out that people with three
or more abnormal manifestations can be diagnosed with MetS
(4). Abdominal obesity is an uppermost feature among five
components of MetS and characterized by excessive visceral
fat accumulation (36). In the present study, compared with
the control group, long-term HFFD consumption significantly
enhanced the energy intake and fat indexes, and thus accelerated
the final body weight (Table 3). Although supplementation
with ferulic acid and allopurinol had no effect on the energy
intake, fat deposition and the final body weight were markedly
diminished in the ferulic acid and AP groups (vs. Model).
The high dose of ferulic acid (HFFD with 0.1% of ferulic
acid) showed even more efficiency in lowering abdominal
obesity (perirenal fat index decreased 37.6% and epididymal
fat index decreased 24.1%) than allopurinol and the low dose
of ferulic acid. It has been reported that ferulic acid could

reduce adipogenesis, stored lipid content in adipose tissue and
adipose tissue expansion, and stimulate white-fat browning
via regulating the expression of related genes, revealing the
anti-obesity effect of ferulic acid (37–39). We found that
allopurinol, a XO inhibitor, also exerted anti-obesity capacity,
which was in line with the studies of Cho et al. (40) and Zhang
et al. (41).

When adipose tissue is dysfunctional and hypertrophic,
the proinflammatory cytokines are secreted from adipose
tissue, further contributing to impaired glucose metabolism
like hyperglycemia and IR which are important features of
MetS (36, 39, 42). FBG, HbA1c, and OGTT were used
to assess glucose homeostasis, and FBI, HOMA-IR, HOMA-
β, and QUICKI were used to evaluate insulin sensitivity
(33). Our work showed that HFFD led to glucose metabolic
disorders in rats, on the basis of the determination of FBG,
HbA1c, OGTT, ITT, FBI, HOMA-IR, HOMA-β, and QUICKI
(Figure 2). Whereas, treatment with allopurinol could only
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FIGURE 9 | Schematic illustration of the proposed regulatory mechanism of ferulic acid in MetS-related HUA. F1P, fructose-1-phosphate; IMP, inosine
monophosphate; UA, uric acid; KHK, fructokinase; AK, adenylate kinase; AMPD, AMP deaminase; 5′-NT, 5′-nucleotidase; ADA, adenosine deaminase; PNP, purine
nucleoside phosphorylase; LPS, lipopolysaccharide; IL-1β, interleukin-1β; IFN-γ, interferon-γ.

increase glucose tolerance and insulin sensitivity to control
the long-term glycemic concentration (HbA1c) (43) and make
the FBG level a decreasing trend (vs. Model). Ferulic acid
intake effectively maintained glucose homeostasis close to normal
level by improving glucose tolerance and insulin sensitivity
in peripheral tissues and mitigating IR in the liver. There
was a dose correlation in glucose tolerance between low
and high doses of ferulic acid. There is evidence to suggest
that ferulic acid blunted HFFD-induced glucose production
probably by an inactivation of forkhead box 1 in livers and
a suppression of downstream enzymes, phosphoenolpyruvate
carboxylase, and glucose-6-phosphatase, thus inhibiting the
hepatic gluconeogenesis (38). In addition, administration of
ferulic acid could cause a downregulation of glucose transporter
2 gene expression to weaken glucose output, ultimately reducing
the FBG content (44).

The majority of studies have reported that visceral obesity
and IR are recognized to have a causal relationship with the
development of dyslipidemia, which is characterized by higher
serum TC, TG, FFA, and LDL-C levels, and the lower HDL-C
level (45–47). The current results elucidated that abnormal lipid
metabolism occurred in the model group, but was attenuated
to a varying degree after supplementation with ferulic acid and
allopurinol (Table 4), exhibiting the hypolipidemic effect of
ferulic acid and allopurinol. These findings are consistent with
our previous study (26) and the literature of Mostafa-Hedeab
et al. (48), which was likely due to the role of ferulic acid
and allopurinol in improving obesity and IR. The liver plays

a crucial role in glucose and lipid metabolism (49). Multiple
studies confirm a positive association between excess dietary
carbohydrates and fats and the risk of non-alcoholic fatty liver
disease, which can produce some characteristics observed in
individuals with MetS (50, 51). The circulatory lipids like FFA
from adipocytes can be taken up by the hepatocytes for the
synthesis of TG and other lipids, and fructose metabolism
can also lead to lipid deposition in the live, bringing about
non-alcoholic fatty liver and then progress to non-alcoholic
steatohepatitis, fibrosis, cirrhosis, hepatocellular cancer, and liver
failure (49, 52, 53). In the present study, we discovered that
rats treated with ferulic acid and allopurinol showed less hepatic
steatosis than rats in the model group, embodied in lower
hepatic TG, TC, and FFA contents (Figures 3D–F), likely though
suppressing de novo lipogenesis and promoting β-oxidation of
FFA (26, 39, 40).

