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ARTICLE INFO ABSTRACT
Keywords: This work aimed to investigate a possible mechanism that may mediate the hepatoprotective
Thioacetamide effects of pomegranate fruit extract (PFE) against thioacetamide (THIO)-induced liver fibrosis in

Liver fibrosis

. rats. Male Sprague Dawley rats were randomly allocated into four groups (n = 8 each): control;
Pomegranate fruit extract

o PFE (150 mg/kg/day, orally); THIO (200 mg/kg, i.p, 3 times a week); and THIO and PFE-treated
Oxidative stress . . . o
RAGE groups. Oral PFE treatment decreased liver/body weight ratio by 12.4%, diminished serum
TGF-p1 function levels of ALT, AST, ALP, LDH, and total bilirubin, increased serum albumin, boosted
hepatic GSH (by 35.6%) and SOD (by 17.5%), and significantly reduced hepatic levels of ROS,
MDA, 4-HNE, AGEs, and RAGE in THIO-fibrotic rats relative to untreated THIO group. Moreover,
PFE administration downregulated the hepatic levels of profibrotic TGF-$1 (by 23.0%, P < 0.001)
and TIMP-1 (by 41.5%, P < 0.001), attenuated a-SMA protein expression, decreased serum HA
levels (by 41.3%), and reduced the hepatic levels of the fibrosis markers hydroxyproline (by
26.0%, P < 0.001), collagen type IV (by 44.3%, P < 0.001) and laminin (by 43.4%, P < 0.001)
compared to the untreated THIO group. The histopathological examination has corroborated
these findings, where PFE decreased hepatic nodule incidence, attenuated portal necroin-
flammation and reduced extent of fibrosis. These findings may suggest that oral PFE adminis-
tration could slow the progression of hepatic fibrogenesis via reducing hepatic levels of AGEs,
RAGE, ROS, TGF-p1, and TIMP-1.

1. Introduction

Liver fibrosis is an abnormal progressive deposition of extracellular matrix (ECM) proteins in hepatic parenchyma due to an
imbalance that favors fibrogenesis over fibrinolysis [1,2]. Liver fibrosis and its more severe form, cirrhosis, are usually the inevitable
result of chronic sustained liver damage caused by multiple injurious insults, including, but not limited to, infective viruses, auto-
immune diseases, alcoholism, and metal ions overload [3]. Liver fibrosis is currently incurable, and its prevalence is increasing
worldwide, thereby constituting a major health challenge to many countries globally [4,5].
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The central event in hepatic fibrogenesis is the trans-differentiation of resident liver cells, predominantly quiescent hepatic stellate
cells (HSCs), intomyofibroblasts (MFs), which promote the formation of excess scar tissue by both secreting ECM proteins and releasing
inhibitors that mitigate ECM degradation, such as tissue inhibitor of metalloproteinase-1 (TIMP-1) [6]. TIMP-1 also exerts an
anti-apoptotic influence on HSCs by enhancing their survival through increasing expression of B cell lymphoma 2 (Bcl-2) proteins [7,
8]. The transforming growth factor-p1 (TGF-p1) cytokine, another important player in fibrogenesis, mediates HSC activation after a
chronic injury, stimulates MF growth, and enhances ECM protein accumulation by reducing the production of interstitial collagenases
and increasing expression of TIMP-1 and collagen-I [9,10].

Receptor for advanced glycation end products (AGEs) (RAGE) is a multiligand transmembrane receptor, which is expressed in HSCs
and its expression is increased during HSC transition to MF phenotype [11-16]. Interaction of RAGE with various ligands, including
AGEs, triggers oxidative stress, a major contributor to HSC activation, by activating downstream signaling cascades that include
nuclear factor-kB (NF-kB), TGF-f1, NAD(P)H oxidase (NOX), and reactive oxygen species (ROS) [13,14,17-19]. Inhibition of the
RAGE-mediated signal transduction has been suggested as a therapeutic target for chronic liver injury [16,20,21].

Pomegranate (Punica granatum L.) fruit has garnered great attention for many centuries owing to its health benefits [22], which has
largely been attributed to its high content of polyphenols that include hydrolyzable tannins (particularly punicalagin) and anthocy-
anins [23,24]. Pomegranate-derived products are being investigated for potential use in the treatment of cardiovascular disease
[25-27], Alzheimer’s disease [28], benign prostatic hyperplasia [29], and cancer [30-32].

