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Abstract

AIM

To study the molecular mechanisms involved in the
hepatoprotective effects of naringenin (NAR) on carbon
tetrachloride (CCl+)-induced liver fibrosis.

METHODS

Thirty-two male Wistar rats (120-150 g) were randomly
divided into four groups: (1) a control group (7 = 8)
that received 0.7% carboxy methyl-cellulose (NAR
vehicle) 1 mL/daily p.o.; (2) a CCls group (7 = 8) that
received 400 mg of CCls/kg body weight i.p. 3 times
a week for 8 wk; (3) a CCls + NAR (7 = 8) group
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that received 400 mg of CCls/kg body weight i.p. 3
times a week for 8 wk and 100 mg of NAR/kg body
weight daily for 8 wk p.o.; and (4) an NAR group (n
= 8) that received 100 mg of NAR/kg body weight
daily for 8 wk p.o. After the experimental period,
animals were sacrificed under ketamine and xylazine
anesthesia. Liver damage markers such as alanine
aminotransferase (ALT), alkaline phosphatase (AP),
y-glutamyl transpeptidase (y-GTP), reduced glutathione
(GSH), glycogen content, lipid peroxidation (LPO)
and collagen content were measured. The enzymatic
activity of glutathione peroxidase (GPx) was assessed.
Liver histopathology was performed utilizing Masson’s
trichrome and hematoxylin-eosin stains. Zymography
assays for MMP-9 and MMP-2 were carried out. Hepatic
TGF-B, a-SMA, CTGF, Col-I, MMP-13, NF-«B, IL-1,
IL-10, Smad7, Smad3, pSmad3 and pJNK proteins were
detected via western blot.

RESULTS

NAR administration prevented increases in ALT, AP,
v-GTP, and GPx enzymatic activity; depletion of GSH
and glycogen; and increases in LPO and collagen
produced by chronic CCl4 intoxication (P < 0.05).
Liver histopathology showed a decrease in collagen
deposition when rats received NAR in addition to
CCls. Although zymography assays showed that
CCls produced an increase in MMP-9 and MMP-2
gelatinase activity; interestingly, NAR administration
was associated with normal MMP-9 and MMP-2 activity
(P < 0.05). The anti-inflammatory, antinecrotic and
antifibrotic effects of NAR may be attributed to its
ability to prevent NF-«B activation and the subsequent
production of IL-1 and IL-10 (P < 0.05). NAR
completely prevented the increase in TGF-B, a-SMA,
CTGF, Col-1, and MMP-13 proteins compared with the
CCls-treated group (P < 0.05). NAR prevented Smad3
phosphorylation in the linker region by JNK since this
flavonoid blocked this kinase (P < 0.05).

CONCLUSION

NAR prevents CCls induced liver inflammation, necrosis
and fibrosis, due to its antioxidant capacity as a free
radical inhibitor and by inhibiting the NF-«xB, TGF-p-
Smad3 and JNK-Smad3 pathways.

Key words: Fibrosis; Transforming growth factor-p;
Naringenin; pSmad3; Smad3; IJNK; Nuclear factor kappa;
Carbon tetrachloride

© The Author(s) 2017. Published by Baishideng Publishing
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Core tip: To study the effect of naringenin (NAR) on
carbon tetrachloride (CCl4)-induced chronic liver fibrosis,
male Wistar rats were administered 400 mg of CCls/kg
body weight and 100 mg of NAR/kg body weight for
8 wk. NAR prevented necrosis, cholestasis, oxidative
stress, collagen accumulation and the increase in MMP
activity caused by CCls administration. NAR completely
prevented the increase in TGF-B, a-SMA, CTGF, Col-1,
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MMP-13, NF-«B, IL-1 and IL-10 protein levels caused by
CCls administration and pSmad3 and pJNK activation. In
conclusion, NAR prevents CClsinduced liver fibrosis due
to its antioxidant capacity and by inhibiting the TGF-#-
Smad3, JNK-Smad3 and NF-«B pathways.

Hernandez-Aquino E, Zarco N, Casas-Grajales S, Ramos-Tovar
E, Flores-Beltran RE, Arauz J, Shibayama M, Favari L, Tsutsumi
V, Segovia J, Muriel P. Naringenin prevents experimental liver
fibrosis by blocking TGFB-Smad3 and JNK-Smad3 pathways.
World J Gastroenterol 2017; 23(24): 4354-4368 Available from:
URL: http://www.wjgnet.com/1007-9327/full/v23/i24/4354.htm
DOIL: http://dx.doi.org/10.3748/wjg.v23.124.4354

INTRODUCTION

It is known that various agents, including infections,
ethanol ingestion, drug intoxication or malnutrition,
result in liver damage. When the damage is prolonged,
liver fibrosis occurs. Fibrosis is the result of excessive
accumulation of extracellular matrix (ECM) proteins
after chronic liver damage. Advanced liver fibrosis
leads to cirrhosis, which is characterized by scar tissue,
loss of parenchymal architecture and organ failure?.

The most important profibrogenic pathways involve
transforming growth factor (TGF)-p and plateled-
derived growth factor (PDGF), which induce the
transdifferentiation of hepatic stellate cells (HSCs) from
a non-proliferating cell type into a proliferating activated
phenotype. This activation results in a-smooth-muscle
actin (a-SMA) and collagen expression, which in turn
lead to fibrosis™*.

