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Abstract

Recent studies have strongly indicated the hepatoprotective effect of curcumin; however, the precise mechanisms are not well understood.
This study aimed to determine the protective effect of curcumin on hepatic damage and hepatic insulin resistance in biliary duct ligated (BDL)
fibrotic rat model. To accomplish this, male Wistar rats were divided into four groups (eight for each): sham group, BDL group, sham + Cur
group and BDL+ Cur group. The last two groups received curcumin at a dose of 100 mg/kg daily for 4 weeks. The mRNA/protein expression
levels of Ras-related C3 botulinum toxin substrate 1 (Racl), Racl-GTP, dinucleotide phosphate oxidase 1 (NOX1), signal transducer and
activator of transcription 3 (STAT3), suppressor of cytokine signalling 3 (SOCS3), insulin receptor substrate 1 (IRS1), extracellular signal-
regulated kinase 1 (ERK1), specific protein 1 (Sp1) and hypoxia-inducible factor-1a (HIF-1a) were measured by real-time PCR and Western
blotting, respectively. Fasting blood glucose, insulin and Leptin levels were determined and homoeostasis model assessment-estimated insulin
resistance, as an index of insulin resistance, was calculated. Curcumin significantly attenuated liver injury and fibrosis, including amelioration
of liver histological changes, reduction of hepatic enzymes, as well as decreased expression of liver fibrogenesis-associated variables,
including Racl, Rac1-GTP, NOX1, ERK1, HIF-1a and Sp1. Curcumin also attenuated leptin level and insulin resistance, which had increased in
BDL rats (P<0:-05). Furthermore, compared with the BDL group, we observed an increase in IRS1 and a decrease in SOCS3 and STAT3
expression in the curcumin-treated BDL group (P < 0-05), indicating return of these parameters towards normalcy. In conclusion, Curcumin
showed hepatoprotective activity against BDL-induced liver injury and hepatic insulin resistance by influencing the expression of some genes/
proteins involved in these processes, and the results suggest that it can be used as a therapeutic option.
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Bile duct ligation (BDL) is an experimental model used to
induce obstructive cholestatic injury and ultimately liver fibrosis
in rats’”. Studies have shown that hepatic stellate cells (HSC)
are directly involved in the process of fibrogenesis and that their
activation is influenced by the formation of reactive oxygen
species (ROS) and the presence of inflammatory mediators such
as TNF-a, IL, inducible nitric oxide synthase (GNOS) and
NF-kB®. The presence of such factors leads to activation of
quiescent HSC, which express large quantities of extracellular
matrix (ECM) components. Mediators such as leptin, an adipose
tissue adipokine, contribute to the activation of nicotinamide
adenine dinucleotide phosphate oxidase (NOX) complex in
activated HSC®. In general, leptin has profibrogenic action in

HSC that is applied through Janus kinase (JAK)-signal transdu-
cer and activator of transcription (STAT) pathway. Leptin
induces JAK2 activation™. Activated JAK2 phosphorylates Ras-
related C3 botulinum toxin substrate 1 (Racl) and consequently
activates NOX complex®. Numerous stimuli such as cytokines
and oxidative stress induce activation of Racl and formation of
its biologically activated form, Rac1-GTP. Rac1-GTP induces the
production of active NOX in a hepatic fibrosis model©. Among
the NOX family, NOX1 seems to play a more crucial role in ROS
generation in HSC”. Oxidative stress caused by the NOX1
activity finally induces the extracellular signal-regulated kinase
1 (ERK1) phosphorylation. These kinases phosphorylate tran-
scription factors specific protein (Sp)-1 and 3, which in turn

Abbreviations: BDL, biliary duct ligated; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ECM, extracellular matrix; ERK1, extracellular signal-regulated kinase 1; FBG,
fasting blood glucose; HIF-1a, hypoxia-inducible factor-1e; HSC, hepatic stellate cells; HOMA-IR, homoeostasis model assessment-estimated insulin resistance;
iNOS, inducible nitric oxide synthase; IR, insulin resistance; IRS1, insulin receptor substrate 1; JAK, Janus kinase; MDA, malondialdehyde; NOX1, dinucleotide
phosphate oxidase 1; Racl, Ras-related C3 botulinum toxin substrate 1; SOCS3, suppressor of cytokine signalling 3; Sp1, specific protein 1; ROS, reactive
oxygen species; STAT3, signal transducer and activator of transcription 3; TGF-f1, transforming growth factor-f1.
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induces collagen I gene expression in HSC™”. In recent years,
studies showed that hypoxia-inducible factor-la (HIF-1a), which
is induced by ERK1, was significantly increased in activated
HSC. Therefore, the ERK/HIF-1a signalling pathway is believed
to play an important role in the genesis of progressive fibrosis®.
An increase in transcriptional activity of HIF-la leads to up-
regulation of NF-xB, an inflammatory molecule, and transform-
ing growth factor-f1 (TGF-f1), as the most potent stimulator of
collagen biosynthesis in the liver. Activation of the HIF-1a/NF-
kB signalling pathway can increase TNF-a, interleukins and
iNOS expression. In addition to HSC activation, these para-
meters, along with leptin, can inhibit insulin signalling in
hepatocytes and induce hepatic insulin resistance (IR)'?.

