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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is a general term encompassing many
conditions from simple fatty liver to cirrhosis and hepatocellular carcinoma. In this research, we aimed
to investigate the effect of the antioxidant protocatechuic acid (PCA) in preventing the development of
fatty liver induced by high-fat diet (HFD) in male mice.

Methods: Mice (NMRI) were randomly divided into five groups. The groups were as follows: the
control received the standard diet, HFD received 20 ml/kg of HFD, HFD containing PCA received HFD
containing 200 mg/kg/20 ml of PCA, HFD containing fenofibrate (FENO) received HFD containing
150 mg/kg/20 ml of FENO, and PCA received 200 mg/kg/20 ml of PCA alone for six weeks. Mice
were anesthetized after overnight fasting on the 43rd day, and the blood sample was collected from their
hearts. The levels of serum, antioxidants and pro-inflammatory factors were measured, and histological
studies were performed.

Results: The results showed that HFD containing PCA decreased liver enzymes, cholesterol (Chol),
and thiobarbituric acid reactive substances (TBARS) levels and increased high-density lipoprotein
(HDL), and total thiol levels in the liver compared to the HFD group alone (P<0.001). The
histopathological examinations of the liver tissue confirmed the biochemical results. High-fat diet
(HFD) containing PCA showed no significant effect on the levels of triglyceride (TG), low-density
lipoprotein (LDL), catalase, and superoxide dismutase (SOD). The histopathological examinations of
the liver tissue confirmed the biochemical results.

Conclusion: The findings of this study demonstrated that PCA is reasonably effective in preventing
NAFLD in mice.
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Introduction

Fatty liver is an excessive accumulation of fat
in the liver tissue, which may cause a variety
of hepatic problems, including liver
inflammation. The excess fat accumulated in
the fatty liver can disrupt the normal function

of the liver tissue and even progress into liver
failure or cirrhosis. Although the leading
cause of fatty liver disease is unclear, it
appears to be closely related to several
metabolic diseases, including obesity, high
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blood cholesterol and triglycerides, and
diabetes. Perhaps the most critical treatment
approach for fatty liver is to control these
underlying conditions. It is believed that high
energy intake leads to disruption of liver
metabolism due to the storage of energy in the
form of fat in the liver (1). Fatty liver disease
is often common in middle-aged people with
high blood fat, diabetes and overweight
(especially in cases of abdominal obesity).
There are two main categories of fatty liver
disease: alcoholic fatty liver disease and non-
alcoholic fatty liver disease (2). Alcoholic
fatty liver disease is caused by long-term
alcohol consumption, but it is also related to
gender and race. Asians are more prone to
alcohol-induced liver damage and fatty liver,
and this condition is more common in women
than in men (3). The second type of fatty liver
disease, which has a high prevalence in the
Iranian population, is called non-alcoholic
fatty liver disease or NAFLD. It is classified
into primary and secondary types based on
etiology: the primary type is related to gender,
lifestyle, dietary habits, and obstructive sleep
apnea. The secondary type may be caused by
hepatotoxic drugs, autoimmune diseases,
infectious diseases, heart disease, diabetes,
chemotherapy agents, and parenteral nutrition
(4,5). The modern lifestyle in developing
countries in terms of diet and physical activity
has led to an increase in the prevalence of
fatty liver disease in these countries (6). The
prevalence of NAFLD seems closely related
to several metabolic diseases, including
obesity, type 2 diabetes, dyslipidemia,
hypertension, and cardiovascular disease.
Obesity is the most important cause of
NAFLD, although genetic factors are also
involved in the development of this disease.
Activation of hepatic stellate cells and
mitochondrial dysfunction in NAFLD leads to
severe inflammation, cell damage, and
fibrosis (7). Reactive oxygen species (ROS)
are destructive factors in liver damage. One of
the important methods of treating fatty liver is
the use of antioxidant substances (8).
Antioxidants are compounds that protect cells
from oxidative damage. However, early