Traditionally, TGF-B has been considered to exert
profibrogenic actions by binding to its receptor, which
in turn phosphorylates transcription factors called
R-Smads (Smad2 and Smad3) at its C-terminal. This
is the canonical pathway, generally described as the
main fibrogenic pathway, especially when Smad3 is
phosphorylated at its C-terminus (pSmad3C)*®. There
is also a non-canonical pathway, in which PDGF activates
JNK, which in turn phosphorylates Smad3 in the linker
domain to generate pSmad3L, which rapidly translocates
to the nucleus where it stimulates HSC proliferation®*®.
These pathways are critical for the induction of ECM
deposition and the development of fibrosis and cirrhosis.
Therefore, the canonical and non-canonical pathways
constitute valuable targets in the development new and
effective drugs to prevent liver fibrosis.

On the other hand, naringenin (NAR), 4',5,7-tri-
hydroxy flavanone (Figure 1), is a flavonoid that is
widely distributed in cherries, cocoa, grapes, tangelos,
blood oranges, lemons, grapefruit, tangerines and
tomatoes!'***!; it has been demonstrated to prevent
acute liver damage induced by alcohol, carbon
tetrachloride (CCl4), lipopolysaccharide or heavy
metals!***), In addition, there is some experimental
evidence on the anticancer properties of NAR!'®*),
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Figure 1 Chemical structure of naringenin.

Some reports have shown evidence of the antifibrotic
properties of NAR. Lee et al*® showed some histological
evidence that NAR prevents collagen deposition in
dimethyl nitrosamine-induced liver damage in rats,
but no mechanism was evaluated. Du et a/*® reported
an antifibrotic effect of NAR in lung tissue that was
associated with the downregulation of TGF-B activity.
In a study with cultured rat HSCs, NAR prevented ECM
deposition induced by TGF-B through the downregulation
of Smad3 protein levels®™. However, to the best of our
knowledge, there are no studies on the antifibrotic
effect of NAR on liver cirrhosis. Therefore, the above
information prompted us to investigate whether NAR
was able to prevent CCls- induced liver cirrhosis in
the rat and to elucidate if the mechanism of action of
the flavonoid was associated with an inhibition of the
canonical and/or non-canonical TGF-pg pathways and/
or the inflammatory pathway (NF-«B) and/or through
antioxidant mechanisms.

In fact, we demonstrate for the first time that
NAR is able to prevent CCl -cirrhosis by inhibiting the
canonical and non-canonical pathways, including the
prevention of pSmad3L phosphorylation by JNK, by
exerting anti-inflammatory properties that block the
NF-«B inflammatory cascade, and via an antioxidant
mechanism. These effects lead to the inhibition of
HSC transdifferentiation, the downregulation of ECM
synthesis, and the prevention of necrosis, cholestasis
and distortion of the hepatic architecture. As a result,
experimental cirrhosis was prevented.

MATERIALS AND METHODS

Ethics statement and animal treatment

Wistar male rats were used and maintained on a
standard diet of rat chow with free access to drinking
water. Four or five animals were housed in each
polycarbonate cage under controlled conditions (22
+ 2°C, 50%-60% relative humidity and 12-h light-
dark cycles). The study complies with the Institution’s
guidelines and the Mexican official regulation (NOM-
062-Z00-1999) regarding technical specifications for
production, care and handling of laboratory animals.

Study design
Wistar rats initially weighing 120-150 g were used.
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Cirrhosis was produced by intraperitoneal (i.p.)
administration of CCls (400 mg/kg body weight)
dissolved in mineral oil three times per week for 8
wk. To determine the capacity of NAR to prevent liver
fibrosis, four groups were formed and treated for 8 wk.
Group 1 (n = 8) consisted of control animals receiving
carboxy methyl-cellulose p.o., the NAR vehicle; group
2 (n = 8) was administered CCls; group 3 (n = 8)
was administered CCls plus NAR (100 mg/kg body
weight, daily p.o.); group 4 (n = 8) was administered
NAR only. All animals were sacrificed after 8 wk under
ketamine (100 mg/kg of body weight) and xylazine (8
mg/kg of body weight) anesthesia. Blood was collected
by cardiac puncture, and the liver was rapidly removed
and properly stored for further analysis.

Serum enzyme activities

The determination of liver damage was performed by
measuring the activities of alanine aminotransferase
(ALT)?Y, alkaline phosphatase (AP)®?, and y-glutamyl
transpeptidase (y-GTP)™ in serum samples of blood
that were centrifuged at 1300 rpm for 15 min.

Glycogen determination

Small pieces of liver were separated for glycogen
determination using the anthrone reagent™. Briefly,
fresh liver samples (0.5 g) were boiled in 1.5 mL of
30% KOH for 30 min. After cooling, samples were
diluted in a volumetric flask of 25 mL. Then, 40 uL
(control and NAR groups) or 160 uL (CCls or CCla
+ NAR groups) was added to 960 uL and 840 uL of
deionized water, respectively. Then, 2 mL of 0.2%
anthrone (dissolved in concentrated sulfuric acid)
was added. Samples were boiled for 15 min and the
absorbance was read at 620 nm. Appropriate glucose
standards were prepared.