Pomegranate fruit extract (PFE), peel extract (PPE), juice (PJ), and seeds have demonstrated potent antioxidant properties [33]. It
was reported that punicalagin, the major pomegranate component, displayed antioxidant activity against methotrexate-induced liver
damage in mice [34]. Interestingly, PFE reduced serum AGE levels in high fat/high sucrose (HFHS)-fed mice and inhibited in vitro
formation of AGEs from bovine serum albumin and sugars [35]. Furthermore, PFE reduced the vascular expression of TGF-p1 in obese
Zucker rats [36].

Based on these reported activities of pomegranate products, we hypothesized that oral supplementation of PFE could attenuate the
progression of liver fibrosis, induced by chronic thioacetamide (THIO) administration in rats, via interfering with the AGE-RAGE-ROS-
TGF-B1-TIMP-1 cascade.

2. Materials and methods
2.1. Chemicals
TAA (catalog number 172502), Ellman’s reagent [5, 5'-dithio-bis (2-nitrobenzoic acid)] (catalog number D218200), 2/, 7'-

dichlorofluorescein diacetates (catalog number D6883, DCFDA), and all other chemical reagents were purchased from Sigma Aldrich
(St. Louis, MO, USA).

Table 1
Compositional characteristics of pomegranate fruit extract (PFE) capsules
(Pomella®) [39,40].

Physical characteristics Specification

Plant part used Fruit

Appearance Dry powder

Color Yellowish brown to brown
Odor and taste Characteristic

Chemical analysis
Assay for active constituents
70% polyphenols including:

a. Punicalagins 30%

b. Ellagic acid 5%

c. Gallic acid 0.3%
Solubility

In water at 90 °C

In alcohol

Impurities

Total heavy metals <10 ppm
Lead <0.5 ppm
Mercury <2 ppm
Arsenic <1 ppm
Microbiology

Total plate count <1000 cfu/g
Yeast and mold <100 cfu/g
Escherichia coli Absent
Salmonella typhi Absent
Coliform <10 cfu/g
Staphylococcus aureus Absent
Enterobacteriaceae Absent

ppm, part per million; cfu, colony forming unit.
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2.2. Pomegranate fruit extract (PFE)

Standardized PFE capsules (Pomella®, 500 mg/capsule) were purchased from Verdure Science Inc. (Noblesville, IN, USA). The
standardized composition of Pomella® PFE capsules was fully described [37,38]. The extract was high-performance liquid chroma-
tography (HPLC)-standardized using validated methods and standards to the major pomegranate ellagitannins (30% punicalagin o and
punicalagin ) and ellagic acid (5%). Other components, such as gallic acid, caffeic acid, and luteolin, were also identified [37]. The
compositional characteristics of PFE capsules (Pomella®) are shown in Table 1.

2.3. Animals

Male Sprague Dawley rats (6-8 week-old, 200 + 20 g) were purchased from the breeding unit of the Egyptian Organization for
Biological Products and Vaccines (Helwan, Egypt). They were housed in an air-conditioned animal unit at 22-25 °C witha 12 h:12h
dark/light schedule and provided with a standard diet and water ad libitum. The research protocols of this study complied with the
international guidelines for animal use and were approved by the Research Ethics Committee at the Faculty of Pharmacy, Mansoura
University, Egypt (ethical approval number: 2022-215).

2.4. Experimental design

Rats were left in cages for one week to adapt. They were then randomly allocated into four groups (n = 8/group), as follows: (i)
control, received distilled water (3 mL/kg/day, orally); (ii) PFE, received PFE in a daily oral dose of 150 mg/kg suspended in distilled
water [41]; (iii) THIO, received THIO (200 mg/kg, i.p, 3 times a week), as previously reported [42] and (iv) [THIO + PFE], received
both THIO (200 mg/kg, i.p, 3 times a week) and PFE (150 mg/kg/day, orally). The THIO solution was prepared by dissolving 1 g of
THIO in 25 mL of distilled water and rats received 5 mL/kg of this solution. The THIO solution was freshly prepared on the day of
injection approximately 1 h before administration. Control groups received the same volume of distilled water. Rats were weighed
before each THIO injection to accurately calculate the dose of THIO. THIO was injected in unanaesthetized rats using sterile 25 G
syringes. PFE and THIO administration started from day 1 and continued during the whole duration of the experimental protocol (6
weeks).