After leptin binds to its receptor, activated JAK2 phosphor-
ylates STAT3, which in turn participates in leptin-induced
expression of suppressors of cytokine signalling (SOCS) family
of proteins"' . SOCS proteins bind to their target molecules and
degrade them through the ubiquitin pathway. Suppressor of
cytokine signalling 3 (SOCS3) is a potent in vivo inhibitor of
insulin receptor signalling®**».

Insulin Receptor Substrate (IRS) family of proteins, as critical
signalling molecules for insulin action, consist of four members:
insulin receptor substrates 1 (IRS1) to IRS4. Hepatic IRS1 is
closely linked to glucose homoeostasis*”. The SOCS3 protein
finally causes hepatic IR, a common pathological state, via
several mechanisms such as promoting ubiquitin-mediated
degradation of insulin receptor, IRS1 and other insulin signal-
ling key molecules">'?.

According to the information mentioned above, IR parallels the
process of liver fibrogenesis””. In hepatocytes, the IR ultimately
leads to hyperinsulinaemia and fasting hyperglycaemia**®'?.

Curcumin (diferuloylmethane), a biologically active poly-
phenolic component found in Curcuma longa plant, has for
centuries been used as a medicinal plant in different countries®”.
There are many reports of its anti-inflammatory, anti-diabetic,
liver-protective and anti-fibrosis activity”. Recent research has
demonstrated that the antioxidant and anti-inflammatory proper-
ties of curcumin can explain its hepatoprotective effects”, but
the precise mechanisms are not well characterised.

According to the evidence that hepatic IR as a common
pathological state is associated with liver fibrogenesis and
affects the expression of some genes/proteins, including STAT3,
SOCS3 and IRS1, in this study we aimed to evaluate the effect of
curcumin, as an antioxidant and anti-diabetic agent, on
expression of these parameters and consequently on hepatic IR
in BDL fibrotic rat model. We also measured serum levels of
leptin, which stimulate fibrogenesis, and also calculated
homoeostasis model assessment-estimated IR (HOMA-IR), as
the index of IR, using measured fasting blood glucose (FBG)
and insulin levels.

Methods
Animals and experimental procedures

Adult male Wistar rats (weighting 200-250 g; Pasteur Institute)
were housed in an air-conditioned room at 25°C with 12 h light—
12h dark cycles and maintained on standard rat chow diet with

free access to drinking water. All of the study’s protocols fol-
lowed the current ethical considerations of local ethics com-
mittee of animal use. A total of thirty-two rats were randomly
divided into two groups: sham group and BDL group. Each
group was separated into two subgroups for treatment with
either curcumin at a dose of 100 mg/kg per d (Sigma Chemicals
Co. Purity (HPLC)>80%) suspended in 5% carboxymethyl
cellulose (CMC)?*72® or the same volume/weight of the 5%
CMC vehicle by oral gavage once a day from the day after
surgery for 28 d. BDL procedure was accomplished as descri-
bed previously®”. Concisely, under general anaesthesia by
xylazine (10 mg/kg) and ketamine (90 mg/kg) intraperitoneally,
the common bile duct was exposed by a midline abdominal
incision under sterile conditions. It was then ligated in two
places with silk thread and sectioned between the ligatures®
and Cefazolin antibiotic was used to prevent infection. At the
end of the 4-week period, fasting blood samples were collected
by puncturing the heart under deep anaesthesia and they were
centrifuged at 3000 g for 15 min. The serum was isolated and
kept at —70°C for further experiments. Liver tissues were divi-
ded into three parts: one part was frozen in liquid N, for RNA
extraction, the second part was kept at —70°C to make homo-
genised tissue for assessment of oxidative stress parameters and
Western blot analyses and the last one fixed with 10 % neutral
formalin for histology.

Histopathological evaluation

The liver specimens were fixed in 10% neutral formalin indi-
vidually, dehydrated in alcohol and embedded in paraffin and
sections were stained with haematoxylin—eosin (H&E). Lobular
and portal inflammation, focal hepatocyte necrosis, ductular
proliferation, portal and septal fibrosis were examined by a
pathologist.

Assessment of liver function

The collected serum was examined for aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), total bilirubin (TBIL) and direct bilirubin (DBIL) using
standard animal diagnostic kits (Pars Azmon Diagnostic Co.) and
an auto analyser (model BT3000; Biotechnica).

Determination of malondialdehyde in liver tissues

The levels of malondialdehyde (MDA), a biomarker of lipid
peroxidation, were determined spectrophotometrically by
measuring thiobarbituric acid-reactive substances®”. A mea-
sure of 100ng of homogenised liver tissue supernatant
was incubated with 15% TCA, 0-375% thiobarbituric acid,
0-25m HCl and 6-8mm 2, O-ditert-butyl-4-methylphenol for
60min in a boiling water bath. After cooling, the mixtures
were centrifuged at 3000 rpm for 15min and absorbance of
the supernatant was recorded at 532nm. For standard
curve, 1,1,3,3-tetracthoxypropane was used. The
were expressed as nmol/pg protein of the tissue. Protein con-
centrations in the supernatants were determined by the
Bradford assay.

results
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Free-radical scavenging activity assay in liver tissues