Assessment of lipid peroxidation

The extent of lipid peroxidation (LPO) was evaluated in
liver homogenates via the measurement of malondia-
Idehyde (MDA) formation with the thiobarbituric
acid method™. Fresh liver samples (0.5 g) were
homogenized in 5 mL of deionized water on ice with
a polytron homogenizer. Later, 300 uL of 10% liver
homogenate with 700 uL of 150 mmol/L Tris-HCI
(pH 7.4) and 2 mL of 0.375% thiobarbituric acid
(dissolved in 15% trichloroacetic acid) were boiled for
45 min and centrifuged at 3000 rpm for 10 min. The
supernatant absorbance was read at 532 nm. The
protein concentration was determined via the Bradford
method using bovine serum albumin as a standard®®.

Reduced glutathione in liver and blood samples

Fresh liver (0.3 g) and blood (0.3 mL) samples were
homogenized in 1.2 mL of precipitating solution
(5 mmol/L EDTA in 5% trichloroacetic acid) and
centrifuged for 20 min at 12000 rpm. Then, 0.1 mL
of the supernatant with 2.1 mL of phosphate solution
(0.3 mol/L sodium phosphate dibasic) and 0.25 mL of
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Ellman’s reagent (40 mg of 5,5'-dithiobis nitrobenzoic
acid dissolved in 100 mL of 1% sodium citrate) were
mixed. The absorbance was read at 412 nm®”.,

Glutathione peroxidase activity in the liver

The method of Lawrence and Burk™ was used to
determine glutathione peroxidase (GPx) activity with
cumene hydroperoxide as a substrate. An aliquot of
1.5 mL of the 10% liver homogenate with 75 mmol/L
potassium phosphate buffer (pH 7.0) was filtered
through muslin cloth and centrifuged at 3000 rpm
for 5 min at 4 ‘C. The reaction mixture contained
200 mL of the homogenate supernatant, 2.0 mL
of 75 mmol/L potassium phosphate buffer (pH
7.0), 50 mL of 60 mmol/L glutathione, 0.1 mL of 30
U/mL glutathione reductase, 0.1 mL of 15 mmol/L
EDTA, 0.1 mL of 3 mmol/L p-nicotinamide adenine
dinucleotide phosphate (NADPH) and 0.3 mL of
water. The reaction was started by the addition of 0.1
mL of 45 mmol/L cumene hydroperoxide. Oxidation
of NADPH was recorded at 340 nm for 4 min, and the
enzymatic activity was calculated as nmol of NADPH
oxidized min*mg™ of protein using a molar extinction
coefficient of 6.22 x 10°M™* cm™.

Collagen quantification

Fresh liver samples (100 mg) were placed in ampoules,
2 mL of 6 N HCl was added, and then the samples
were sealed and hydrolyzed at 100 C for 48 h. Next,
the samples were evaporated at 50 °C for 24 h and
resuspended in 3 mL of sodium acetate-citric buffer,
pH 6.0; 0.5 g of activated charcoal was added, and the
mixture was stirred vigorously and then centrifuged at
3000 rpm for 15 min. Then, 1 mL of chloramine T was
added to 1 mL of the supernatant. The mixture was
kept for 20 min at room temperature, and the reaction
was stopped by the addition of 0.5 mL of 2 mol/L
sodium thiosulfate and 1 mL of 1 N sodium hydroxide.
The aqueous layer was transferred into test tubes. The
oxidation product from hydroxyproline was converted to
a pyrrole by boiling the samples. The pyrrole-containing
samples were incubated with Ehrlich’s reagent for 30
min, and the absorbance was read at 560 nm. The
recovery of known amounts of standards was carried
out on similar liver samples for quantification™.

Histology

Liver samples were taken from all animals and fixed
with 10% formaldehyde in phosphate-buffered saline
for 24 h. Tissue samples were then washed with tap
water, dehydrated in alcohol and embedded in paraffin.
Five-micrometer-thick sections were mounted on
silane covered glass slides. Staining was performed
with hematoxylin and eosin (H&E) and Masson’s
trichrome stain.

Zymography
Proteolytic activity was assayed with gelatin-substrate
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gels. Liver tissue (0.25 g) was homogenized with 1.7
mL of 1 x PBS. Then, the samples were homogenized
on ice with a polytron homogenizer, sonicated and
centrifuged at 13000 rpm for 10 min. The supernatant
was collected and proteins were quantified via the
bicinchoninic acid method (Pierce BCA Protein Assay
Prod # 23223 Thermo Scientific). Volumes equivalent
to 50 ug of non-heated proteins were mixed with
sample buffer (2.5% SDS, 1% sucrose and 4 mg/mL
phenol red) without reducing agent and applied to 8%
acrylamide gels copolymerized with 1 mg/mL gelatin.
After electrophoresis at 72 V for 2 h, the gels were
rinsed twice in 2.5% Triton X-100 to remove SDS and
then incubated in 50 mmol/L Tris-HCl at pH 7.4 and 5
mmol/L CaClz assay buffer at 37 C for 48 h. The gels
were then fixed and stained with 0.25% Coomassie
Brilliant Blue G-250 in 10% acetic acid and 30%
methanol. Proteolytic activity was detected as clear
bands against the background stain of undigested
substrate in the gel at the expected location according
to the molecular weight of metalloproteinase (MMP)-9
and MMP-2. Images were digitized and then analyzed
densitometrically with Image] software.