2.5. Specimen collection and hepatic tissue homogenate preparation

At the end of the experiment, animals were weighed and anesthetized (pentobarbitone sodium, 50 mg/kg, i.p.). Blood samples were
collected from the retro-orbital plexus, allowed to clot for 30 min, and centrifuged (1000xg/4 °C/10 min (to obtain serum for
determination of liver function parameters. Rats were then sacrificed, and a laparotomy was performed to harvest liver, which was
rinsed in ice-cold saline, blotted on filter paper, and weighed to calculate liver/body mass index. A portion of the right medial hepatic
lobe (100 mg) was maintained in 0.5% KOH for assessment of hydroxyproline content. The left medial lobe was placed in 10% neutral
buffered formalin for histopathological and immunohistochemical analyses. A portion of the right lateral hepatic lobe was homoge-
nized (1:10 w/v, 4 °C) in phosphate-buffered saline (pH 7.4) using a tissue homogenizer (Omni TH220, Omni International, USA). The
homogenates were centrifuged at 1000xg (4 °C/15 min) to obtain supernatants for assessment of oxidative stress and inflammation-
related biomarkers, AGE, TGF-p1, TIMP-1, and collagen type IV and laminin or at 10,000 xg (4 °C/30 min) for determination of hepatic
RAGE expression.

2.6. Liver function parameters

Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin, and total bilirubin were determined
using commercial kits from Biodiagnostics (catalog numbers AL1031, AS1061, AB1010 and BR1111, respectively, Badr City, Egypt).
Assay kits from Human Diagnostics (Wiesbaden, Germany) were used to assess serum levels of alkaline phosphatase (catalog number
12117, ALP) and lactate dehydrogenase (catalog number 12214, LDH).

2.7. Hepatic oxidative stress

2.7.1. Reduced glutathione (GSH) level and superoxide dismutase (SOD) activity
The hepatic levels of non-protein thiols, mainly GSH, were assessed spectrophotometrically using Ellman’s reagent [43]. Addi-
tionally, hepatic SOD enzymatic activity was estimated based on its ability to inhibit pyrogallol auto-oxidation at an alkaline pH [44].

2.7.2. Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) contents

Hepatic concentrations of MDA and 4-HNE were assessed as previously described [45,46]. Basically, 1-methyl-2-phenylindole
reacts with both MDA and 4-HNE in methanesulfonic acid (MSA)-containing medium, forming a stable chromophore (measured at
586 nm; MDA + 4-HNE content). For selective assessment of MDA in presence of 4-HNE, MSA was replaced with hydrochloric acid.
Two standard curves were constructed using accurately prepared 1,1,3,3 tetramethoxypropane and 4-HNE (0-20 nmoL/ml) solutions.
4-HNE concentrations were calculated by subtracting MDA values from the total [MDA + 4-HNE] levels.
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2.7.3. Reactive oxygen species (ROS)
Hepatic levels of ROS were determined using a fluorometric assay, which is based on ROS-mediated oxidative conversion of stable,

non-fluorescent DCFDA to the highly fluorescent dichlorofluorescein (DCF) in the presence of tissue esterases [47]. Excitation was
performed at 488 nm and fluorescence was measured at an emission wavelength of 530 nm.

2.8. Hepatic hydroxyproline levels

Hepatic hydroxyproline content was assessed using a colorimetric assay as previously reported [48]. The absorbance of the formed
chromophore was read at 550 nm.

2.9. Hepatic AGE fluorescence levels

Hepatic levels of AGEs were determined by quantitative fluorescence spectroscopy, as previously described [49]. Briefly, liver
tissue homogenates were diluted (1:30) in 0.1 N NaOH, before centrifugation at 10,000 xg (4 °C/20 min). Based on their fluorescence
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Fig. 1. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on liver/body weight index and liver function parameters in thioacetamide
(THIO)-administered rats. Data are presented as means + SEM, n = 8/group. *, P < 0.05; **, P < 0.001 vs. control group. #, P < 0.05; ##, P < 0.001
vs. THIO group.

ALT, alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase
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properties [50-52], AGEs produced a fluorescent signal at a peak emission wavelength of 440 nm when the hepatic supernatant was
excited at 370 nm. Fluorescence was determined using a spectrofluorometer (Shimadzu Corporation, Kyoto, Japan). Results were
expressed as fluorescence intensity unit (FIU)/mg protein.

2.10. Serum hyaluronic acid (HA) and hepatic levels of AGEs, RAGE, laminin, collagen type IV, TGF-f1 and TIMP-1

Commercially-available Rat ELISA kits were used for the determination of serum HA (catalog number CSB-E08120r, Cusabio,
China) and hepatic levels of AGEs (catalog number CSB-E09413r, Cusabio, China), RAGE (catalog number EK0971, PicoKine™, Boster
Biological Technology, CA, USA), laminin (catalog number MBS824860, MyBioSource, California, USA), collagen type IV (catalog
number SEA180Ra, Cloud-Clone Corp, Houston, TX, USA), TGF-p1 (catalog number 501125468, Platinum, eBioscience, San Diego,
CA) and TIMP-1 (catalog number BEK1209, Chongqing Biospes Co., Chongqing, China), following the manufacturer’s instructions. The
intra-assay and inter-assay coefficients of variations (CV%) were less than 10% for all ELISA kits used.