treatment may provide time for liver
regeneration (9,10). An antioxidant with
significant potential in this regard is
protocatechuic acid (PCA) (11), which is
structurally similar to anti-Known oxidants
such as gallic acid, caffeic acid, vanillic acid
and syringic acid (12). PCA is widely found
in common vegetables, fruits, cereals, tea and
more than 500 plant species (13,14). The most
important  anti-inflammatory plants that
contain this antioxidant are: Cinnamomum
aromaticum, Prunus domestica L. (plum, Vitis
vinifera  (grape), Prunus  amygdalus
(almond), Ginkgo biloba L. (ginko),
Hypericum perforatum L, Cibotium barometz,
Euterpe oleracea (Acai) (15). The most
important benefits of PCA include anti-
inflammatory, antioxidant, antidiabetic,
anticancer, antiviral, antiparasitic,
antibacterial effects and helping to treat
cirrhosis and neurological disorders (16,17).
PCA may play a bidirectional role in
regulating many pharmacological activities.
For example, it may act as an antioxidant and
an oxidant and stimulate apoptosis and cell
proliferation (18-20). Considering the
antioxidant effects of PCA and its preventive
role in reducing the activity of liver enzymes,
in this study we investigated the effect of PCA
in preventing fatty liver disease caused by
high-fat diet in male mice.

Materials and Methods

Chemicals

Protocatechuic acid (CAS: 99-50-3) was
purchased from Sigma Aldrich (St Louis,
Missouri, USA). Fenofibrate was donated by
Aburaihan Pharmaceutical Company, Tehran,
Iran. The assay Kkits of cholesterol (Cho),
triglyceride (TG), low-density lipoprotein
(LDL), high-density lipoprotein (HDL), very
low-density lipoprotein (VLDL), alkaline
phosphatase (ALP), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST)
were purchased from Pars Azmoon Company,
Iran. Thiobarbituric acid reactive substances
(TBARS), total thiol, superoxide dismutase
(SOD), and catalase (CAT) assay kits were
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purchased from the ZellBio Company,
Germany.

Animals

This study was conducted on 60 NMRI male
mice, weighing 18-22 g. Care conditions were
the same for all animals. The animals were
placed in units with 12 h/12 h light/dark cycle,
temperature 25+2 °C, relative humidity, with
free access to sufficient food and water. All
the ethical principles for the use and care of
animals were based on the Ahvaz Jundishapur
University of Medical Sciences (AJUMS)
Protocols (ethics number: IR. AJUMS. REC.
1396.696), which is in accordance with
National Institutes of Health.

Experimental design

This study was conducted for six weeks. The
mice were randomly divided into five groups
(12 in each). The groups were as follows: The
control group received the standard diet, HFD
group received 20 ml/kg of HFD for six
weeks, HFD containing PCA group received
HFD containing 200 mg/kg/20 ml of PCA for

six weeks, HFD containing fenofibrate
(FENO) group received HFD containing 150
mg/kg/20 ml of FENO for six weeks, and
PCA group received 200 mg/kg/20 ml of PCA
alone for six weeks (21-24). On the first day,
all mice were weighed and numbered (Table
1). Fatty liver was created using high-fat
emulsion (25). The high-fat emulsion was
administered by gavage daily at 8 am. The
control group similarly received normal
saline. At the end of each week, the animals
were accurately weighed. Approximately 24 h
after the last administration, animals were
anesthetized with ketamine (90
mg/kg)/xylazine (10 mg/kg). Blood samples
were collected directly from the heart and
stored in gel-barrier plastic tubes. After
separating the serum, the samples were kept
at -20 °C until the tests. The liver tissue was
extracted and washed with normal saline, then
divided into two parts. One part was placed in
10% formalin solution for histopathological
examination, and another part was placed at -
70 °C to assay oxidative, inflammatory, and
fibrotic factors.

Table 1. The composition of the high-fat emulsion diet and caloric content with a total energy of 4342 kcal/l (25).

Component Content
Corn oil (9) 400
Saccharose () 150
Total milk powder 80
Cholesterol (g) 100
Sodium deoxycholate (g) 10
Tween 80 (g) 36.4
Propylene glycol (g) 31.1
Vitamin mixture (g) 2.5
Cooking salt (g) 10
Mineral mixture (g) 1.5
Distilled water (ml) 300
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Mice were weighed at the end of each week.
Liver weight was measured at the end of week
six. The percentage ratio of liver weight
(grams) to body weight (grams) was reported
as liver index.