Western blot assays
To carry out western blot assays, lysis buffer (1 mol/L
Tris-HCI pH 8, 5 mol/L NaCl, NP40, Triton, 0.5 mol/L
EDTA pH 8, 0.1 mol/L PMSF, 0.1 mol/L NasVO4, 0.1 mol/
L NaF) with protease and phosphatase inhibitors (Pierce
BCA Protein Assay Prod # 23223 Thermo Scientific),
each at a ratio of 1:100, was used to isolate total
protein from liver tissue samples. Liver tissue (50 mg)
was homogenized with 500 pL of lysis buffer. Then the
samples were sonicated and centrifuged at 12000 rpm
for 2 min. The supernatant was collected and proteins
were quantified via the bicinchoninic acid method.
Volumes equivalent to 50 and 250 pg of protein
were transferred onto 15, 12 and 10% polyacrylamide
and electrophoresis was carried out. Separated
proteins were transferred onto an Inmuno-Blot™
PVDF membrane (BIO-RAD, Hercules, CA, United
States). Next, blots were blocked with 7% skim milk
and 0.05% Tween-20 for 2 h at room temperature
and independently incubated overnight at 4 'C with
specific primary antibodies (Table 1). The following
day, membranes were washed with TBS-tween-20
and then exposed to a secondary peroxidase-labeled
antibody a-mouse (62-6520 Invitrogen) or a-rabbit
(31460 Thermo Fisher Scientific) in the blocking
solution for 2 h at room temperature. Blots were then
washed with TBS-tween-20, and protein development
was performed with the western lightning™ Plus-
ECL Enhanced Chemiluminescence detection system
(NEN Life Sciences Products, Elmer LAS Inc., Boston,
MA, United States). p-actin was used as a control to
normalize cytokine protein expression levels. Images
were digitized and then analyzed densitometrically with
Image] software.
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Figure 2 Naringenin prevents necrosis and cholestasis in CCls-treated
rats. Alanine aminotransferase (ALT) (A); alkaline phosphatase (AP) (B) and
y-glutamyl transpeptidase (y-GTP) (C) activities were determined in serum from
control rats, carbon tetrachloride (CCls)-treated rats, CCls plus naringenin rats
(CCls + NAR), and rats administered with NAR alone (NAR). Values represent
the mean of experiments performed in duplicate assay + SE (n = 8). °P < 0.05
vs control group; °P < 0.05 vs CCls group.

Statistical analysis

All data are expressed as the mean values + SE.
Comparisons were carried out via the analysis of one
way variance followed by Tukey’s test, as appropriate,
using the Graph Pad Prism software. Differences were
considered statistically significant when P was < 0.05.

RESULTS

NAR prevented necrosis and cholestasis and improved
liver biosynthetic capacity in CCl: -treated rats

As shown in Figure 2, chronic administration of
CCls significantly increased the serum activity of
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Table 1 Antibodies employed for this research

Protein Company Catalog number  Dilution
TGF-B Millipore MAB1032 1:500
a-SMA Sigma Aldrich A5691 1:500
CTGF Santa Cruz Biotechnology SC-14939 1:500
Col-1 Sigma Aldrich C-2456 1:500
MMP-13 Millipore MAB13426 1:500
NF-kB (p65) Millipore MAB3026 1:500
IL-1 Millipore AB1832P 1:500
IL-10 Invitrogen ARC9102 1:500
Smad3 Abcam Ab65847 1:500
pSmad3L Abcam ADb63403 1:250
Smad? Abcam Ab90086 1:500
JNK Cell Signaling 9252 1:500
PINK Abcam Ab131499 1:500
6 —
b E=

(Y]
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4 =

©

2

(=)]

8

s %0 a

©

)

Control CCls CCls + NAR NAR

Figure 3 Naringenin prevents glycogen depletion in CCls-treated rats.
Liver glycogen content determined in control rats, carbon tetrachloride (CCls)-
treated rats, CCls plus naringenin rats (CCls + NAR), and rats administered
with NAR alone (NAR). Each bar represents the mean value of experiments
performed in duplicate assay + SE (n = 8). °P < 0.05 vs control group; °P < 0.05
vs CCls group.

ALT, a hepatocyte necrosis indicator™®. After CCls
administration, AP and y-GTP (two markers of
cholestasis™®) serum activity significantly increased
compared to the levels in the control group. NAR
administration completely prevented the increase in
ALT, AP and GTP activity, suggesting that NAR is able
to prevent necrosis and cholestasis caused by CCl4
administration.

Glycogen measurement is used to determine
the biosynthetic capacity and proper function of the
liver™. Cirrhotic livers had significantly lower glycogen
levels; however, NAR completely prevented the
depletion of hepatic glycogen (Figure 3).

NAR prevented the oxidative stress caused by chronic
liver damage
One of the main products of LPO is MDA, which is
utilized to measure oxidative stress in tissues®". As
expected, the induction of cirrhosis triggered LPO,
since MDA levels were significantly elevated compared
to the control group. Interestingly, NAR prevented the
increase in MDA levels (Figure 4A).