2.11. Histopathological and immunohistochemical evaluation

Formalin-fixed liver tissues were embedded in paraffin wax, sectioned transversely (5 pm), and stained with Hematoxylin & Eosin
(H&E) and Masson’s trichrome (MT) stains. The analyses were performed microscopically (Leica Imaging Systems, Cambridge, UK). At
least 5 different fields of view were examined per each liver specimen. The degree of hepatic fibrosis was evaluated on a 0-6 scale, as
previously described [53]. Moreover, the degree of portal inflammation (0-4), focal necrosis and inflammation (0-4), confluent ne-
crosis (0-6), and periportal/periseptal interface hepatitis (0-4) were semiquantitatively assessed to provide a necroinflammatory
activity score for each liver specimen (0-18) [53]. Moreover, the hepatic expression of a-smooth muscle actin (a-SMA) protein was
detected immunohistochemically using a mouse monoclonal anti-a-SMA antibody (catalog number MS-113-R7, Thermo Fisher Sci-
entific, UK). Three to five non-overlapping fields were analyzed using ImageJ software (version 1.53t, National Institutes of Health) to
quantify the average percentage area of positive immunostaining for a-SMA in each liver specimen, as reported previously [54]. The
pathologist performing histopathological assessments was unaware of the group assignment.
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Fig. 2. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on hepatic oxidative stress-related parameters in thioacetamide (THIO)-
administered rats. Data are presented as means + SEM, n = 8/group. *, P < 0.05; **, P < 0.001vs. control group. #, P < 0.05; ##, P < 0.001 ys. THIO
group. ROS; reactive oxygen species; MDA, malondialdehyde; 4-HNE, 4-hydroxynonenal; GSH, reduced glutathione; SOD, superoxide dismutase.
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2.12. Statistical analysis

Data are expressed as means + SEM. To measure significant differences between group means, one-way analysis of variance
(ANOVA) followed by Tukey-Kramer’s post hoc tests was used. Histopathological fibrosis and necroinflammatory scores were
compared using Kruskal-Wallis followed by Dunn’s post hoc tests. The significant difference was set at P < 0.05. GraphPad Prism
Software (V6, San Diego, CA, USA) was used for performing statistical analyses, graphing, and curve fitting of standard curves.

3. Results
3.1. Liver/body weight index and hepatic function parameters

THIO-challenged rats exhibited a significant increase in liver/body weight index (by 1.4 fold, P < 0.001) compared to the control
group. Daily oral PFE supplementation to THIO-treated rats reduced the liver/body weight ratio by 12.4% relative to the THIO group
(P < 0.05). These results are shown in Fig. 1A.

Moreover, THIO administration significantly increased serum activities of ALT (by 54.5%, P < 0.05), AST (by 81.6%, P < 0.001),
ALP (by 3.7-fold, P < 0.001), and LDH (by 5.6 fold, P < 0.001) and serum total bilirubin levels (by 2.5 fold, P < 0.001) relative to
control rats. Daily administration of PFE to THIO-treated rats significantly diminished THIO-induced elevations in serum ALT (by
30.5%, P < 0.05), AST (by 52.5%, P < 0.001), ALP (by 33.9%, P < 0.001), LDH (by 55.4%, P < 0.001) and total bilirubin (by 47.4%, P
< 0.001) compared to THIO-group (Fig. 1B-F).

THIO-treated rats also exhibited significantly reduced serum albumin levels (by 24.3%, P < 0.000; Fig. 1G) in comparison to

control animals. PFE supplementation significantly increased serum albumin levels in THIO-treated rats by 16.4% (P < 0.05 versus the
THIO group).

3.2. Hepatic oxidative stress-related parameters

THIO-administered rats showed a significant increase in hepatic ROS levels (by 1.8-fold, P < 0.001 vs. control group; Fig. 2A).
Moreover, liver tissues from the THIO group showed significant reductions in hepatic GSH and SOD by 24.5% and 14.0%, respectively,
compared to the control group (Fig. 2B and C, respectively). This prooxidant/antioxidant imbalance resulted in a marked increase in
lipid peroxidation of liver tissues, as indicated by significantly higher hepatic levels of MDA and 4-HNE, biomarkers of lipid peroxi-
dation, by 2.9 and 2.5 fold, respectively, relative to control rats (P < 0.001, Fig. 2D and E respectively). Daily oral PFE treatment of
THIO-administered rats significantly increased hepatic GSH and SOD by 35.6% and 17.5%, respectively and significantly reduced
hepatic levels of ROS, MDA, and 4-HNE by 25.1% 32.6%, and 38.0%, respectively, compared to the untreated THIO rats (Fig. 2A-E).