Histopathological study of the liver

A part of the liver tissue was fixed in 10%
formalin. After processing and preparing the
tissue block, thin sections with a thickness of 5
microns were obtained from these blocks and
stained with hematoxylin-eosin method (26).
The slides were examined by light microscope
for histological changes such as red blood cell
accumulation, inflammatory cell infiltration
and fat deposition in liver cells. The
histological features were graded into four
categories: normal (0), weak (1), moderate (2)
or, severe (3) and the averages were
considered. For each slide, the average of six
fields was calculated, and the slides were read
in a “blind” fashion (27).

Preparation of liver tissue homogenate

For this purpose, a piece of liver tissue was
homogenized ina 0.1 M phosphate buffer with
a pH=7.4 and a concentration of 10% v/w,
using a homogenizer and centrifuged at a
speed of 12,000xg at 4 °C for 20 minutes. The
supernatant was separated and placed in
separate microtubes and stored in a freezer at —
70 °C until TBARS, total thiol, superoxide
dismutase and catalase tests were performed.

Biochemical analysis of the serum and tissue
homogenates

The levels of triglyceride, cholesterol, LDL,
HDL, VLDL, ALT, AST, and ALP in the
serum samples were measured with Pars
Azmoon assay Kkits by Hitachi 912 auto-
analyzer (Japan).

Determination of total thiol (TT)

The total thiol level of the liver tissue
measurement is based on Ellman's reagent
(DTNB), and the formation of yellow TNB.
For this purpose, 40 ul of the homogeneous
tissue was mixed with 2 ml of phosphate buffer
and then with 40 pl of 10 mM Ellman’s

reagent, and the yellow color was read at 412
nm with a spectrophotometer and expressed as
nmol/mg protein. The calibration curve was
plotted for concentrations of 5, 10, 20 and 40
mg/L (ug/ml).

Determination of thiobarbituric acid reactive
substances (TBARS)

The number of substances reactive with
thiobarbituric acid (TBA) was measured to
indicate lipid peroxidation. In this study, the
level of TBARS was measured using the Kei
method (28). For this purpose, 0.5 ml of the
homogeneous tissue was mixed with 0.5 ml of
10% trichloroacetic acid, and the resulting
solution was centrifuged for 10 min at 4000xg.
After separating the supernatant, 0.5 ml was
mixed with 0.5 ml of 0.67% thiobarbituric acid
solution and then incubated in a hot water bath
for 30 min. The pink color absorbance was
measured with a microplate reader at 532 nm,
and the amount of TBARS was reported as
nmol/mg protein.

Determination of catalase (CAT) activity
The activity of catalase (CAT) was determined
by the Shangari method (29). For this purpose,
100 pl of liver tissue extract (in 50 mM
phosphate buffer with pH=7) was placed in the
cuvette and the reaction was started by adding
freshly prepared 30 mM H20.. The remaining
H202 in the sample reacts with ammonium
molybdate. The absorbance in 60 second was
read with a microplate reader at 410 nm as
IU/mg protein (30).

Determination of superoxide dismutase
(SOD) activity

The activity of superoxide dismutase (SOD)
was measured colorimetrically using an
enzymatic assay ZellBio (Germany) kit and
was recorded as 1U/mg protein.

Statistical analysis

For statistical analysis, the normality of the
data was tested using the Kolmogorov
Smirnov test. The mean + SEM of the data
about each group was calculated. Comparison
of the means was performed by analysis of
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variance (ANOVA) and determine the
difference between the means and the
significance of the ANOVA analysis, Tukey's
post hoc supplementary test in GraphPad
Prism version 8 statistical software. For all the
tests, significance was defined at P<0.05.

Results

Effect of diets on body weight

The weight gain in the HFD group was
significantly higher than the control group
(P<0.001) in the fifth and sixth weeks. While
the HFD groups receiving PCA or FENO had
no significant weight gain compared to the HFD
group. The weight gain in the HFD+PCA group
was more than the HFD+FENO group, which
indicates the better effect of FENO compared to
PCA in improving fatty liver (Fig. 1).