The free-radical scavenging activity of curcumin in liver tissues was
measured by 2, 2-diphenyl-1-picryl-hydrazyl (DPPH) assay“”.
DPPH, a stable free radical at room temperature, is reduced in the
presence of an antioxidant molecule. Free-radical scavenging
activity was measured by adding 20 pl of homogenised liver tissue
supernatant to 380 ul of phosphate buffer (pH 7-4) and 400l of
DPPH in methanol. Protein concentrations in the supernatants
were determined by the Bradford assay. Later, it was incubated
for 30 min at room temperature. The absorbance of samples was
taken ¢. Blank at 520nm, and percentage inhibition activity was
calculated by (%) =((Ag—A)D/APX100%, where A, is the absor-
bance of the control reaction and A, is the absorbance in the
presence of the sample®?.

Determination of homoeostasis model
assessment-estimated insulin resistance index and
leptin concentration

The level of serum glucose was determined by Trinder’s method
using a glucose assay kit (Pars Azmoon). Serum insulin con-
centration was determined using a sandwich enzyme immuno-
assay kit (Mercodia) according to the manufacturer’s instructions.
IR was calculated on the basis of fasting levels of plasma glucose
and insulin, according to the HOMA-IR. HOMA-IR was determined
by the following formula: (fasting plasma insulin (mU/DX(fasting
plasma glucose (mmol/l)/22-5)62). Serum leptin levels were mea-
sured using a sandwich enzyme immunoassay kit (ZellBio GmbH).

Western blotting analysis

Liver cell proteins were extracted in phosphate saline buffer
(100 mm TRIS-HC, pH 7-4, 150 mu NaCl, 0-1% SDS and 1% NP-40;
with protease-inhibitor cocktail, 1:100; Sigma) by homogenisation
of tissue samples (30 mg) followed by incubation on ice for 30 min
and subsequent centrifugation at 15 000 rpm (4°C, 30 min). Protein
concentrations in the supernatants were determined by the
Bradford assay. Samples were mixed with 5x sample buffer (4:1)
and heated in boiling water for 5 min. Proteins (100 pg/lane) were
resolved on a 10% SDS polyacrylamide gel and transferred onto a
nitrocellulose membrane. Ponceau-S staining was performed to
assure correct blotting. The membranes were blocked with 5%
bovine serum albumin in TRIS-buffered saline (pH 7-4) with 0-05 %
Tween-20 (TBS/T) for 2h at room temperature and probed with
monoclonal mouse anti-Racl-GTP (Newest Biosciences) and
monoclonal rabbit anti-Rac1, polyclonal rabbit anti-NOX1, mono-
clonal rabbit anti-STAT3, polyclonal rabbit anti-IRS1, polyclonal
rabbit anti-SOCS3 and polyclonal rabbit anti-f-actin primary anti-
body, as endogenous control, from Abcam, at 4°C overnight. After
washing the blot in TBS/T three times, the membranes were
incubated with goat anti-rabbit and anti-mouse IgG secondary
antibody (1:2000) conjugated with horse radish peroxidase (Cell
Signaling) for 2 h at room temperature. The predicted sizes for Racl
(21kDa), Racl-GTP (22kDa), NOX1 (71kDa), STAT3 (85kDa),
IRS1 (175kDa), SOCS3 (30kDa) and p-actin (42kDa) were
checked using molecular-weight marker. After extensive washing
in TBS/T, protein bands were visualised with an enhanced

chemiluminescence reagent using hydrogen peroxide and luminol
as substrates on a ChemiDoc system (GBOX, 680x; Syngene).
Thereafter, specific bands were quantified densitometrically using
Image] software (National Institutes of Health).

Gene expression analysis by quantitative real-time PCR

Total RNA was extracted from liver tissues using an EZ-10 Spin
Column Total RNA Mini-Preps Kit from Bio Basic, according to the
manufacturer’s protocol. By measuring the absorbance, with an
Epoch microplate spectrophotometer (BioTek Instrument), at
260 nm, concentrations of RNA were identified and their purity
was evaluated by 260/280nm absorbance ratio (Eppendorf).
Complementary DNA (cDNA) was synthesised from total RNA
using the PrimeScript™ RT Reagent Kit (TakaRa). In brief, 1 ug of
total RNA was mixed with PrimeScript RT Enzyme Mix, 5X Prime-
Script Buffer, Oligo dT Primer, Random hexamers and RNase-Free
dH20, as described in the manufacturer’s protocol, in a total
volume of 10pl. The cDNA samples were diluted 1/10, and
aliquots were frozen at —20°C until the PCR was carried out.
Real-time quantitative PCR (SYBR® Green PCR Master Mix Kit;
TakaRa) was performed in the Rotor Gene system (Corbett
Research 2004). The programme was set to run for one cycle at
95°C for 10 min, followed by forty cycles at 95°C for 30's, 60°C for
30s and 72°C for 30 s. Normalisation was achieved against f-actin,
as an internal control. Relative quantity of gene expression was
analysed based on the AC; method and the results were calculated
as 2724% The primers used in this study are listed in Table 1.