3.3. Hepatic levels of AGEs and RAGE

Hepatic levels of AGEs (determined by spectrofluorimetric analysis (Fig. 3A) and ELISA (Fig. 3B)) and RAGE (Fig. 3C) were
significantly higher in THIO-administered rats relative to the control group (P < 0.001). [THIO + PFE]-treated rats showed signifi-
cantly reduced hepatic AGE concentrations (P < 0.001) and RAGE levels (by 42.4%, P < 0.001) relative to the untreated THIO group.

3.4. Hepatic expression of TGF-f1 and TIMP-1

Chronic administration of THIO significantly increased hepatic levels of TGF-p1 (by 2.3 fold, P < 0.001; Fig. 4A) and TIMP-1 (by 2.3
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Fig. 3. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on hepatic levels of AGEs (A and B) and hepatic RAGE expression (C) in
thioacetamide (THIO)-administered rats. Data are presented as means + SEM, n = 8/group. *, P < 0.05; **, P < 0.001 vs. control group. ## p<
0.001 vs. THIO group. AGE, advanced glycation end-products; RAGE, receptors for advanced glycation end-products.
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fold, P < 0.001; Fig. 4B) relative to the control group. PFE administration to the THIO rats significantly decreased hepatic TGF-$1 (by
23.0%, P < 0.05) and TIMP-1 (by 41.5%, P < 0.001) levels relative to untreated THIO-group.

3.5. Hepatic a-SMA expression

Hepatic a-SMA expression in control (Fig. 5A) and PFE (Fig. 5B) groups was limited to the vascular walls. However, liver tissues
from THIO rats (Fig. 5C) showed marked a-SMA staining in the sinusoidal walls around the central vein and the portal tract. PFE
treatment greatly reduced a-SMA hepatic sinusoidal expression in THIO-administered rats (Fig. 5D and E).

Representative photomicrographs (magnification 200 x ) of control (A), PFE (B), THIO (C), and THIO + PFE (D) groups are shown.
Scale bar, 50 pm. Arrows show positive a-SMA staining in vascular walls. Arrowheads denote a-SMA expression in sinusoidal walls. E.
Positive areas of a-SMA immunostaining. Data are presented as means + SEM, n = 8/group. *, P < 0.05; **, P < 0.001 vs. control group.
## P < 0.001 vs. THIO group.

3.6. Serum HA and hepatic levels of hydroxyproline, collagen IV, and laminin

THIO-administered rats showed a significant elevation in serum HA levels (by 3.7 fold, P < 0.001; Fig. 6A). Moreover, hepatic
tissues from the THIO group exhibited significant 1.8-, 3.8- and 2.9-fold increases in hydroxyproline (P < 0.001, Fig. 6B), collagen type
IV (P < 0.001, Fig. 6C) and laminin (P < 0.001, Fig. 6D), respectively, in comparison to control tissues. PFE treatment significantly
attenuated THIO-mediated increases in serum HA (by 41.3%) and hepatic levels of hydroxyproline (by 26%), collagen type IV (by
44.3%), and laminin (by 43.4%).

3.7. Hepatic histopathology

The effects of PFE supplementation on hepatic histopathological changes in THIO-treated rats are shown in Fig. 7. Livers from
control and PFE groups showed normal morphology and histological architecture. However, multiple nodules were macroscopically
evident on the surfaces of livers from the THIO group. Moreover, Chronic THIO administration elicited marked septal/portal
inflammation, interface hepatitis, focal necrosis, collagen deposition, large fibrous septa formation, and incomplete-complete
cirrhosis. PFE administration decreased hepatic nodule incidence. Additionally, hepatic tissues from the THIO + PFE group only
exhibited mild portal inflammation and reduced extent of fibrosis.

The semiquantitative scores for hepatic necroinflammation (5-8, median = 6) and fibrosis (4-6; median = 6) in THIO rats were
significantly higher than those of control rats. For the THIO + PFE group, the necroinflammatory scores (2—-4; median = 3) and fibrosis
grade (2-6; median = 3.5) were lower than those of the non-treated THIO-administered group, indicating hepatoprotective effects of
PFE against THIO-induced damage. These results are shown in Fig. 8.