Excessive lipid accumulation in the liver could aggravate the
lipid peroxidation and generation of reactive oxygen species,
subsequently triggering inflammatory pathways and in turn
decreasing insulin sensitivity (54). Consequently, treatment of
rats with ferulic acid obviously decreased the production of
MDA (a lipid peroxidation marker) and enhanced the activities
of antioxidant enzymes (SOD, CAT, and GSH-Px) (Figure 4)
which could scavenge free radicals (55), contributing to a
mitigation of lipid peroxidation and oxidative stress in the
liver caused by HFFD. Additionally, the levels of TNF-α, IL-1β,
and IL-18 in rat livers were significantly reduced after ferulic
acid consumption without a dose relationship (Figures 3G–I),
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which coincided with the result of IR. These results suggested
that ferulic acid alleviated the hepatic inflammation resulting
from HFFD because of the diminished oxidative stress.
However, lower activities of antioxidant enzymes and higher
contents of inflammatory cytokines were observed in the
AP group than those in the model group (Figures 3H,I,
4B,D), indicating that a long-term diet with allopurinol
could exacerbate HFFD-induced hepatic oxidative stress and
inflammation and had an adverse effect on the liver. H&E staining
analysis in rat lives produced the same consequence that fat
vacuoles and inflammatory cells were lessened by ferulic acid
treatment (Figure 3J).

The liver is also the main place of UA production through
fructose metabolism. The majority of studies have found that high
fructose ingestion has a substantial relationship with the risk of
hyperuricemia and gout (56). Dietary fructose is predominantly
absorbed from the intestine via hexose transporter SLC2A5
and then extracted from peripheral plasma to the liver in
large part via glucose transporter SLC2A2 for metabolism (57).
In the liver tissues, fructose is phosphorylated to fructose-1-
phosphate by fructokinase (KHK), accompanied by the reduction
of ATP and intracellular phosphate. ADP is produced and
then transformed into AMP by AK. The rapid depletion of
phosphate can activate AMP deaminase for converting AMP to
inosine monophosphate. AMP and inosine monophosphate are
metabolized to hypoxanthine in the response of 5′-NT, ADA, and
PNP. UA is ultimately generated under the effect of XO (56). The
production of UA may provoke hepatic lipid accumulation by
stimulating the mitochondrial oxidative stress and potentiating
the lipogenic effects of fructose through upregulating the KHK
expression, thus causing IR and inflammation (58). Excessive
UA may also result in the development and progression
of renal disease (59). Therefore, inhibiting the activities of
UA synthesis-related enzymes to reduce the serum UA level
is conducive to diminishing the risk of HUA, MetS, and
chronic kidney disease. In the current study, supplementation
with ferulic acid and allopurinol markedly alleviated HFFD-
induced HUA through weakening the UA content in the
serum and liver (Table 4 and Figure 5A), further ameliorating
hepatic lipid and glucose metabolic disorders. In particular,
the high dose of ferulic acid (HFFD with 0.1% of ferulic
acid) shows a more beneficial effect in UA lowering than the
low dose of ferulic acid and allopurinol. Concomitant with
the UA content, treatment with ferulic acid and allopurinol
ameliorated renal injury caused by HFFD according to the
lower BUN concentration in the serum than that in the model
group (Table 4).

Accumulating evidence has suggested that natural compounds
could downregulate the XO and ADA activities to mitigate the
UA formation, such as astaxanthin, konjac glucomannan, and
black tea with fungal growth (60–62). However, the changes in
the activities of other UA synthesis-related enzymes induced by
natural substances are poorly investigated. The current study
found that the activities of AK, 5′-NT, ADA, PNP, and XO
in the rat lives were elevated by HFFD intake (vs. Control),
while the growth of their activities was blocked by allopurinol
consumption (Figures 5B–F), resulting in the decrease of the

UA level. Rats after consuming ferulic acid produced the same
and less efficient effects as allopurinol with a dose correlation.
These data manifested that ferulic acid and allopurinol blunted
the UA synthesis via suppressing the activities of related
enzymes. The decrement of enzyme activity is probably because
of the interaction of the enzyme with other molecules and
the downregulation of the enzyme expression. An increasing
number of in vitro studies have reported that polyphenols could
bind to ADA, PNP, and XO to inhibit their activities (63–66).
Polyphenols, dietary fibers, and probiotics have been proved to
reduce the mRNA expression of Ada and Xdh in HUA animals
(60, 61, 67). Similarly, molecular docking analysis in this work
exhibited that ferulic acid inserted into the corresponding active
center of AK, 5′-NT, ADA, PNP, and XO (Figure 7), having
a potential to interact with these enzymes. Intake of HFFD
upregulated the gene expressions of AK (coded by Ak1), 5′-NT
(coded by Nt5e), PNP (coded by Pnp), ADA (coded by Ada),
and XO (coded by Xdh), whereas fewer mRNA expressions of
these genes in the ferulic acid and AP groups were observed
with a dose correlation compared to the model group (Figure 6).
These consequences suggested that the potential interaction
and lowering the mRNA expression may be the reason for
the diminished activities of AK, 5′-NT, ADA, PNP, and XO
in the presence of ferulic acid. Moreover, the contents of
LPS, IL-1β, and IFN-γ in rat livers, which were significantly
raised after HFFD intake, were decreased by ferulic acid and
allopurinol treatment (Figures 3H, 5G,H). Scientific evidence
has demonstrated that the XO mRNA level was enhanced by
LPS, IL-1β, and IFN-γ in hepatocytes (68, 69). The release of
bacterial LPS is derived from intestinal barrier dysfunction and
triggers hepatic inflammatory response through stimulating the
proinflammatory factors including IL-1β and IFN-γ (67, 70).
As a result, the normalization of XO mRNA expression after
ferulic acid ingestion may partially be caused by endotoxin
LPS and downstream IL-1β and IFN-γ. The consequence is in
agreement with the report of Wang et al. that Lactobacillus brevis
DM9218 reverted a fructose-induced elevation of XO expression
via blunting the release of LPS and levels of IL-1β and IFN-γ (20).