Reduced glutathione (GSH) is one of the most
important endogenous antioxidants®. CCls-treated
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Figure 4 Naringenin prevents oxidative stress in CCls-treated rats. Lipid peroxidation (A), reduced glutathione (GSH) determinations in liver (B) and blood (C)
and GPx activity (D) from control rats, carbon tetrachloride (CCls)-treated rats, CCls plus naringenin rats (CCls + NAR), and rats administered with NAR alone (NAR).
Each bar represents the mean value of experiments performed in duplicate assay + SE (n = 8). °P < 0.05 vs control group; P < 0.05 vs CCl« group.

rats exhibited low liver and blood GSH levels compared
with the control group, but NAR completely prevented
this decrease and even raised GSH level above that of
the control group (Figure 4B and C).

One of the most important antioxidant enzymes
is GPx, which utilizes GSH to detoxify H202"*, GPx
activity was significantly decreased by the chronic
administration of CCls, while NAR coadministration
partially prevented this effect (Figure 4D).

Together, these results show that NAR prevents
oxidative stress during experimental liver cirrhosis at
several levels.

Inflammation during liver injury was prevented by NAR
administration

NF-xB is a key protein in inflammation, since it re-
gulates interleukin expression, including IL-1 and
IL-10B**1, Baseline values of NF-xB, IL-1 and IL-10
were increased after CCls treatment, and the expression
of NF-xB increased almost 3-fold compared to the
control group. The levels of IL-1 and IL-10 increased by
3.8- and 1.8-fold, respectively, compared to the control
group. NAR prevented inflammation and necrosis in
CCls-treated rats by maintaining normal NF-«xB, IL-1 and
IL-10 levels (Figure 5).

Collagen accumulation was prevented by NAR in CCls-
induced experimental cirrhosis
Collagen quantification provides information about the
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4359

balance between ECM synthesis and degradation™*,

Rats treated with CCls showed a nearly 4-fold in-
crement in collagen content compared to the control
group. This effect was completely prevented by NAR
(Figure 6).

The general appearance of the livers at the
macroscopic and microscopic level can be seen in
Figure 7. Figure 7A shows a normal liver from the
control group. CCls treatment produced macro nodular
fibrosis (Figure 7B) that was prevented by NAR
administration (Figure 7C). NAR-treated rats had livers
that were macroscopically similar to those of control
animals (Figure 7D).

H&E staining is shown in Figure 7E-H. Figure 7E,
the control group, shows no alterations of the hepatic
parenchyma. Figure 7F corresponds to a representative
liver section of chronic CCls-induced liver injury; in this
case, the tissue shows liver parenchymal disruption,
steatosis, hyperchromatic nuclear hepatocytes, and
atypical pleomorphic nuclei. Fibrosis was decreased by
the administration of NAR (Figure 7G). NAR treatment
of control rats produced no effect on liver histology
(Figure 7H).

Masson’s stained liver slices are shown in Figure
71I-L. Figure 7] presents a sample of a liver from a
cirrhotic rat; a large amounts of collagen around
fibrotic nodules was detected. The distortion of
the parenchyma is evident when compared with
a normal control liver (Figure 7I). NAR treatment
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Figure 5 Naringenin prevents inflammation in CCls-treated rats. The NF-
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administered with NAR alone (NAR). B-actin was used as a control. Values
are expressed as fold increase of relative IOD normalized to the control group
values (control = 1). Each bar represents the mean value of three rats + SE. °P
<0.05 vs control group; °P < 0.05 vs CCls group.

CCls + NAR NAR

20 kDa

B-actin

Baishidenge ~ WJG | www.wjgnet.com

15

IERINIE

Control CCls CCls + NAR NAR

mg collagen/g liver

Figure 6 Naringenin prevents collagen deposition in CCls-treated rats.
Liver collagen content determined in control rats, carbon tetrachloride (CCls)-
treated rats, CCls plus naringenin rats (CCls + NAR), and rats administered
with NAR alone (NAR). Each bar represents the mean value of experiments
performed in duplicate assay + SE (n = 8). °P < 0.05 vs control group; °P < 0.05
vs CCls group.

prevented collagen accumulation and the formation
of regenerative nodules (Figure 7K), and NAR alone
produced no effect (Figure 7L).

NAR preserved the normal activity of MMP-9 and MMP-2
in experimental liver cirrhosis

MMPs are enzymes that are responsible for ECM
degradation, and among the most important are
MMP-9 and MMP-2P®, As seen in Figure 8, during
normal conditions, MMP-9 and MMP-2 exhibit basal
activity. However, after CCls administration, MMP-9 and
MMP-2 activities increased 3.7- and 5.4-fold compared
to the control group, respectively. NAR treatment
effectively maintained basal MMP activity levels in
animals with experimental cirrhosis induced by CCla.

NAR blocked HSC transdifferentiation and Col-1
synthesis by inhibiting profibrogenic proteins

It is well known that TGF-B induces HSC trans-
differentiation, as well as a-SMA, Col-1 and connective
tissue growth factor (CTGF) expression in HSCs!'*"),
In this study, under normal conditions, basal TGF-B,
a-SMA, CTGF and Col-1 protein levels were observed;
however, experimental fibrosis induced by CCl4
administration increased the expression of such
proteins several-fold compared to the control group.
NAR administration completely prevented the elevation
of TGF-B, a-SMA, CTGF and Col-1 levels during CCls
administration. Unexpectedly, NAR alone reduced
a-SMA and Col-1 levels to below the control group
(Figure 9A-D).