4. Discussion

In the present study, the potential hepatoprotective influences of PFE against THIO-induced liver fibrosis in rats were investigated.
Chronic treatment with PFE ameliorated hepatic dysfunction and markedly halted the development of liver injury and fibrogenesis in
THIO-administered rats via exerting antioxidant, anti-inflammatory, and antifibrotic effects. The beneficial influences of PFE in this
research were associated with the attenuation of the components of the AGE-RAGE-ROS signaling.

THIO is a powerful liver toxicant that is commonly used to induce liver fibrosis in rodents [55-57]. Chronic THIO administration
elicits peri-portal (zone 1) and peri-central (zone 3) fibrosis. Compared to other chemical-based fibrosis models, THIO is associated
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Fig. 4. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on hepatic expression of TGF-p1 and TIMP-1 in thioacetamide (THIO)-
administered rats.

Data are presented as means + SEM, n = 8/group. **, P < 0.001 vs. control group. #, P < 0.05; ##, P < 0.001 vs. THIO group.

TGF-p1, transforming growth factor-f;; TIMP-1; tissue inhibitor of metalloproteinase-1.
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Fig. 5. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on hepatic expression of a-smooth muscle actin (x-SMA) in thioacetamide
(THIO)-administered rats.

with more pronounced peri-portal injury and inflammatory cell infiltration, quicker development of portal-portal or portal-central
bridging septa resembling those occurring in human cirrhosis, and slower spontaneous reversal after THIO withdrawal [58,59].
Moreover, the hepatotoxic effects of THIO are attributed to the covalent binding of its reactive metabolites, THIO sulfoxide and
THIO-S, S-dioxide, to cellular macromolecules, an event that eventually triggers hepatic oxidative stress [60,61]. Taken together, these
aspects make the THIO model more suitable for the evaluation of the central mechanisms of hepatic fibrogenesis and the screening of
potential antifibrotic therapies, particularly those with putative antioxidant properties [58]. Furthermore, THIO-induced liver fibrosis
is closely related to alcoholic hepatic disease in terms of histological and metabolic irregularities commonly observed in alcoholic
patients [62,63].

In the present study, THIO administration resulted in the typical manifestations of liver function impairment. THIO-induced el-
evations in serum levels of hepatic enzymes denote liver cell membrane damage [56,64]. THIO-induced oxidative injuries cause a leak
of ALT, AST, ALP, and LDH enzymes into the serum, leading to increases in their serum levels [65,66]. Hyperbilirubinemia might be
attributed to liver failure to conjugate and excrete bilirubin in the bile, the escape of conjugated bilirubin from the necrotic hepatocytes
to sinusoids, and/or hepatobiliary damage [57,64]. Moreover, the reduced serum levels of albumin brought about by THIO admin-
istration may be related to an attenuation of hepatocyte synthetic capability [56,67]. Hypoalbuminemia is indicative of the progress of
liver damage to a chronic state [64]. PFE supplementation to the THIO group significantly diminished the escape of hepatic enzymes
from hepatocytes into the blood and efficiently restored serum albumin concentration to near-normal levels, suggesting that PFE
lessened the injurious effects of THIO on rat hepatocytes, halted the deterioration in hepatocyte structure and function and restored the
normal hepatocellular synthesis capacity.

THIO-treated rats also showed significantly elevated relative liver weight/body weight index compared to the control group, which
may be attributed to increased deposition of ECM proteins in hepatic parenchyma [65,68]. In line with this, THIO-fibrotic rats showed
elevated serum levels of HA, a biomarker of fibrosis in chronic liver diseases [69]. Moreover, hepatic tissues from the THIO group
showed significant elevations in hydroxyproline, laminin, and collagen IV levels, in comparison to control tissues. Hydroxyproline is
an established marker of collagen accumulation [70]. PFE administration to THIO-administered rats resulted in significant reductions
in the liver mass index, serum HA, and hepatic ECM protein levels relative to untreated THIO rats, indicating that PFE may attenuate
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Fig. 6. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on serum levels of hyaluronic acid and hepatic levels of hydroxyproline,
collagen IV, and laminin in thioacetamide (THIO)-administered rats. Data are presented as means + SEM, n = 8/group. **, P < 0.001 vs. control
group; ## P < 0.001 vs. THIO group.

THIO-induced hepatic ECM accumulation.