Weightig)

0 1 / ] t o b
week

Fig. 1. Mean weight gain in the Control (CONT) group
and the treatment groups. For six weeks, mice received
the HFD alone, HFD with PCA, or HFD with
fenofibrate (FENO), and were weighed at the end of
each week.

Data are expressed as mean £ SEM (n=5-15).
(***P<0.001) Comparison with the control group.
(###P<0.001) Comparison of the HFD groups receiving
PCA or FENO with the HFD group.

Effect of PCA on liver function enzymes

Elevated serum levels of functional liver
enzymes, including ALT, AST, and ALP,
could be a symptom of liver damage. HFD
consumption increased the activities of ALT,
AST, and ALP compared to the control group
(P<0.001) (Fig. 2). However, HFD
supplemented with FENO or PCA significantly
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decreased the activities of these enzymes
compared to HFD alone (P<0.001). Receiving
PCA alone showed a slight increase in serum
ALT and ALP levels compared to the control
group. HFD with FENO compared to HFD with
PCA, resulted in a significant decrease in liver
enzymes, which indicates the better effect of
FENO compared to PCA in improving fatty
liver (P<0.001).
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Fig. 2. The effects of PCA (protocatechuic acid) on serum
activity level of (a) ALT; (b) AST; and (c) ALP in HFD
(high-fat diet)-induced fatty liver in mice. For six weeks,
mice received the HFD alone, HFD with PCA, or HFD
with fenofibrate (FENO).

Data are expressed as mean + SEM (n=5-15). (*P<0.05,
and *** P<0.001).

AST: Aspartate aminotransferase, ALT: Alanine
aminotransferase, ALP: Alkaline phosphatase.
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Effect of PCA on lipid profile

Lipid profiles in the HFD group increased
significantly compared to the control group
(P<0.001), which indicates the success in
creating fatty liver in mice. In the HFD with
PCA group, a significant decrease in the serum
level of Chol (P<0.001) and an increase in the
serum level of HDL (P<0.001), which
indicated improvement of fatty liver in mice
(Fig. 3). In contrast, receiving FENO with
HFD led to a significant decrease (P<0.001) in
Chol, TG, and LDL compared to the HFD
group. Eventually, in HFD with FENO group
compared to HFD with PCA group, a further
reduction in Chol, TG, and LDL, and a further
increase in HDL was observed, which shows
the better effect of FENO compared to PCA in
improving fatty liver in mice.
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Effect of PCA on oxidative stress parameters
The levels of SOD, and CAT in the HFD group
were significantly lower than the control group
(P<0.001) (Fig. 4). However, in the group
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Fig. 3. The effects of PCA (protocatechuic acid) on
serum levels of (a) Cholesterol; (b) Triglyceride; (c)
HDL; (d) LDL; and (e) VLDL in HFD (high-fat diet)-
induced fatty liver in mice. For six weeks, mice received
the HFD alone, HFD with PCA, or HFD with
fenofibrate (FENO).

Data are expressed as mean * SEM (n=5-15). (**
P<0.01 and *** P<0.001).

Chol: cholesterol, TG: triglyceride, HDL-C: high-
density lipoprotein-cholesterol, LDL-C: low-density
lipoprotein-cholesterol, VLDL: very low-density
lipoprotein.

receiving FENO with HFD, compared to the
HFD group, the levels of SOD and CAT were
significantly higher (P<0.001). Finally, in the
HFD with FENO group compared to the HFD
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with PCA group, a greater increase in SOD and
CAT was observed, which indicates a better
effect of FENO than PCA in improving fatty
liver in mice. HFD led to an increase in
TBARS levels compared to the control group
(P<0.001). However, in the groups that
received HFD with PCA or FENO
supplements, the amount of TBARS decreased

significantly (P<0.001). Total thiol was
significantly lower in the HFD group than the
control group (P<0.001). However, receiving
PCA or FENO with HFD resulted in a
significant increase in total thiol levels
(P<0.05). Oxidative stress parameters were not
significantly different in the HFD with FENO
group compared to the HFD with PCA group.
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Fig. 4. The effects of PCA (protocatechuic acid) on the levels of (a) SOD; (b) CAT; (c) TT and (d) TBARS in HFD (high-fat diet)-
induced fatty liver in mice. For six weeks, mice received the HFD alone, HFD with PCA, or HFD with fenofibrate (FENO).