Statistical analysis

Data obtained from four groups were represented as the means
and standard deviations. Normality was tested by the Shapiro—
Wilk test. Differences between obtained values were carried out
by one-way ANOVA followed by Tukey-Kramer multiple
comparison using Graphpad Prism 6.01 software. The differ-
ences below 0-05 were considered statistically significant.

Results

Curcumin treatment attenuated bile duct ligation-induced
histopathological changes

The histological examination of liver by Harris H&E staining
revealed that sham-operated control rats had normal liver
morphology with intact hepatocytes and portal tracts (Fig. 1(a)
and (b)). Parenchymal necrosis and an abundance of newly
formed bile ducts, including bridging of the portal tracts, were
found in BDL rats (Fig. 1(c)). Curcumin supplementation
significantly amended all of the histopathological changes
observed in the BDL group (Fig. 1(d)). It is inferred that
curcumin treatment ameliorated BDL-induced liver fibrosis.

Effect of curcumin on indices of hepatic function in biliary
duct ligated rats

Table 2 represents the effect of curcumin on markers of liver
damage. The serum levels of AST, ALT, ALP and total and DBIL
were significantly increased in BDL rats (P<0-05). The high
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Table 1. Primer sequences used for real-time PCR

Genes Forward primer (5'-3") Reverse primer (5'-3') Product size (bp)
S0OCS3 GGGACCAAGAACCTACGC GCTGCTCCTGAACCTCAAA 188
IRS1 TGGATGCAAGTGGATGACTC CGGAGGATTGTTGAGATGGT 170
STAT3 GACGGAGAAGCAGCAGATG ACGATCCTCTCCTCCAGC 158
ERK1 TCCCTCTCAAGCTGCCACAT ACATCCAATCACCCACACACA 58
HIF-1a CTATGACGTGCTTGGTGCTGA CTGTACTGTCCTGTGGTGACTT 270
Sp1 CTGCAAGGGTCTGATTCTCTA AGCTTGTCCACCTTGAACTA 149
collagen | ATCAGCCCAAACCCCAAGGAG CGCAGGAAGGTCAGCTGGATAG 127
a-SMA GCTCCATCCTGGCTTCTCTATC GGGCCAGCTTCGTCATACTC 72
TGF-B1 AAGAAGTCACCCGCGTGCTA TGTGTGATGTCTTTGGTTTTGTC 69
TNF-a ATGTGGAACTGGCAGAGGAG CCACGAGCAGGAATGAGAAGAG 98
iNOS TGGTCCAACCTGCAGGTCTTC CAGTAATGGCCGACCTGATGTTG 120
NF-«xB TGTGAAGAAGCGAGACCTGGAG GGCACGGTTATCAAAAATCGGATG 204
IL-1B8 TACAAGGAGAGACAAGCAACGACA GATCCACACTCTCCAGCTGCA 119
B-Actin CGTTGACATCCGTAAAGACCTC AGCCACCAATCCACACAGA 172

SOCS3, suppressor of cytokine signalling 3; /RST, insulin receptor substrate 1; STAT3, signal transducer and activator of transcription 3; ERKT,
extracellular signal-regulated kinase 1; HIF-1a, hypoxia-inducible factor-1a; Sp1, specific protein 1; a-SMA, a-smooth muscle actin; TGF-81,

transforming growth factor-81; iNOS, inducible nitric oxide synthase.

Fig. 1. Curcumin treatment reduced bile duct ligation (BDL)-induced liver injury, as shown by histological examination. Representative photomicrographs of
haematoxylin—eosin staining showing (a) Sham, (b) Curcumin-treated Sham (Sham + Cur), (c) BDL and (d) Curcumin-treated BDL (BDL + Cur) rat liver sections.

level of these parameters was decreased in BDL rats after
treatment with curcumin (P < 0-05).

Effect of curcumin on lipid peroxidation

The effect of curcumin treatment on MDA levels in rat liver tissue
of groups under investigation is shown in Table 2. The liver MDA
level significantly increased in BDL rats compared with the sham

group (P<0-:05). It was found that curcumin could significantly
decrease the formation of MDA in BDL-treated rats.

Free-radical scavenging activity

In this experiment, the total antioxidant capacity of liver tissue
was measured by DPPH method (Table 2). DPPH-scavenging
activity was decreased significantly in BDL rats compared with
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Table 2. Effect of curcumin on liver enzymes (aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (ALP)), total bilirubin (TBIL), direct bilirubin (DBIL), malondialdehyde (MDA) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)

in four groups of rats
(Mean values and standard deviations)

397

Sham Sham + Cur BDL BDL + Cur

Mean sD Mean SD Mean SD Mean sD
AST (U/l) 1550 1216 1380 1470 4680* 2581 3120t 2377
ALT (U/) 500 59-2 470 44.3 1470* 1182 126071 32.0
ALP (U/l) 2540 1622 2610 42.0 9470* 3217 5430t 5411
TBIL (mg/l) 2.0 0-0 1.9 0.0 110-4* 167 735t 7-8
DBIL (mg/l) 0-3 0-0 04 0-0 64-6* 9.0 42.51 8-8
MDA (nmol/ug protein) 7-32 0-33 7-20 0-51 22-88* 190 11.701 0-74
DPPH (% inhibition/mg tissue) 6-71 0-46 717 1.21 2.01* 0-18 419t 0-83

Cur, curcumin; BDL, bile duct ligation.
* P<0-05, compared with the sham group.
1 P<0-05, compared with the BDL group.