Data from histopathological analyses of H&E- and MT-stained hepatic tissues also showed that PFE attenuated THIO-induced
collagen deposition and disrupted architecture. Moreover, the beneficial effects of PFE in this study involved the inhibition of
fibrosis-associated necroinflammation in THIO rats. The necroinflammatory score represents a well-validated histopathological
evaluation of the severity of four necroinflammatory features; interface hepatitis, confluent necrosis, focal necrosis, and portal
inflammation [53,71]. Chronic hepatic necroinflammation contributes to the development and progression of liver fibrosis via the
upregulation of proinflammatory mediators that activate HSCs [72,73]. Supporting this notion, activated HSCs were detected close to
areas of lobular necroinflammation in patients with chronic hepatitis C [74]. It is established that chronic necroinflammatory activity
inevitably leads to liver fibrosis [75]. Moreover, several reports showed an association between the degree of necroinflammatory
activity and the progression of liver fibrosis to cirrhosis [76-78].

Hepatic levels of AGEs and RAGE expression were significantly elevated in THIO rats compared to control levels. Similarly, the
hepatic expression levels of RAGE mRNA and protein were significantly increased (by 6-7 fold) in 6-week carbon tetrachloride (CCl4)-
treated rats relative to control tissues [21]. Several studies showed that RAGE expression in HSCs is increased during the HSC transition
to MF phenotype [11-14]. Increased hepatic expression of a-SMA in liver tissues of THIO rats indicates enhanced levels of HSC
activation [79,80]. AGE-RAGE interaction was reported to trigger fibrotic changes in HSCs by increasing ROS generation and
enhancing the expression of a-SMA and TGF-p1 [17]. RAGE activation has been shown to trigger ROS generation by activated HSCs via
activation of NOX enzymes [14], which also activate NF-kB-mediated inflammation and other signaling pathways [81,82]. Supporting
this notion, chronic consumption of a high fat/high fructose/high cholesterol (HFHC) diet enriched with dietary AGEs in mice elicited
more severe hepatic oxidative stress and liver fibrosis than in mice only fed on the HFHC diet via a RAGE-dependent pathway [83]. It
might be also possible that RAGE activation in THIO rats occurred via engagement with its other ligands such as high-mobility group
box 1 protein (HMGB1) and/or members of the S100 family, which have been shown to activate RAGE in animal models of liver
fibrosis [20,84,85].

Consistent with increased RAGE expression in fibrotic hepatic tissues, our results showed that chronic THIO-intoxication leads to a
substantial imbalance of antioxidant-prooxidant status in the liver milieu. The THIO administration enhanced hepatic ROS generation,
which may explain the significant elevation of lipid peroxidation parameters (MDA and 4-HNE) in hepatic tissues. THIO also sup-
pressed hepatic antioxidant mechanisms (GSH and SOD). ROS could contribute to hepatic fibrosis via the activation of HSCs. These
findings are in line with previous results [68,86].

PFE administration significantly reduced hepatic RAGE content in THIO-given rats, an effect that potentially contributed to its
antioxidant and hepatoprotective effects. Supporting these findings, PFE reduced serum AGE levels in HFHS-fed mice and inhibited in
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Fig. 7. Effect of pomegranate fruit extract (PFE, 150 mg/kg/day, orally) on hepatic histopathological alterations in thioacetamide (THIO)-
administered rats. Representative macroscopic images of whole livers and 100x-magnified photomicrographs of Hematoxylin & Eosin (H&E)- and
Masson’s trichrome (MT)-stained liver tissues of the study groups are shown. Red scale bars, 1 cm; black scale bars, 100 pm. The arrow denotes
septal inflammation, the arrowhead marks interface hepatitis and the star sign shows mild portal inflammation. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

vitro formation of AGEs from bovine serum albumin and sugars [35]. PFE treatment of THIO rats was markedly able to reduce total ROS
levels, restore hepatic levels of GSH and SOD antioxidant systems and attenuate hepatic lipid peroxidation. The antioxidant effects of
pomegranate-driven products are well-established [33,87,88].

Additionally, hepatic levels of TGF-$1 and TIMP-1 were significantly elevated in THIO-administered rats. Enhanced hepatic levels
of TGF-B1 were previously reported in animal models of THIO-induced fibrogenesis [68,89-91]. TGF-p1 was shown to stimulate HSC
activation after a set of chronic injuries, increasing the pool of MFs. TGF-p1 was also reported to increase levels of RAGE and a-SMA in
MFs [13]. Moreover, it also enhances ECM protein accumulation in pro-fibrogenic cells via several mechanisms including increased
expression of TIMP-1 and collagen-I [9,92]. TIMP-1 was previously shown to be overexpressed in activated HSCs and liver tissues
exposed to THIO insult [68,93,94]. TIMP-1 inhibits the degradation of ECM components, mitigates apoptosis of MFs, and promotes
liver scaring [7,95,96]. THIO-administered animals receiving PFE showed significant reductions in hepatic levels of a-SMA, TGF-f1,
and TIMP-1, which may suggest that PFE may halt HSC activation and attenuate hepatic fibrogenesis.