Data are expressed as mean + SEM (n=5-15). (*P<0.05, and *** P<0.001).

SOD: superoxide dismutase, CAT: catalase, TT: total thiol, TBARS: thiobarbituric acid reactive substances.

Effect of PCA on histopathological examination
A distinct difference can be seen between the
liver of the HFD-fed subject and the liver with
the standard diet (Fig. 5). This macroscopic
finding is consistent with microscopic results.
Microscopic examination of liver tissue with
hematoxylin-eosin staining in the treatment
groups and the control group showed that the
liver of the control group mice had a normal
structure with normal cytoplasm and cores
without any signs of damage (Fig. 6). While
mice fed with HFD for six weeks showed
significant histopathological changes in the
liver in the form of microvesicular and
macrovesicular  lipid accumulation and
hepatocellular swelling. The semi-quantitative
analysis of liver tissue damage in the treated

groups and the control group showed, in the
control group, it revealed no abnormality in the
liver tissue (Table 2). In the mice that received
the HFD alone, hepatocytes underwent a
transparent change, and most of the cell were
saturated with adipose tissue. These samples
also showed the accumulation of red blood
cells, and inflammatory cells infiltration in the
liver tissue. In the mice that received the HFD
with PCA or FENO, the liver tissue was
significantly less damaged than those that
received the HFD alone. These samples also
showed lower fat deposition, accumulation of
red blood cells and inflammatory cells
infiltration than the HFD group, which shows
the improvement of fatty liver in PCA and
FENO groups.

Fig. 5. Macroscopic image shows the normal liver (left) and fatty liver caused by high fat diet (right) in mice.
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-

Fig. 6. Hematoxylin-eosin staining of the liver tissue in the treated groups in HFD (high-fat diet)-induced fatty liver in

HFD + PCA

mice. (magnification: 100x). For six weeks, mice received the high-fat diet (HFD) alone, HFD with protocatechuic acid
(PCA), or HFD with fenofibrate (FENO). I: Inflammation, A: RBC accumulation, F: Fat deposition.

Table 2. A semi-quantitative analysis of liver tissue damage in the treatment groups and the control group.

Data are expressed as mean £ SEM (n=5-15).

(**P<0.01) and (***P<0.001) Comparison with the control group. (#P<0.05) and (##P<0.01) Comparison of the HFD
groups receiving protocatechuic acid (PCA) or fenofibrate (FENO) with the high-fat diet (HFD) group (P<0.001).

Groups RBCs accumulation  Inflammation Fat deposit
Control 0.02+0.00 0.03+£0.00 0.00+0.00
HFD 1.25+0.04™ 1.95+0.02" 1.93+0.23™
HFD + PCA 0.44+0.16™# 0.67+0.15""* 0.09 +0.02""#
HFD + FENO 0.33+0.08™# 0.43+0.00™# 0.13+0.03""##
PCA 0.01+0.00 0.02+0.00 0.00+0.00