MMP-13 is involved in the migration and proli-
feration of HSCs and the activation of TGF-pP®. As
seen in Figure 9E, during normal conditions MMP-13
depicts basal protein levels; however, due to CCl4
administration, the MMP-13 level increased 2.3 fold
above the control group. NAR treatment effectively
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Figure 7 Naringenin effect on macroscopic and microscopic hepatic architecture in CCls-treated rats. Macroscopic aspect of livers in control rats (A), carbon
tetrachloride (CCl)-treated rats (B), CCls plus naringenin rats (CCls + NAR) (C), and NAR alone rats (D). Hematoxylin and Eosin stain in livers of control rats (E), CCl-
treated rats (F), CCls + NAR rats (G), and rats administered with NAR alone (H). Masson’s trichromic staining in livers of control rats (1), CCls-treated rats (J), CCls +

NAR (K), and NAR alone rats (L). Bar scale = 50 um. Magnification x 100.

maintained basal MMP-13 protein levels in animals
with experimental cirrhosis induced by CCla.

Since Smad?7 inhibits the TGF-B signaling pathway
by TGF-B receptor ubiquitination®”’, we evaluated
Smad?7 to determine its participation in the mechanism
of action of NAR. Smad? levels were significantly
decreased by CCls administration, but this effect was
prevented by NAR treatment. Interestingly, NAR
administration by itself increased Smad7 protein
expression above control values (Figure 9F).

Baishidenge ~ WJG | www.wjgnet.com

NAR inhibited HSC proliferation by blocking the JNK-
pSmad3L pathway

Smad3 is normally activated by TGF-p, but IJNK, via
the linker phosphorylation pathway, also enables
Smad3 to induce HSC proliferation®*®!. Our results
confirmed that animals treated with CCls over 8 wk
showed a significant increase in the expression of
pINK, pSmad3L and Smad3 compared with basal
conditions. Interestingly, NAR administration prevented
IJNK activation, the elevation of Smad3 protein levels
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Figure 8 Naringenin prevents elevation of metalloproteinase-9 and 2
activities in CCls-treated rats. Matrix metalloproteinase (MMP)-9 (A) and
MMP-2 (B) activities was analyzed by zymography using gelatin-substrate gels
(C). Liver samples for control rats, carbon tetrachloride (CCls)-treated rats, CCla
plus naringenin rats (CCls + NAR), and rats administered with NAR alone (NAR)
were analyzed. Values are expressed as average of relative I0D, normalized to
the control group values (control = 1). Each bar represents the mean value of
three rats + SE. °P < 0.05 vs control group; °P < 0.05 vs CCls group.

and phosphorylation in the linker region (Figure 10).

DISCUSSION

The aim of this study was to evaluate the hepato-
protective effect of NAR in a model of CCls-induced
chronic damage and to investigate whether the
beneficial effects of NAR are associated with its
antioxidant properties, and/or the disruption of NF-
kB, and/or the canonical or non-canonical TGF-B
pathways. The results show that the flavonoid is
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able to prevent necrosis, cholestasis, glycogen stores
depletion and oxidative stress induced by chronic
CCls administration. NAR preserved liver function,
normal collagen levels and MMP basal activity during
CCls administration. In addition, NAR prevented HSC
transdifferentiation and Col-1 synthesis by inhibiting
profibrogenic proteins such as TGF-B and CTGF. NAR
also preserved Smad7 protein levels, which decreased
during liver injury. Regarding the non-canonical Smad
pathway, the flavonoid prevented the activation of
JNK and Smad3 phosphorylation in the linker region.
Finally, NAR showed anti-inflammatory properties
because it maintained normal levels of NF-«B, IL-1 and
IL-10 during liver injury. In summary, NAR prevented
CCls -cirrhosis by means of its antioxidant, anti-
inflammatory, immunomodulatory and antifibrotic
properties.

NAR protects the liver via an antioxidant mechanism

The antinecrotic and anticholestatic effects of NAR
may be associated with the ability of the flavonoid
to prevent membrane damage due to its antioxidant
properties. The toxic effect of CClsis dependent
on its degraded metabolites, trichloromethyl and
trichloromethyl peroxyl radicals, which are formed by
the liver microsomal enzyme CYP2E1. These molecules
are unstable radicals and exhibit strong binding affinity
to protein and lipids of cell membranes by abstracting
a hydrogen atom from an unsaturated lipid, thereby
triggering LPO and thus causing liver damage!*®**.

NAR was able to prevent LPO due to its molecular
structure; perhaps its hydroxyl groups facilitate
its adherence to lipid bilayer polar groups, and its
nonpolar nucleus may interact with hydrophobic tails of
phospholipids, thereby reducing the deleterious effects
of free radicals on membranes*****,