Table 3. Comparison of a-smooth muscle actin (a-SMA), transforming growth factor 81 (TGF-81), collagen I, IL-18, TNF-a, inducible
nitric oxide synthase (iINOS) and NF-kB mRNA expression in liver tissue of four groups

(Mean values and standard deviations)

Sham Sham + Cur BDL BDL + Cur
Mean SD Mean SD Mean SD Mean SD
a-SMA 3.54 0-07 4.01 0-14 6-60* 0-10 3.921 0-39
TGF-B1 419 013 381 1.22 6-30* 0-01 3-55t 1-00
Collagen | 2.70 0-28 2.54 0-37 4.30* 1.02 241t 0-31
IL-18 1.00 010 113 0-07 2-36* 018 1-54t 0-19
TNF-a 1.02 0-23 1.06 012 3.70* 0-53 242t 0-50
iNOS 3-29 0-35 2.86 0-29 5-90* 0-68 4.371 0-58
NF-kB 2.39 0-61 2.44 0-37 6-11* 1.07 4.221 0-68

Cur, curcumin; BDL, bile duct ligation.
* P<0-05, compared with the sham group.
1 P<0-05, compared with the BDL group.

Table 4. Effects of curcumin (Cur) on fasting blood glucose (FBG), fasting blood insulin (FBI), homoeostasis model assessment-
estimated insulin resistance (HOMA-IR) index and leptin levels in serum of four groups

(Mean values and standard deviations)

Sham Sham + Cur BDL BDL + Cur
Mean SD Mean SD Mean SD Mean SD
FBG (mmol/l) 512 0-18 5.35 0-49 14.53* 1.69 8-631 1.22
FBI (mU/1) 1016 0-18 10-25 0-65 12.44* 048 11.231 0-39
HOMA-IR 231 0-08 242 0-09 8-04* 1-15 4.321 075
Leptin (ng/ml) 5.55 0-24 5.33 0-55 8.08* 1.24 7-421 0.94

BDL, bile duct ligation.
* P<0-05 compared with the Sham group.
1 P<0-05 compared with the BDL group.

the sham group (P < 0-05), and curcumin significantly increased
this parameter in BDL-treated rats compared with the BDL
group (P<0-05).

Effect of curcumin on mRNA expression of fibrotic markers
and inflammatory mediators

We measured the mRNA expression level of a-smooth muscle
actin (@-SMA), TGF-f1 and collagen I as fibrotic markers and
IL-1f, TNF-a, iNOS and NF-«B as inflammatory mediators in
liver tissue of groups under investigation by the quantitative
PCR (qPCR) method (Table 3). We observed that expression
levels of these genes were significantly increased in liver
tissue of BDL rats compared with the sham group (P<0-05).

However, treatment with curcumin reduced them in BDL-
treated rats.

Effect of curcumin on homoeostasis model
assessment-estimated insulin resistance index and
leptin concentration

The data presented in Table 4 revealed a significant increase
in FBG, fasting blood insulin (FBI), HOMA-IR index and
leptin concentration in BDL rats compared with the sham
group (P<0-05). However, FBG, insulin, HOMA-IR index
and leptin levels in BDL rats treated with curcumin were
significantly decreased (P<0-05) compared with the BDL

group.
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Effects of curcumin on protein expression of Ras-related C3
botulinum toxin substrate 1, Ras-related C3 botulinum
toxin substrate 1-GTP, dinucleotide phosphate oxidase 1,
signal transducer and activator of transcription 3,
suppressor of cytokine signalling 3 and insulin receptor
substrate 1

To examine the anti-fibrotic effects of curcumin, protein
expression of Racl, Racl-GTP and NOX1 (as fibrogenic pro-
teins) and STAT3, SOCS3 and IRS1 (as proteins involved in the
process of hepatic IR) in liver tissue of groups under investi-
gation were assayed using Western blotting method. Results
were normalised to f-actin expression. We observed significant
increases in hepatic protein expressions of Racl, Racl-GTP,
NOXI1, STAT3 and SOCS3 and decrease in protein expressions
of IRS1 in liver tissue of BDL rats compared with the sham
group (P < 0-05). The expression levels of the first five proteins
are decreased and the expression of IRS1 increased in liver
tissue of BDL-treated rats compared with the BDL group
(P<0-05), as shown in Fig. 2.

Effects of curcumin on mRNA expression of signal
transducer and activator of transcription 3, suppressor of
cytokine signalling 3, insulin receptor substrate 1,
extracellular signal-regulated kinase 1, hypoxia-inducible
factor-1a and specific protein 1

After 28d from BDL surgery and treatment with curcumin, we
measured the mRNA expression levels of ERK1, HIF-1a and Sp1
(as fibrogenic genes), as well as STAT3, SOCS3 and IRS1
(as genes involved in the process of hepatic IR), in liver tissue of
groups under investigation by the qPCR method. Results were
normalised with respect to f-actin as a housekeeping gene and
were reported as expression relative units. We observed that
ERK1, HIF-1a, Sp1, STAT3 and SOCS3 gene expressions sig-
nificantly increased and IRS7 gene expressions decreased in
liver tissue of BDL rats compared with the sham group
(P<0-05). However, treatment with curcumin reduced gene
expression of ERK1, HIF-1a, Sp1, STAT3 and SOCS3 and
enhanced gene expression of IRS7 in the liver tissue of the BDL-
treated group compared with the BDL group (P<0-05), as
shown in Fig. 3.