Discussion

The present study showed that HFD containing
PCA could prevent NAFLD by decreasing the
serum levels of ALT, AST, and ALP, also,
decreasing of TBARS level as the endpoint of
lipid peroxidation, and increasing of total thiol
level as the most antioxidant in hepatocytes.
Obesity is associated with NAFLD and other
metabolic syndromes. Metabolic syndrome is
one of the most issues in the growth of
NAFLD. Obesity, hypertriglyceridemia, and
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low levels of HDL are components of the
metabolic syndrome (25,31). In this study, the
HFD caused a significant increase in body
weight compared to the control group. Also,
serum levels of cholesterol, triglyceride, and
LDL significantly increased and serum levels
of HDL and VLDL significantly decreased
compared to the control group. Many studies
similar to our study have shown that rats
became obese after being fed with a high-fat
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diet and showed symptoms of metabolic
syndrome  (25,32).  Previous  studies
demonstrated that PCA, significantly
decreased lipogenic factors and liver fat
accumulation (33). A similar study, showed
that doses of 50 and 100 mg/kg PCA,
ameliorated liver injury induced by tert-butyl
hydroperoxide in rats (34). A previous study
reported that administration of PCA (500
mg/kg) significantly decreased GSH levels in
mouse liver and caused mild hepatotoxicity by
increasing serum ALT activity (35). In another
study, the administration of a high dose of
PCA (>1 pmol) in mice increased skin tumor
promotion, oxidative stress and inflammation,
whereas a lower dose (16 nmol) reduced these
reactions (36). In our study, the administration
of PCA (200 mg/kg), did not lead to toxicity in
mice. The increase in the serum levels of ALP,
ALT, and AST in the HFD group demonstrated
the effect of this diet on the development of
fatty liver and, therefore, the development of
NAFLD. Examination of the groups that
received the HFD with FENO or PCA showed
a significant decrease in the activity of the
mentioned enzymes, which indicates the
improving effect of both substances on the
development of the fatty liver. Similar to our
study, administration of high-fat diet increased
liver function enzymes in mice (25). After
measuring the serum levels of cholesterol,
triglyceride, LDL, HDL, and VLDL in the
groups, significant differences were observed
in terms of these factors between the HFD
group and the control group. In the group
receiving the HFD with FENO, all lipid
profiles significantly decreased, but in the
group of HFD with PCA, observed a
significant decrease in the serum levels of
cholesterol, and an increase in the serum levels
of HDL, which indicated the improvement of
the fatty liver in mice. The present study
confirms that HFD can cause oxidative
damage to the liver. Our findings showed that
TBARS concentration increased and total
thiol, SOD, and CAT levels decreased after
HFD administration for six weeks, and showed
that the imbalance between oxidant and
antioxidant in liver tissue leads to oxidative

damage. A previous study demonstrated that
oxidative stress and following lipid
peroxidation play a vital role in the
pathogenesis of NAFLD. As an endpoint of
lipid peroxidation, TBARS plays a vital role in
all the typical histological features observed in
NAFLD (25,34). The biochemical and
histopathological findings of this study
suggested that treatment with PCA reduced
liver steatosis and prevented peroxidation, and
these effects were comparable to the effect of
FENO. Although in the group that received
PCA alone, red blood cell aggregation was
observed. Histopathological and microscopic
examinations and macroscopic images of the
liver tissue clearly showed that administration
of PCA with HFD, had the desired effect on
the liver tissue, and the added antioxidant and
medicine standard improved the condition of
the fatty liver. This suggests that PCA can
prevent hepatic steatosis by reducing the
accumulation of fat in the serum and the liver.
The liver plays a significant role in the body's
fat metabolism, and liver steatosis signifies
excessive fat accumulation in hepatocytes
because of an imbalance between fat formation
and fat degradation. The therapeutic effects of
PCA on the fatty liver have been shown in
previous studies (37). Previous studies have
shown that PCA prevents the activation of NF-
kB caused by TNF-a and has an anti-
inflammatory effect by reducing the levels of
TNF-a and IL-6 and ultimately leads to the
improvement of hepatic steatosis (38). The
study of PCA ameliorates high fat diet-induced
obesity and insulin resistance in Mice, is
similar to our study, with the difference that
male mice were fed with HFD for 4 weeks and
were randomly divided into two groups, and
the performance hepatic and peripheral insulin
were evaluated (39).

Biochemical and histopathological
evidence of this study have shown that PCA
can prevent fat accumulation in the liver and
provide protective effects by regulating the
serum levels of cholesterol, HDL, and VLDL.
These changes were accompanied by a
reduction in oxidative stress and activity of
liver function markers, which can lead to the
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prevention of development of fatty liver.
Biochemical and histopathological studies
showed that although the PCA was not as
effective as FENO, it had a significant effect in
improving and preventing the development of
fatty liver disease in mice.
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