Overall, this study illuminated that ferulic acid ingestion for
20 weeks counteracted aberrant lipid and glucose metabolism
and liver injury (including lipid deposition, oxidative stress,
and inflammation) in HFFD-fed rats, thus attenuating MetS.
In addition, ferulic acid conferred improving effects against
MetS-related HUA via inhibiting the production of UA. The
decrement of the UA level could be attributed to the potential
interaction between ferulic acid and UA synthesis-associated
enzymes by molecular docking, and the lowering gene expression
levels of these enzymes. An illustrated overview of the proposed
regulatory mechanism of ferulic acid in MetS-related HUA is
displayed in Figure 9. Furthermore, the high dose of ferulic
acid (HFFD mixed with 0.1% ferulic acid) possessed more
efficient functions in lipid accumulation and UA synthesis-related
indices than the low dose of ferulic acid (HFFD mixed with
0.05% ferulic acid). Herein, our findings divulged that ferulic
acid might become an ideal nutritious supplementary against
MetS-associated HUA. The precise interaction between ferulic
acid and UA synthesis-associated enzymes and mechanisms
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for modulating the UA excretion and gut microbiota were
investigated in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee of the Beijing Key Laboratory of Functional Food
from Plant Resources.

AUTHOR CONTRIBUTIONS

NZ: investigation, project administration, formal analysis,
visualization, and writing – original draft. JZ: project
administration. LeZ: supervision. OW and LiZ: resources.
FZ: conceptualization, supervision, funding acquisition, and
writing – review and editing. All authors contributed to the article
and approved the submitted version.

FUNDING

This research was funded by the Deep Process and
Functional Food Development of Daylily and Astragalus (No.
201904710611637).

REFERENCES
1. Wang Y, Fouret G, Bonafos B, Blachnio-Zabielska A, Leroy T, Crouzier D, et al.

Long-term follow-up of muscle lipid accumulation, mitochondrial activity
and oxidative stress and their relationship with impaired glucose homeostasis
in high fat high fructose diet-fed rats. J Nutr Biochem. (2019) 64:182–97.
doi: 10.1016/j.jnutbio.2018.10.021

2. Zhang JN, Zhao L, Cheng Q, Ji BP, Yang MY, Sanidad KZ, et al. Structurally
different flavonoid subclasses attenuate high-fat and high-fructose diet
induced metabolic syndrome in rats. J Agric Food Chem. (2018) 66:12412–20.
doi: 10.1021/acs.jafc.8b03574

3. Zhao L, Guo XX, Wang O, Zhang HJ, Wang Y, Zhou F, et al. Fructose and
glucose combined with free fatty acids induce metabolic disorders in HepG2
cell: a new model to study the impacts of high-fructose/sucrose and high-
fat diets in vitro. Mol Nutr Food Res. (2016) 60:909–21. doi: 10.1002/mnfr.
201500635

4. Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
et al. Harmonizing the metabolic syndrome a joint interim statement of the
international diabetes federation task force on epidemiology and prevention;
national heart, lung, and blood institute; American heart association; world
heart federation; international atherosclerosis society; and international
association for the study of obesity. Circulation. (2009) 120:1640–5. doi: 10.
1161/circulationaha.109.192644

5. Billiet L, Doaty S, Katz JD, Velasquez MT. Review of hyperuricemia as new
marker for metabolic syndrome. ISRN Rheumatol. (2014) 2014:852954. doi:
10.1155/2014/852954

6. Mehmood A, Zhao L, Wang CT, Nadeem M, Raza A, Ali N, et al. Management
of hyperuricemia through dietary polyphenols as a natural medicament: a
comprehensive review. Crit Rev Food Sci Nutr. (2019) 59:1433–55. doi: 10.
1080/10408398.2017.1412939

7. Zhang M, Zhu XX, Wu J, Huang ZJ, Zhao ZP, Zhang X, et al.
Prevalence of hyperuricemia among Chinese adults: findings from two
nationally representative cross-sectional surveys in 2015-16 and 2018-19.
Front Immunol. (2022) 12:791983. doi: 10.3389/fimmu.2021.791983

8. Li LJ, Zhang YP, Zeng CC. Update on the epidemiology, genetics, and
therapeutic options of hyperuricemia. Am J Commun Psychol. (2020) 12:3167–
81.