Discussion

Chronic liver damage can lead to hepatic fibrosis, a complex
process caused by accumulation of ECM in the liver, as well as
hepatic IR, a pathophysiological feature of hepatogenous dia-
betes. Hepatic fibrosis is the final pathway that may result in
cirthosis, which can ultimately require liver transplanta-
tion’7*® and hepatogenous diabetes is a common complica-
tion of liver cirrthosis and directly relates to loss of liver
function®®.

BDL is a well-known model of cholestatic liver disease
resulting in bile acid overload, an inflammatory stimulus,
which causes oxidative damage and ultimately liver fibrosis
and cirrhosis in rats”. After BDL, ROS and inflammatory
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Fig. 2. Western blotting pattern of Ras-related C3 botulinum toxin substrate 1
(Rac1), Rac1-GTP, dinucleotide phosphate oxidase 1 (NOX1), signal transducer
and activator of transcription 3 (STAT3), suppressor of cytokine signalling 3
(SOCS3) and insulin receptor substrate 1 (IRS1) protein expression (a); the
relative density of protein expression levels of NOX1, Rac1 and Rac1-GTP, which
are involved in ROS generation and liver fibrogenesis, (b) and STAT3, SOCS3 and
IRS1, which contribute to insulin resistance (c) in the four studied groups (Sham,
Curcumin-treated Sham (Sham + Cur), bile duct ligation (BDL), Curcumin-treated
BDL (BDL+ Cur)). Values are means (n 6) and standard deviations represented
by vertical bars. * P value < 0-05 compared with the Sham group. 1 P value <0-05
compared with the BDL group. b: [], Rac1; [, Rac1-GTP; [@, NOX1; c: [,
STAT3; W, SOCS3; [, IRST.

mediators such as TNF-q, interleukins, iNOS, NF-xB and leptin,
which are involved in liver fibrogenesis, in addition to HSC
activation, inhibit insulin signalling in hepatocytes and induce
hepatic IR,

This study aimed to investigate the effect of curcumin on the
process of hepatic IR by evaluation of expression levels of
STAT3, SOCS3 and IRS1 and also on hepatic fibrogenesis
induced by BDL through assessment of expression profile of
Racl, Racl-GTP, NOX1, Spl, ERK1 and HIF-la in BDL rat
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Fig. 3. Gene expression of extracellular signal-regulated kinase 1 (ERKT) (a), hypoxia-inducible factor-1a (HIF-1a) (b), specific protein 1 (Sp1) (c), signal transducer
and activator of transcription 3 (STAT3) (d), suppressor of cytokine signalling 3 (SOCS3) (e) and insulin receptor substrate 1 (IRS7) (f) in the four studied groups
(Sham, Curcumin-treated Sham (Sham +Cur), bile duct ligation (BDL), Curcumin-treated BDL (BDL + Cur)). * P value <0-05 compared with the Sham group.

1 P value <0-05 compared with the BDL group.

models. The hepatoprotective effect of curcumin was investi-
gated through the evaluation of oxidative stress indicators,
hepatic enzymes, hepatic fibrosis markers and leptin levels.
To confirm IR, FBG and insulin levels were measured and
HOMA-IR, as index of IR, was calculated.

Curcumin (diferuloylmethane) is a biologically active poly-
phenol derived from turmeric plant. It has beneficial properties
such as anti-inflammatory, anti-diabetic, liver-protective and anti-
fibrosis activity®®. The effects of curcumin on the prevention of
hepatic fibrogenesis have been confirmed®?. Nevertheless, its
molecular mechanism remains to be elucidated.

To the best of our knowledge, this is the first study that
evaluates the efficacy of curcumin on hepatic IR through
assessment of expression levels of STAT3, SOCS3 and IRS1 in
BDL rats. Our findings manifested that curcumin treatment
attenuated hepatic IR through down-regulation of either mRNA
or protein expression of SOCS3 and STAT3, as well as up-
regulation of IRS1. In addition, curcumin reduced oxidative

stress and subsequently ROS generation by down-regulation of
Racl, Racl-GTP and NOX1, which in turn leads to attenuation
of liver fibrosis through reduction of ERK1, HIF-la and Spl
expression levels. To evaluate the fibrogenesis process during
BDL, we measured mRNA expression of three fibrotic markers,
including a-SMA, TGF-f1 and collagen I, as confirmatory tests,
in liver tissue of four study groups. Compared with the sham
group, BDL rats showed a significant increase in the fibrosis
markers, but treatment of these rats with curcumin led to
reduction in these markers.

During liver fibrogenesis, activated HSC secrete large quan-
tities of collagen fibrosis and induce the accumulation of ECM
leading to liver fibrogenesis”. We used the BDL method to
induce liver fibrosis, and then we confirmed this process by
evaluation of a-SMA, TGF-1 and collagen I mRNA expression
levels, as well as H&E staining of hepatic tissue sections in BDL
rats. To assess liver function, hepatic enzymes (AST, ALT and
ALP), TBIL and DBIL were measured. On the basis of our
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findings, curcumin treatment of BDL rats significantly improved
liver fibrosis and its function.