Taken together, the present findings demonstrate that high levels of AGEs, RAGE, and ROS in liver tissues of THIO-fibrotic rats are
associated with hepatic lipid peroxidation, necroinflammation, hepatic up-regulation of a-SMA, TGF-$1, and TIMP-1, and hepatic ECM
deposition.

Several studies suggested that AGEs-RAGE interaction is a major driver of fibrosis. In vitro treatment of cultured HSCs with AGEs
increased their proliferation and activation via enhancing ROS generation and intensifying expression of collagen, a-SMA, and TGF-$1
proteins [15,17]. Moreover, the administration of AGEs to bile duct-ligated rats enhanced hepatic oxidative stress, elevated RAGE
expression, and augmented liver fibrosis [97]. Exposure of fibroblasts to AGEs resulted in up-regulation of RAGE and TGF-p1
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Fig. 8. Grading of histopathological alterations of the hepatic tissues of the study groups. A. A necroinflammatory score for each rat liver was
obtained by summing up the activity scores for portal inflammation (0-4), focal necrosis and inflammation (0-4), confluent necrosis (0-6), and
interface hepatitis (0-4). B. Fibrosis scores. The median score value for each study group is shown. *, P < 0.05; **, P < 0.001 vs. control group; #p
< 0.05 vs. THIO group.

expression [98]. Furthermore, inhibition of RAGE signaling via different approaches attenuated experimental liver injury and fibrosis
[15-17]. Curcumin diminished AGEs-induced oxidative stress in HSCs by suppressing RAGE expression [99].

Intriguingly, hepatic levels of AGEs, RAGE, and other profibrotic proteins were downregulated by PFE administration. Therefore,
we postulated that the molecular mechanism underlying PFE-mediated hepatoprotection against THIO-induced fibrosis is related to
the inactivation of the AGE-RAGE-ROS pathway. Yet this speculation needs to be confirmed via other in vitro studies that investigate
whether PFE can suppress AGEs-induced activation of cultured wild-type HSCs and inhibit their expression of ECM proteins in
comparison to PFE effects on HSC cells that lack or overexpress RAGE.

Moreover, our findings suggest that the antifibrotic effects of PFE may begin at early stages of fibrogenesis, namely toxicant-
induced liver injury, ROS generation, necroinflammation, profibrotic TGF-Bf1 overexpression, and HSC activation. Moreover, PFE
can also down-regulate ECM protein deposition during the repair process.

A major limitation of the present study is that we investigated the hepatoprotective effects of a single dose of PFE based on the doses
reported in the literature. Future research is therefore required to assess the dose-dependent effects of PFE on hepatic fibrogenesis and
evaluate the benefits and probable side effects. Another possible limitation might lie in the lack of a standard antifibrotic control in this
work. However, up to date, there is no approved antifibrotic drug for the management of hepatic fibrosis disease [5,100]

5. Conclusion

The current study demonstrates that supplementing with PFE in THIO-treated rats has diminished hepatopathological alterations,
including necroinflammation and fibrosis development, hepatic dysfunction, oxidative stress, and excessive ECM protein deposition.
Our study presents the AGE-RAGE-ROS pathway as a potential target in the molecular mechanisms underlying PFE-mediated effects.
The potential use of standardized PFE as a hepatoprotective supplement in patients at high risk of developing liver fibrosis needs to be
explored in future clinical studies.
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4-HNE  4-hydroxynonenal

a-SMA  a-smooth muscle actin

AGEs advanced glycation end products
ALP alkaline phosphatase

ALT alanine aminotransferase

ANOVA one-way analysis of variance

AST aspartate aminotransferase

DCFDA  2',7'-dichlorofluorescein diacetate
DCF dichlorofluorescein

ECM extracellular matrix

ELISA  enzyme-linked immunosorbent assay
FIU fluorescence intensity unit

GSH reduced glutathione

HA hyaluronic acid

H&E hematoxylin & eosin
HFHS high fat/high sucrose
HSCs hepatic stellate cells
LDH lactate dehydrogenase
MDA malondialdehyde

MFs myofibroblasts
MSA methanesulfonic acid
MT Masson’s trichrome

NF-xB nuclear factor-xB
NOX NAD(P)H oxidase

PFE pomegranate fruit extract

PPE pomegranate peel extract

PJ pomegranate juice

RAGE  receptor for advanced glycation end products
ROS reactive oxygen species

SOD superoxide dismutase

TGF-f1 transforming growth factor-p1
THIO thioacetamide
TIMP-1 tissue inhibitor of metalloproteinase-1
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