9. Chen WY, Fu YP, Zhou M. The bidirectional relationship between metabolic
syndrome and hyperuricemia in China: a longitudinal study from CHARLS.
Endocrine. (2022) 76:62–9. doi: 10.1007/s12020-022-02979-z

10. Lee MJ, Khang AR, Kang YH, Yun MS, Yi D. Synergistic interaction between
hyperuricemia and abdominal obesity as a risk factor for metabolic syndrome
components in Korean population. DiabetesMetab J. (2022). doi: 10.4093/dmj.
2021.0166 [Epub ahead of print].

11. Yanai H, Adachi H, Hakoshima M, Katsuyama H. Molecular biological
and clinical understanding of the pathophysiology and treatments of
hyperuricemia and its association with metabolic syndrome, cardiovascular

diseases and chronic kidney disease. Int J Mol Sci. (2021) 22:9221. doi: 10.3390/
ijms22179221

12. Huang G, Xu J, Zhang T, Cai L, Liu H, Yu X, et al. Hyperuricemia is associated
with metabolic syndrome in the community very elderly in Chengdu. Sci Rep.
(2020) 10:8678. doi: 10.1038/s41598-020-65605-w

13. Guo XX, Zeng Z, Qian YZ, Qiu J, Wang K, Wang Y, et al. Wheat flour, enriched
with gamma-oryzanol, phytosterol, and ferulic acid, alleviates lipid and
glucose metabolism in high-fat-fructose-fed rats. Nutrients. (2019) 11:1697.
doi: 10.3390/nu11071697

14. Yang Y, Zhang Jl, Zhou Q. Targets and mechanisms of dietary anthocyanins
to combat hyperglycemia and hyperuricemia: a comprehensive review.
Crit Rev Food Sci Nutr. (2022) 62:1119–43. doi: 10.1080/10408398.2020.18
35819

15. DeBosch BJ, Kluth O, Fujiwara H, Schuermann A, Moley K. Early-onset
metabolic syndrome in mice lacking the intestinal uric acid transporter
SLC2A9. Nat Commun. (2014) 5:4642. doi: 10.1038/ncomms5642

16. Cicero AFG, Fogacci F, Cincione RI, Tocci G, Borghi C. Clinical effects of
xanthine oxidase inhibitors in hyperuricemic patients. Med Princ Pract. (2021)
30:122–30. doi: 10.1159/000512178

17. Jiang LL, Gong X, Ji MY, Wang CC, Wang JH, Li MH. Bioactive compounds
from plant-based functional foods: a promising choice for the prevention
and management of hyperuricemia. Foods. (2020) 9:973. doi: 10.3390/
foods9080973

18. Zhang WW, Qi SZ, Xue XF, Al Naggar Y, Wu LM, Wang K. Understanding
the gastrointestinal protective effects of polyphenols using foodomics-based
approaches. Front Immunol. (2021) 12:671150. doi: 10.3389/fimmu.2021.
671150

19. Wang K, Wan ZR, Ou AQ, Liang XW, Guo XX, Zhang ZY, et al.
Monofloral honey from a medical plant, Prunella vulgaris, protected against
dextran sulfate sodium-induced ulcerative colitis via modulating gut microbial
populations in rats. Food Funct. (2019) 10:3828–38. doi: 10.1039/c9fo00460b

20. Wang HN, Mei L, Deng Y, Liu YH, Wei XQ, Liu M, et al. Lactobacillus
brevis DM9218 ameliorates fructose-induced hyperuricemia through inosine
degradation and manipulation of intestinal dysbiosis. Nutrition. (2019) 62:63–
73. doi: 10.1016/j.nut.2018.11.018

21. Hsu C-L, Hou Y-H, Wang C-S, Lin S-W, Jhou B-Y, Chen C-C, et al. Antiobesity
and uric acid-lowering effect of Lactobacillus plantarum GKM3 in high-fat-
diet-induced obese rats. J Am Coll Nutr. (2019) 38:623–32. doi: 10.1080/
07315724.2019.1571454

22. Yang Y, Qu Y, Lv XQ, Zhao RJ, Yu J, Hu SY, et al. Sesamol supplementation
alleviates nonalcoholic steatohepatitis and atherosclerosis in high-fat, high
carbohydrate and high-cholesterol diet-fed rats. Food Funct. (2021) 12:9347–
59. doi: 10.1039/d1fo01517f

23. Sanjeev S, Bidanchi RM, Murthy MK, Gurusubramanian G, Roy VK. Influence
of ferulic acid consumption in ameliorating the cadmium-induced liver and
renal oxidative damage in rats. Environ Sci Pollut Res. (2019) 26:20631–53.
doi: 10.1007/s11356-019-05420-7