The oxidative stress can leads to lipid peroxidation, which
accelerates collagen synthesis by stimulating HSC, as well as
free-radical production. HSC are activated by MDA, a lipid
peroxidation marker, and this activation is blocked by anti-
oxidants®®. To assess the oxidative damage caused by BDL
and the ability of curcumin to scavenging free radicals,
we measured the MDA level and DPPH radical scavenging
activity in hepatic tissue of four groups, respectively. Our
findings have shown that the MDA level was increased sig-
nificantly when exposed to oxidative stress caused by BDL and
DPPH reduction was reduced in this status. In agreement with
our findings, recent observations have shown an increase in
MDA levels and decrease in DPPH reduction in fibrotic rats®®.
Svegliati Baroni et al.®” showed that fibrosis caused by lipid
peroxidation and its products decreases after the administration
of antioxidants in animal models. Our experiment demonstrated
an increase in the DPPH radical scavenging activity and
decrease in the MDA level, both of which confirm the protective
effect of curcumin against oxidative stress caused by fibrosis in
BDL rats.

Liver is a dynamic organ with fundamental contributions in
detoxification, biosynthesis, metabolism and elimination of
endogenous and exogenous substances. Its metabolic activity
such as regulation of plasma glucose is tightly controlled by
insulin and other metabolic hormones®®.

Hepatic fibrogenesis is a pathologic process characterised by
synthesis, secretion and accumulation of ECM derived from
activated HSC in the liver®”. As mentioned above, BDL process
causes oxidative damage in hepatic tissue. Damaged hepato-
cytes produce inflammatory cytokines such as IL-1f, TINF-a,
iNOS and NF-«B, which in turn increase the mRNA expression

GO In our

level of leptin that is an adipose tissue cytokine
experiment, the mRNA expression levels of IZ-1f, TNF-a, iNOS
and NF«xB were remarkably increased in BDL fibrotic rats, and
this effect was notably abolished by curcumin. In agreement
with our findings, Reyes-Gordillo et al Y determined that
CCl4-administered rats depicted significant increases in TNF-a,
IL-6 and IL-1§ production and NF-«xB activation, whereas cur-
cumin significantly suppressed these mediators of inflammation
in liver damage. Their findings suggest that curcumin prevents
liver damage by at least two mechanisms: acting as an anti-
oxidant and by inhibiting NF-xB activation and thus production
of proinflammatory cytokines.

Leptin has profibrogenic and proinflammatory actions. Its
profibrogenic action in HSC is applied through the JAK-STAT
pathway. Leptin binding to its receptor induces Jak2 activation.
Activated JAK2 subsequently phosphorylates Rac1®%®. Rac1, a
key mediator for accumulation of ECM by activated HSC, is
associated with fibrogenesis. Its activated form (Racl-GTP)
stimulates NOX, multi-protein complexes that produce ROS in
response to numerous stimuli. Among the NOX family, NOX1
seems to play a more crucial role in ROS generation in HSC”.
NOXI1 activity finally induces the phosphorylation of ERK1, an
important marker in fibrogenesis that elevates the expression of
transcription factor HIF-1a and increases its activity by phos-
phorylation. HIF-1a is significantly increased in hepatic fibrosis

and activated HSC and subsequently targets gene families that
represent profibrotic mediators, and thus plays an important
role in the genesis and progression of tissue fibrosis®. ERK1
also phosphorylates Sp1, a critical transcription factor for col-
lagen T expression in HSC. ERK1-dependent activation of Spl
might be a consequence of the oxidative stress provoked by
leptin. Generally, leptin is a stimulatory factor for gene
expression and protein production of collagen I; therefore,
leptin may play an important role in the development of liver
fibrosis®. Recent observations have demonstrated that in a BDL
rat model circulating levels of leptin were increased?. Vivoli
et al*® indicated that the absence of leptin or impaired leptin
signalling resulted in a reduction of fibrogenesis in animals
exposed to carbon tetrachloride. On the other hand, some
studies have shown that in CCl4-fibrotic rats, the Racl activity
led to increased ROS generation by NOX1, as well as increased
activity of HSC, which ultimately intensified hepatic fibrosis“.
In addition, Racl deficiency resulted in suppression of NOX1
and also reduction in oxidative stress™?.
showed that NOX1 expression level in BDL rats significantly
increased, which was accompanied by an increase in Racl
expression and, consequently, in Racl-GTP, as well as an
increase in leptin level, compared with the sham group. How-
ever, these rates were decreased after treatment of BDL rats
with curcumin (BDL group compared with BDL+ Cur). On the
other hand, our findings have shown that expression of HIF-1a,
ERK1 and Sp1, which play important roles in the genesis of
progressive fibrosis, significantly increased in BDL rats com-
pared with the sham group and treatment of the BDL group
with curcumin reduced these variables. In agreement with our
findings, Zhao et al® have reported an increase in the
expression of HIF-la and ERK in CCl4-fibrotic rats, but a
decrease in their expression in the curcumin-treated group.