On the other hand, GSH is one of the main
components of the endogenous antioxidant system;
it scavenges hydroxyl and peroxynitrite radicals and
is a GPx cofactor, among other important activities™?.,
Chronic CCl+ administration decreased GSH levels;
however, NAR was could preserve normal GSH levels
in the liver and blood. In addition to its antioxidant
properties as a free radical scavenger, NAR may also
act though Nrf2 activation and induce endogenous
antioxidant enzymes. In fact, NAR upregulates the
expression of the enzyme glutamate-cysteine ligase,
the rate limiting enzyme involved in de novo GSH
synthesis***¥!, as well as glutathione reductase, which
catalyzes the reduction of oxidized glutathione to the
reduced form™>*). GPx detoxifies H20: by reducing it
to water and oxygen, utilizing two molecules of GSH to
form GSSG in the reduction of a molecule of H202"!,
In agreement with previous reports!***>**>3 CCla
decreased GPx activity in this study. NAR cotreatment
partially prevented the decrement in GPx activity,
probably by up regulating its expression through Nrf2
modulation!*>*%43#+47%% " nroviding another mechanism
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Figure 9 Naringenin prevents elevation of TGF-3, a-SMA, CTGF, MMP-13, and Col-1 protein levels, and preserves Smad7 protein levels in CCls-treated
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control. Values are expressed as fold increase of relative IOD normalized to the control group values (control = 1). Each bar represents the mean value of three rats +

SE. °P < 0.05 vs control group; °P < 0.05 vs CCls group.

to fight oxidative stress induced by CCla.

NAR prevents hepatic necrosis by blocking the NF-«kB

pathway
Rats treated with CCls showed increased NF-«xB,

Baishidenge ~ WJG | www.wjgnet.com

4363

IL-1 and IL-10 protein levels, but concomitant NAR
administration with CCls prevented this increase. NAR
inhibits NF-xB via the downregulation of TLR4 and
TLR2 mRNA and protein levels and the decreased
translocation and DNA binding of NF-xB™*>®!, This leads
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Figure 10 Naringenin prevents Smad3 linker phosphorylation by JNK
inhibition in CCls-treated rats. pJNK (A) and pSmad3L protein activation (B)
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0.05 vs CCls group.
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to the inhibition of the expression of NF-xB dependent
interleukins, such as IL-1 and IL-10, and thus, necrosis
is prevented.

NAR preserves MMP-9 and MMP-2 activity in CCls-
treated rats

During fibrosis, activated HSCs and Kupffer cells
express MMP-9 and MMP-2; these enzymes lead to
TGF-B activation by cleaving TGF-B from its reservoir
on ECM, thus enhancing HSC invasive activity™®>**"*%,
CCls chronic administration increased MMP-9 and
MMP-2, while concomitant NAR administration
maintained the normal activity of MMPs. In agreement
with these findings, several reports indicate that
NAR reduces both protein and mRNA levels of
MMP-9 and MMP-2, thereby reducing the activity of
these MMPs™?®!l, Therefore, it seems likely that the
antifibrotic effect of NAR may be due, in part, to the
downregulation of MMP-9 and MMP-2.

NAR inhibits the TGF-B-Smad3 pathway, leading to the
downregulation of a-SMA, CTGF and Col-I

Through pSmad3C, TGF-B induces the expression of
o-SMA, CTGF and Col-1 in activated HSCs; a-SMA
is a highly specific transdifferentiation marker that
is closely related to HSC contractile and migration
capacities. CTGF amplifies the profibrogenic action
of TGF-B, and Col-I is one of the main types of ECM
collagen™?7%2%31 In this study, CCls administration
increased TGF-B, a-SMA, CTGF and Col-I protein
levels; importantly, NAR preserved the normal levels of
these proteins.

The possible mechanism by which NAR inhibits
the TGF-B-Smad3 pathway are (1) a reduction in
tissue TGF-B levels; (2) a decrease in Smad3 mRNA
and protein levels, with consequent reduction in
Smad3 phosphorylation, thus preventing the nuclear
translocation of pSmad3C; and (3) a reduction in the
binding of TGF-p to its specific receptor, TBRII, leading
to the inhibition of Smad3 phosphorylation®2%>%64661,
In agreement with the results that were obtained, it
has been reported that the inhibition of the TGF-p-
Smad3 pathway by NAR results in decreased a-SMA,
CTGF and Col-I mRNA and protein levels!®*37671,
therefore providing a suitable mechanism to further
explain the antifibrotic properties of NAR.

NAR downregulates the profibrogenic TGF-f pathway
by preserving Smad7 protein levels

Contrary to Smad3, Smad7 exerts an inhibitory
effect on the TGF-pB pathway by activating TBRI
degradation®®’. As reported by others!®®®, CCls
administration reduced Smad?7 protein levels, but NAR
was able to prevent this event. Lou et al*”, reported
that NAR is able to preserve Smad7 mRNA levels in
pancreatic cells treated with TGF-B. The prevention
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Figure 11 Schematic representation of the antifibrotic effect of naringenin. Naringenin (N) may act at 7 levels to prevent liver fibrosis: (1) by maintaining basal
TGF-B levels, thus, preventing hepatic stellate cells activation (HSC), (2) preserving normal metalloproteinases (MMPs) activity blocking TGF-B liberation from
extracellular matrix (ECM), (3) increasing the inhibitory protein Smad7, (4) by blocking the activation of JNK, (5) preserving Smad3 levels within control values, (6)
blocking the proinflammatory factor NF-xB, (7) by counteracting oxidative stress, preserving reduced glutathione (GSH) levels, glutathione peroxidase (GPx) activity
and lipid peroxidation (LPO) induced by reactive oxygen species (ROS), within normal levels.

of Smad7 diminution by NAR constitutes another
valuable mechanism by which the TGF-B pathway is
downregulated to prevent fibrosis.