Frontiers in Nutrition | www.frontiersin.org 14 June 2022 | Volume 9 | Article 946556

https://doi.org/10.1016/j.jnutbio.2018.10.021
https://doi.org/10.1021/acs.jafc.8b03574
https://doi.org/10.1002/mnfr.201500635
https://doi.org/10.1002/mnfr.201500635
https://doi.org/10.1161/circulationaha.109.192644
https://doi.org/10.1161/circulationaha.109.192644
https://doi.org/10.1155/2014/852954
https://doi.org/10.1155/2014/852954
https://doi.org/10.1080/10408398.2017.1412939
https://doi.org/10.1080/10408398.2017.1412939
https://doi.org/10.3389/fimmu.2021.791983
https://doi.org/10.1007/s12020-022-02979-z
https://doi.org/10.4093/dmj.2021.0166
https://doi.org/10.4093/dmj.2021.0166
https://doi.org/10.3390/ijms22179221
https://doi.org/10.3390/ijms22179221
https://doi.org/10.1038/s41598-020-65605-w
https://doi.org/10.3390/nu11071697
https://doi.org/10.1080/10408398.2020.1835819
https://doi.org/10.1080/10408398.2020.1835819
https://doi.org/10.1038/ncomms5642
https://doi.org/10.1159/000512178
https://doi.org/10.3390/foods9080973
https://doi.org/10.3390/foods9080973
https://doi.org/10.3389/fimmu.2021.671150
https://doi.org/10.3389/fimmu.2021.671150
https://doi.org/10.1039/c9fo00460b
https://doi.org/10.1016/j.nut.2018.11.018
https://doi.org/10.1080/07315724.2019.1571454
https://doi.org/10.1080/07315724.2019.1571454
https://doi.org/10.1039/d1fo01517f
https://doi.org/10.1007/s11356-019-05420-7
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-946556 June 25, 2022 Time: 16:0 # 15

Zhang et al. Ferulic Acid Ameliorates MetS-Associated HUA

24. Li D, Rui YX, Guo SD, Luan F, Liu R, Zeng N. Ferulic acid: a review of its
pharmacology, pharmacokinetics and derivatives. Life Sci. (2021) 284:119921.
doi: 10.1016/j.lfs.2021.119921

25. Ramar M, Manikandan B, Raman T, Priyadarsini A, Palanisamy S, Velayudam
M, et al. Protective effect of ferulic acid and resveratrol against alloxan-induced
diabetes in mice. Eur J Pharmacol. (2012) 690:226–35. doi: 10.1016/j.ejphar.
2012.05.019

26. Wang O, Liu J, Cheng Q, Guo XX, Wang Y, Zhao L, et al. Effects of ferulic
acid and γ-oryzanol on high-fat and high-fructose diet-induced metabolic
syndrome in rats. PLoS One. (2015) 10:e0118135. doi: 10.1371/journal.pone.
0118135

27. Lin LZ, Yang QY, Zhao K, Zhao MM. Identification of the free phenolic
profile of Adlay bran by UPLC-QTOF-MS/MS and inhibitory mechanisms
of phenolic acids against xanthine oxidase. Food Chem. (2018) 253:108–18.
doi: 10.1016/j.foodchem.2018.01.139

28. Gawlik-Dziki U, Dziki D, Swieca M, Nowak R. Mechanism of action and
interactions between xanthine oxidase inhibitors derived from natural sources
of chlorogenic and ferulic acids. Food Chem. (2017) 225:138–45. doi: 10.1016/
j.foodchem.2017.01.016

29. Zhang WG, Du WD, Li GF, Zhang C, Yang WL, Yang SL, et al. Constituents
and anti-hyperuricemia mechanism of traditional Chinese herbal formulae
Erding granule. Molecules. (2019) 24:3248. doi: 10.3390/molecules2418
3248

30. Lu YH, Chang YP, Li T, Han F, Li CJ, Li XY, et al. Empagliflozin attenuates
hyperuricemia by upregulation of ABCG2 via AMPK/AKT/CREB signaling
pathway in type 2 diabetic mice. Int J Biol Sci. (2020) 16:529–42. doi: 10.7150/
ijbs.33007

31. Ugoline BCD, de Souza J, Ferrari FC, Ferraz-Filha ZS, Coelho GB, Saude-
Guimaraes DA. The influence of seasonality on the content of goyazensolide
and on anti-inflammatory and anti-hyperuricemic effects of the ethanolic
extract of Lychnophora passerina (Brazilian arnica). J Ethnopharmacol. (2017)
198:444–50. doi: 10.1016/j.jep.2017.01.017

32. Guo XX, Wang O, Wang Y, Wang K, Ji BP, Zhou F. Phenolic acids alleviate
high-fat and high-fructose diet-induced metabolic disorders in rats. J Food
Biochem. (2017) 41:e12417. doi: 10.1111/jfbc.12419

33. Wang R, Zhang L, Zhang Q, Zhang J, Liu S, Li C, et al. Glycolipid metabolism
and metagenomic analysis of the therapeutic effect of a phenolics-rich extract
from noni fruit on type 2 diabetic mice. J Agric Food Chem. (2022) 70:2876–88.
doi: 10.1021/acs.jafc.1c07441

34. Sun CD, Zhao C, Guven EC, Paoli P, Simal-Gandara J, Ramkumar KM, et al.
Dietary polyphenols as antidiabetic agents: advances and opportunities. Food
Front. (2020) 1:18–44. doi: 10.1002/fft2.15