As already mentioned, leptin binding to its receptor induces
activation of JAK2. In addition to Racl, JAK2 can phosphorylate
STAT3, which in turn dimerises and translocates to the nucleus
and leads to increased transcription and expression of some
genes such as SOCS family of proteins*?. These proteins bind
to phosphotyrosine residues present on their target molecules
and induce their degradation through the ubiquitin pathway.
Actually, SOCS proteins can act as ubiquitin ligases, facilitating
the polyubiquitination and degradation of signalling proteins.
Among the members of this family, SOCS3 is a potent in vivo
inhibitor of insulin receptor signalling™>.

Insulin is the essential hormone involved in glucose homo-
eostasis, which exerts many biological effects through receptor-
mediated tyrosine phosphorylation of the IRS family”. The
members of this protein family, IRS1 to IRS4, are critical sig-
nalling molecules for insulin action. Among them, hepatic IRS1
closely linked to glucose homoeostasis™”. The SOCS proteins,
which up-regulated through the leptin/JAK2/STAT3 pathway,
interfere with insulin signalling through ubiquitin-mediated
degradation of IRS1/2 and other insulin signalling key mole-
cules via the ubiquitin—proteasome system. In fact, over-
expression of SOCS1 and 3 in the mouse liver causes IR, One
study has shown that CCl4 administration results in hepato-
toxicity by alteration of IL-6/STAT3 pathway gene expression,
and rutin, as a flavonoid found in a wide variety of plants,

Our observations
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Collagen 1

Hepatic insulin
resistance

]

Hepatic fibrosis

Fig. 4. The beneficial effect of curcumin against bile duct ligation (BDL)-induced liver fibrosis and hepatic insulin resistance is presented. This schematic diagram
shows the effect of curcumin on intracellular molecules involved in these two pathological states in rats. JAK2, Janus kinase 2; STAT3, signal transducer and activator
of transcription 3; NOX1, dinucleotide phosphate oxidase 1; RAc1, Ras-related C3 botulinum toxin substrate 1; ROS, reactive oxygen species; ERK1, extracellular
signal-regulated kinase 1; SOCS3, suppressor of cytokine signalling 3; HIF-1, hypoxia-inducible factor-1; Sp1, specific protein 1; IRS1, insulin receptor substrate 1;

TGF-1B, transforming growth factor-18; —, induction or activation, -, inhibition or blockade; " or

protects against CCl4-induced hepatotoxicity by reversing these
expression changes*.

The result of another study showed that IL-6 is a major
stimulus leading to IR, and metformin directly represses the
IL-6-induced STAT3-SOCS3 pathway and improves hepatic
IR“?. Rui et al*> showed that SOCS3 promotes ubiquitination
and degradation of IRS1 in both cultured cells and animal tis-
sues, contributing to IR. Hence, SOCS-mediated degradation of
IRS protein via the ubiquitin-ligase pathway might be a general
mechanism for inflammation-induced IR. Our observations
showed that mRNA and protein expression level of STAT3 and
SOCS3 in BDL rats significantly increased, and this increase was
parallel with a decrease in the expression of IRS1 compared
with the sham group. However, the expression level of STAT3
and SOCS3 was decreased and expression of IRS1 was
increased upon treatment of BDL fibrotic rats with curcumin
(BDL group compared with BDL+ Cur).

According to the information mentioned, hepatic IR is asso-
ciated with the development and progression of liver fibrosis™”.
In hepatocytes, the IR refers to increased demand for insulin to
maintain glucose homoeostasis, which leads to persistent stimu-
lation of insulin production by pancreatic B-cells and subse-
quently, hyperinsulinaemia®®, as well as failure of insulin to
inhibit hepatic glucose production, which is responsible for
development of hyperglycaemia™”. Sadek et al.“*® revealed that
CCl4 significantly increases oxidative stress, expression of the
profibrotic cytokine genes such as 7NF-a and TGF-f, blood glu-
cose and insulin levels and IR index (HOMA-IR). However, these
effects were abolished by camel milk either alone or in combi-
nation with bee honey because of their antioxidant properties.

indicates the effect of curcumin on protein/gene expression.

Our findings have shown that FBG, FBI and HOMA-IR, as the
index of IR, increased in BDL rats compared with the sham group
and curcumin treatment of BDL group reduced these parameters
(BDL group compared with BDL + Cur).

In short, BDL can lead to hepatic fibrosis on the one hand and
hepatic IR on the other, by creating oxidative stress conditions
and increasing inflammatory mediators in rats. According to our
observation, a schematic diagram has been presented, which
briefly explains the inhibitory effect of curcumin on liver fibrosis
and hepatic IR in BDL rats (Fig. 4). Our findings demonstrated
that curcumin treatment of BDL rats attenuated hepatic IR through
down-regulation of SOCS3 and STAT3 and also up-regulation of
IRS1. Furthermore, curcumin reduced inflammatory cytokines
(IL-1p, TNF-a, iNOS, NF-«B and leptin), as well as oxidative stress,
and subsequently ROS generation via down-regulation of Racl,
Racl-GTP and NOXI1, which in turn leads to attenuation of
liver fibrosis through reduction of ERK1, HIF-la and Spl
expression levels.
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