NAR blocks the profibrogenic action of TGF-8 by
downregulating MMP-13

MMP-13 is expressed by HSCs, Kupffer cells, and
perisinusoidal cells; it releases ECM-bound cytokines
such as TGF-B, leading to HSC proliferation and
migration®, CCls-induced liver damage increased
protein levels of MMP-13; however, NAR maintained
normal MMP-13 levels during liver damage. MMP-13
can be upregulated by IL-1, NF-xB and JNK%7%,
however, these proteins were also downregulated by
NAR. By downregulating MMP-13, NAR may prevent
ECM deposition in rats treated with CCla.

NAR also prevents fibrosis by blocking the non-
canonical TGF-f pathway

After CCls administration, the activation of JNK
was elevated, as were Smad3 protein levels and
phosphorylation in the linker region of this protein.
During CCls administration, pSmad3L has been
found in the nucleus of HSCs. The phosphorylation
of Smad3 in the linker region is catalyzed by pINK,
resulting in a rapid translocation of pSmad3L to the
nucleus and the stimulation of expression of c-myc,
an important HSC proliferation inducer®’*’#, which
leads to increased ECM production. NAR was capable
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of preventing the increase in Smad3 protein levels
and JNK phosphorylation, and therefore, pSmad3L
formation was decreased, leading to the inhibition of
ECM deposition.

Figure 11 summarizes the mechanisms by which
NAR acts to prevent liver oxidative stress, necrosis
and fibrosis induced by chronic CCls intoxication;
(1) during fibrosis, TGF-B is a major HSC trans-
differentiation inductor, so the levels are increased.
NAR administration maintained basal levels of TGF-p;
(2) normally, latent TGF-B is anchored to the ECM,
but during liver fibrogenesis, the activation of metal-
loproteinases such as MMP-2, MMP-9 and MMP-13
leads to TGF-B activation by cleaving it from its
reservoir. NAR effectively preserved basal MMP activity
levels and prevented TGF-B activation; (3) TGF-B
binds to the TGF-p type II receptor (TBRII), which
recruits and phosphorylates the TGF- type I receptor
(TBRI), which in turn phosphorylates Smad3 in its
C-terminal region, leading to pSmad3C formation.
Smad?7 inhibits the TGF-B signaling pathway via
TBRRI ubiquitination and posterior degradation in
the proteasome. NAR increased Smad7 expression,
therefore downregulating the TGF-B pathway; (4) it
is known that PDGF activates IJNK, and in turn, this
kinase phosphorylates Smad3 in the linker domain
to generate pSmad3L. NAR administration prevented
JNK activation and Smad3 phosphorylation; (5)
Smad3 is indispensable for the canonical and non-
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canonical pathways and in liver samples from cirrhotic
rats Smad3 levels are increased; however, NAR
maintained basal Smad3 levels; (6) NF-xB regulates
the expression of interleukins such as IL-1 and IL-10,
while NAR prevented inflammation by downregulating
the expression of NF-«B; and (7) one of the most
important antioxidant enzymes is GPx, which utilizes
GSH to detoxify H202; during cirrhosis, this activity
decreased, and NAR partially prevented this effect and
blocked LPO.

In conclusion, our results demonstrate, for the first
time, that NAR completely prevents CCls-induced liver
fibrosis in rats, not only because of its antioxidant pro-
perties but also via its effects as an immunomodulator
and a downregulator of several profibrogenic pathways.
The present results not only provide important infor-
mation about the mechanism of the antifibrotic actions
of NAR but also suggest that this flavonoid may be
utilized in patients with fibrosis previous clinical and
toxicological evaluation.
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COMMENTS

Background

Liver fibrosis results from chronic liver damage and is characterized by
extracellular matrix (ECM) protein deposition. The mechanisms by which
the ECM is induced by hepatic stellate cells includes oxidative stress and
involves canonical and non-canonical TGF-B pathways and increased
metalloproteinases. Naringenin (NAR) has shown some hepatoprotective
properties; however, the capacity of NAR to prevent liver fibrosis has not yet
been evaluated.

Research frontiers

NAR is a flavonoid that is widely distributed in nature and possesses
antioxidant, anti-inflammatory and immunomodulatory properties that may be
very useful to prevent hepatic fibrosis.

Innovations and breakthroughs

Oxidative stress, NF-xB activity, TGF-B-Smad3 and metalloprotease activity
lead to necrosis and fibrosis. NAR may inhibit hepatic necrosis and fibrosis
by blocking free radicals and inhibiting these proinflammatory and profibrotic
pathways.

Applications

The current results indicate that the antinecrotic, anti-inflammatory and
antifibrotic effects of NAR may be due to its ability to directly and indirectly
fight free radicals and to inhibit NF-kB, IL-1, IL-10, and TGF-B-Smad3 and
metalloproteases activity.

Terminology
NAR is the natural flavonoid aglycone of naringin; it is a flavanone with a
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stereogenic center at C2. It has two enantiomers, namely, (R)-NAR and (S)-NAR,
and both NAR enantiomers are present in natural sources.

Peer-review

The paper by Hernandez-Aquino et al investigated the hepato-protective
and anti-fibrotic effects of NAR using a CCls-induced liver fibrosis model.
The authors found NAR protects liver functions in the CCls-treated livers,
and reduces levels of oxidative stress, fibrosis, and inflammation. This is an
interesting paper which has implications for possible mechanisms underlying
hepato-protective and anti-fibrotic effects of NAR. The manuscript was well
written and the data support their claims.
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