35. Zhang JN, Wang O, Guo YJ, Wang T, Wang SY, Li GP, et al. Effect of increasing
doses of linoleic and α-linolenic acids on high-fructose and high-fat diet
induced metabolic syndrome in rats. J Agric Food Chem. (2016) 64:762–72.
doi: 10.1021/acs.jafc.5b04715

36. Paley CA, Johnson MI. Abdominal obesity and metabolic syndrome: exercise
as medicine? BMC Sports Sci Med Rehabil. (2018) 10:7. doi: 10.1186/s13102-
018-0097-1

37. Little R, Houghton MJ, Carr IM, Wabitsch M, Kerimi A, Williamson G.
The ability of quercetin and ferulic acid to lower stored fat is dependent on
the metabolic background of human adipocytes. Mol Nutr Food Res. (2020)
64:2000034. doi: 10.1002/mnfr.202000034

38. Kinyua AW, Ko CM, Doan KV, Yang DJ, Huynh MKQ, Moh SH, et al. 4-
hydroxy-3-methoxycinnamic acid regulates orexigenic peptides and hepatic
glucose homeostasis through phosphorylation of FoxO1. ExpMol Med. (2018)
50:253. doi: 10.1038/emm.2017.253

39. Luna-Vital D, Luzardo-Ocampo I, Liceth Cuellar-Nunez M, Loarca-Pina G, de
Mejia EG. Maize extract rich in ferulic acid and anthocyanins prevents high-
fat-induced obesity in mice by modulating SIRT1, AMPK and IL-6 associated
metabolic and inflammatory pathways. J Nutr Biochem. (2020) 79:108343.
doi: 10.1016/j.jnutbio.2020.108343

40. Cho I-J, Oh D-H, Yoo J, Hwang Y-C, Ahn KJ, Chung H-Y, et al. Allopurinol
ameliorates high fructose diet induced hepatic steatosis in diabetic rats
through modulation of lipid metabolism, inflammation, and ER stress
pathway. Sci Rep. (2021) 11:9894. doi: 10.1038/s41598-021-88872-7

41. Zhang QY, Pan Y, Wang R, Kang LL, Xue QC, Wang XN, et al. Quercetin
inhibits AMPK/TXNIP activation and reduces inflammatory lesions to

improve insulin signaling defect in the hypothalamus of high fructose-fed rats.
J Nutr Biochem. (2014) 25:420–8. doi: 10.1016/j.jnutbio.2013.11.014

42. Gustafson B, Hedjazifar S, Gogg S, Hammarstedt A, Smith U. Insulin
resistance and impaired adipogenesis. Trends Endocrinol Metab. (2015)
26:193–200. doi: 10.1016/j.tem.2015.01.006

43. Little RR, Roberts WL. A review of variant hemoglobins interfering with
hemoglobin A1c measurement. J Diabetes Sci Technol. (2009) 3:446–51.

44. Narasimhan A, Chinnaiyan M, Karundevi B. Ferulic acid regulates hepatic
GLUT2 gene expression in high fat and fructose-induced type-2 diabetic adult
male rat. Eur J Pharmacol. (2015) 761:391–7. doi: 10.1016/j.ejphar.2015.04.043

45. Vekic J, Zeljkovic A, Stefanovic A, Jelic-Ivanovic Z, Spasojevic-Kalimanovska
V. Obesity and dyslipidemia. Metabolism. (2019) 92:71–81. doi: 10.1016/j.
metabol.2018.11.005

46. Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zuniga FA. Association
between insulin resistance and the development of cardiovascular disease.
Cardiovasc Diabetol. (2018) 17:122. doi: 10.1186/s12933-018-0762-4

47. Bjornstad P, Eckel RH. Pathogenesis of lipid disorders in insulin resistance: a
brief review. Curr Diabetes Rep. (2018) 18:127. doi: 10.1007/s11892-018-1101-
6

48. Mostafa-Hedeab G, Shahataa M, Alalkamy EF, Sabry D, El-Nahass ELS,
Ewaiss M, et al. Allopurinol ameliorates high fructose diet-induced metabolic
syndrome via up-regulation of adiponectin receptors and heme oxygenase-1
expressions in rats. Biomed Pharma J. (2017) 10:1685–94. doi: 10.13005/bpj/
1280

49. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The liver as an
endocrine organ-linking NAFLD and insulin resistance. Endocr Rev. (2019)
40:1367–93. doi: 10.1210/er.2019-00034

50. Yki-Jarvinen H, Luukkonen PK, Hodson L, Moore JB. Dietary carbohydrates
and fats in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol.
(2021) 18:770–86. doi: 10.1038/s41575-021-00472-y

51. Loomba R, Friedman SL, Shulman GI. Mechanisms and disease consequences
of nonalcoholic fatty liver disease. Cell. (2021) 184:2537–64. doi: 10.1016/j.cell.
2021.04.015

52. Heeren J, Scheja L. Metabolic-associated fatty liver disease and lipoprotein
metabolism.MolMetab. (2021) 50:101238. doi: 10.1016/j.molmet.2021.101238

53. DiStefano JK. Fructose-mediated effects on gene expression and epigenetic
mechanisms associated with NAFLD pathogenesis. Cell Mol Life Sci. (2020)
77:2079–90. doi: 10.1007/s00018-019-03390-0

54. Chen Q, Wang TT, Li J, Wang SJ, Qiu F, Yu HY, et al. Effects of natural products
on fructose-induced nonalcoholic fatty liver disease (NAFLD). Nutrients.
(2017) 9:96. doi: 10.3390/nu9020096

55. Jing XX, Zhang NH, Zhao L, Zhou JX, Wu W, Zhang LB, et al. Effect of
soaked and fermented raspberry wines on the liver in mice. Food Biosci. (2022)
47:101704. doi: 10.1016/j.fbio.2022.101704

56. Zhang CW, Li LJ, Zhang YP, Zeng CC. Recent advances in fructose intake
and risk of hyperuricemia. Biomed Pharmacother. (2020) 131:110795. doi:
10.1016/j.biopha.2020.110795

57. Hannou SA, Haslam DE, McKeown NM, Herman MA. Fructose metabolism
and metabolic disease. J Clin Invest. (2018) 128:545–55. doi: 10.1172/jci96702

58. Lima WG, Soares Martins-Santos ME, Chaves VE. Uric acid as a modulator
of glucose and lipid metabolism. Biochimie. (2015) 116:17–23. doi: 10.1016/j.
biochi.2015.06.025

59. Ponticelli C, Podesta MA, Moroni G. Hyperuricemia as a
trigger of immune response in hypertension and chronic kidney
disease. Kidney Int. (2020) 98:1149–59. doi: 10.1016/j.kint.2020.0
5.056

60. Le YZ, Zhou X, Zheng JW, Yu FM, Tang YP, Yang ZS, et al. Anti-hyperuricemic
effects of Astaxanthin by regulating xanthine oxidase, adenosine deaminase
and urate transporters in rats. Mar Drugs. (2020) 18:610. doi: 10.3390/
md18120610

61. Zhang Y, Deng LL, Wu CM, Zheng LJ, Zhong G. Konjac glucomannan
improves hyperuricemia through regulating xanthine oxidase, adenosine
deaminase and urate transporters in rats. J Funct Foods. (2018) 48:566–75.
doi: 10.1016/j.jff.2018.07.062

62. Yuan DY, Lin L, Peng YQ, Zhou Y, Li L, Xiao WJ, et al. Effects of black
tea and black brick tea with fungal growth on lowering uric acid levels in
hyperuricemic mice. J Food Biochem. (2022):e14140. doi: 10.1111/jfbc.14140
[Epub ahead of print].

Frontiers in Nutrition | www.frontiersin.org 15 June 2022 | Volume 9 | Article 946556

https://doi.org/10.1016/j.lfs.2021.119921
https://doi.org/10.1016/j.ejphar.2012.05.019
https://doi.org/10.1016/j.ejphar.2012.05.019
https://doi.org/10.1371/journal.pone.0118135
https://doi.org/10.1371/journal.pone.0118135
https://doi.org/10.1016/j.foodchem.2018.01.139
https://doi.org/10.1016/j.foodchem.2017.01.016
https://doi.org/10.1016/j.foodchem.2017.01.016
https://doi.org/10.3390/molecules24183248
https://doi.org/10.3390/molecules24183248
https://doi.org/10.7150/ijbs.33007
https://doi.org/10.7150/ijbs.33007
https://doi.org/10.1016/j.jep.2017.01.017
https://doi.org/10.1111/jfbc.12419
https://doi.org/10.1021/acs.jafc.1c07441
https://doi.org/10.1002/fft2.15
https://doi.org/10.1021/acs.jafc.5b04715
https://doi.org/10.1186/s13102-018-0097-1
https://doi.org/10.1186/s13102-018-0097-1
https://doi.org/10.1002/mnfr.202000034
https://doi.org/10.1038/emm.2017.253
https://doi.org/10.1016/j.jnutbio.2020.108343
https://doi.org/10.1038/s41598-021-88872-7
https://doi.org/10.1016/j.jnutbio.2013.11.014
https://doi.org/10.1016/j.tem.2015.01.006
https://doi.org/10.1016/j.ejphar.2015.04.043
https://doi.org/10.1016/j.metabol.2018.11.005
https://doi.org/10.1016/j.metabol.2018.11.005
https://doi.org/10.1186/s12933-018-0762-4
https://doi.org/10.1007/s11892-018-1101-6
https://doi.org/10.1007/s11892-018-1101-6
https://doi.org/10.13005/bpj/1280
https://doi.org/10.13005/bpj/1280
https://doi.org/10.1210/er.2019-00034
https://doi.org/10.1038/s41575-021-00472-y
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.molmet.2021.101238
https://doi.org/10.1007/s00018-019-03390-0
https://doi.org/10.3390/nu9020096
https://doi.org/10.1016/j.fbio.2022.101704
https://doi.org/10.1016/j.biopha.2020.110795
https://doi.org/10.1016/j.biopha.2020.110795
https://doi.org/10.1172/jci96702
https://doi.org/10.1016/j.biochi.2015.06.025
https://doi.org/10.1016/j.biochi.2015.06.025
https://doi.org/10.1016/j.kint.2020.05.056
https://doi.org/10.1016/j.kint.2020.05.056
https://doi.org/10.3390/md18120610
https://doi.org/10.3390/md18120610
https://doi.org/10.1016/j.jff.2018.07.062
https://doi.org/10.1111/jfbc.14140
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-946556 June 25, 2022 Time: 16:0 # 16

Zhang et al. Ferulic Acid Ameliorates MetS-Associated HUA

63. Arun KG, Sharanya CS, Abhithaj J, Sadasivan C. Biochemical and
computational insights of adenosine deaminase inhibition by epigallocatechin
gallate. Comput Biol Chem. (2019) 83:107111. doi: 10.1016/j.compbiolchem.
2019.107111

64. Arun KG, Sharanya CS, Sadasivan C. Computational and experimental
validation of morin as adenosine deaminase inhibitor. J Recept Signal
Transduct. (2018) 38:240–5. doi: 10.1080/10799893.2018.1476543

65. Wen QH, Wang LH, Zeng XA, Niu DB, Wang MS. Hydroxyl-related
differences for three dietary flavonoids as inhibitors of human purine
nucleoside phosphorylase. Int J Biol Macromol. (2018) 118:588–98. doi: 10.
1016/j.ijbiomac.2018.06.045

66. Zhao J, Huang L, Sun CY, Zhao DS, Tang HJ. Studies on the structure-activity
relationship and interaction mechanism of flavonoids and xanthine oxidase
through enzyme kinetics, spectroscopy methods and molecular simulations.
Food Chem. (2020) 323:126807. doi: 10.1016/j.foodchem.2020.126807

67. Li C, Si J, Tan F, Park K-Y, Zhao X. Lactobacillus plantarum KSFY06 prevents
inflammatory response and oxidative stress in acute liver injury induced by
D-Gal/LPS in mice. Drug Des Dev Ther. (2021) 15:37–50. doi: 10.2147/dddt.
S286104

68. Terao M, Cazzaniga G, Ghezzi P, Bianchi M, Falciani F, Perani P, et al.
Molecular cloning of a cDNA coding for mouse liver xanthine dehydrogenase.
Biochem J. (1992) 283:863–70. doi: 10.1042/bj2830863

69. Wang HH, Xie LZ, Song XH, Wang J, Li XY, Lin ZK, et al. Purine-
induced IFN-γ promotes uric acid production by upregulating xanthine

oxidoreductase expression. Front Immunol. (2022) 13:773001. doi: 10.3389/
fimmu.2022.773001

70. Wang DX, Zhang M, Wang TT, Cai M, Qian F, Sun Y, et al. Green tea
polyphenols prevent lipopolysaccharide-induced inflammatory liver injury
in mice by inhibiting NLRP3 inflammasome activation. Food Funct. (2019)
10:3898–908. doi: 10.1039/c9fo00572b

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Zhou, Zhao, Wang, Zhang and Zhou. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Nutrition | www.frontiersin.org 16 June 2022 | Volume 9 | Article 946556

https://doi.org/10.1016/j.compbiolchem.2019.107111
https://doi.org/10.1016/j.compbiolchem.2019.107111
https://doi.org/10.1080/10799893.2018.1476543
https://doi.org/10.1016/j.ijbiomac.2018.06.045
https://doi.org/10.1016/j.ijbiomac.2018.06.045
https://doi.org/10.1016/j.foodchem.2020.126807
https://doi.org/10.2147/dddt.S286104
https://doi.org/10.2147/dddt.S286104
https://doi.org/10.1042/bj2830863
https://doi.org/10.3389/fimmu.2022.773001
https://doi.org/10.3389/fimmu.2022.773001
https://doi.org/10.1039/c9fo00572b
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

	Dietary Ferulic Acid Ameliorates Metabolism Syndrome-Associated Hyperuricemia in Rats via Regulating Uric Acid Synthesis, Glycolipid Metabolism, and Hepatic Injury
	Introduction
	Materials and Methods
	Chemicals
	Experimental Animals
	Oral Glucose and Insulin Tolerance Tests
	Sample Collection
	Detection of Biochemical Indicators
	RNA Isolation and Quantitative Real-Time PCR
	Liver Histopathology
	Molecular Docking
	Statistical Analysis

	Results
	Effects of Ferulic Acid on Basic Parameters in HFFD-Fed Rats
	Ferulic Acid Alleviated Glucose Metabolic Disorders in HFFD-Fed Rats
	Ferulic Acid Suppressed Lipid Deposition in the Serum and Liver of HFFD-Fed Rats
	Ferulic Acid Improved Liver and Kidney Function in HFFD-Fed Rats
	Ferulic Acid Attenuated Inflammatory Response and Histological Changes in the Liver of HFFD-Fed Rats
	Ferulic Acid Mitigated Oxidative Stress in the Liver of HFFD-Fed Rats
	Ferulic Acid Inhibited Uric Acid Synthesis in the Liver of HFFD-Fed Rats
	Molecular Docking Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


