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 Abstract  

Increased fructose consumption predisposes to nonalcoholic steatohepatitis (NASH).There no 

effective treatment to be used as the second line when lifestyle modification is insufficient .So, 

the aim of this study was to evaluate  the effect  of Curcumin on some biochemical markers in 

fructose induced NASH . Sixty male albino rats were divided randomly and equally into three 

groups. Group I (control group). Group II (NASH group), received  70% fructose for 5 weeks 

.Group III (curcumin treated NASH group), fed as group II followed by daily admin istration of 

curcumin at a dose of 50 mg/kg orally for 6 weeks. Blood samples were co llected to measure 

lip id profile, and liver enzymes activit ies . Liver tissues samples were collected for estimation of 

mRNA expression levels of nuclear factor E2-related factor-2 (Nrf2)  using quantitative real-time 

PCR ,levels of Beclin 1, AMPK, IL6 and Nrf2 DNA-binding activ ity by ELISA method, and 

oxidative stress markers malondialdehyde (MDA), superoxide d ismutase (SOD) ,GSH 

spectrophotometrically. NASH was confirmed by histopathology as well as increased activity of 

liver enzymes and marked dyslipidemia  .Curcumin ameliorated biochemical disturbance in 

NASH by upregulating autophagy process through increasing Beclin 1, increasing AMPK and 

hampered IL6 levels in the liver . It also restored redox balance as evident by suppressing MDA 

formation and preservation of intracellu lar antioxidants status via increasing GSH, activating 

SOD and Nrf2 signaling pathway. Results suggested that curcumin has an effective role in 

counteracting both abnormalities in autophagy process and redox balance, supporting the 

potential utility of this natural product in effective t reatment of NASH. 
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Introduction  

    Nonalcoholic fatty liver disease (NAFLD) is 

one of the most common causes of chronic liver 

disease worldwide with a prevalence rate ranging 

from 6 to 35 % [1]. NAFLD represents a wide 

spectrum of liver diseases from simple steatosis to 

a more severe and treatment-resistant clinical 

entity characterized by the appearance of 

inflammation, termed nonalcoholic steatohepatitis 

(NASH), which may in turn progress to cirrhosis 

and hepatocellular carcinoma [2]. NASH is the 

most common chronic liver disease in the Western 

world, it is primarily a disease of the obese and the 

prevalence of simple steatosis in obese patient 

reaches 60%, among those, 20–25% will develop 

NASH [2]. 

 The pathogenesis of NASH is still not fully 

understood, the disease is characterized by fatty 

accumulation in the liver due to an imbalance 

among hepatic lipid intake, synthesis, degradation 

and secretion. Patients with simple steatosis 

progress to NASH according to the “two-hit” 

theory; liver steatosis sensitizes hepatocytes to the 

second hits, which may be increased in oxidative 

stress, mitochondrial dysfunction, and 

cytokine/adipokine imbalance leading to 

hepatocyte damage, inflammation and fibrosis [3, 

4].  

Among the causes of hyperlipidemia and steatosis 

is excessive intake of fructose because the 

metabolic intermediates of fructose breakdown, 

glyceraldehyde and dihydroxyacetone phosphate 

enter the glycolytic pathway bypassing the 

regulatory mechanisms imposed on 

phosphofructokinase-1 , with unlimited synthesis 

of pyruvate and acetyl coA which  is forwarded to 

lipogenesis and  excessive formation of 

triacylglycerol leading to hyperlipidemia and fatty 

liver [5]. 

Autophagy (self-eating process) is evolutionarily 

conserved and genetically regulated critical 

pathway for the degradation of intracellular 

components by lysosomes it is a multistep process 

including initiation, elongation, enclosure, 

maturation and degradation. Three main types of 

cellular autophagy have been identified: 

macroautophagy, chaperone-mediated autophagy, 

and macroautophagy [6] 

   Established functions for both macroautophagy 

and chaperone-mediated autophagy in hepatic lipid 

metabolism, insulin sensitivity and cellular injury 

suggest a number of potential mechanistic roles for 

autophagy in NASH.  [7]. It is widely 

acknowledged that about 30 mammalian homologs 

of yeast autophagy-related proteins (Atg) have 

been identified which are involved in initiation and 

elongation of the isolation membrane, as beclin 

1[8]. 

   Beclin 1, the mammalian orthologue of yeast 

Atg6, is a 60-kDa coiled-coil protein that was 

discovered as a direct interactor of the anti-

apoptotic B-cell lymphoma-2 (Bcl-2) protein and 

was therefore given the name Bcl-2-interacting 

myosin like coiled-coil protein (Beclin 1). Beclin 1 

is responsible for the nucleation process of 

autophagy and is downregulated by the 

mammalian target of rapamycin complex1 

(mTORC1) .It  plays a critical role in modulating 

the magnitude of the autophagic response involved 

in several physiological and pathological processes 

inside the mammalian cell [8].  
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AMP activated protein kinase (AMPK) is a critical 

regulator of energy homeostasis in eukaryotic 

cells. It is a heterotrimeric serine-threonine protein 

kinase composed of a catalytic α-subunit and non-

catalytic β and γ subunits. Activation of this 

enzyme triggers phosphorylation of many 

regulatory proteins including mTORC1 that leads 

to inhibition of mTORC1 and liberation of beclin 1 

that initiates autophagy [9]. 

    Oxidative stress defined as an imbalance 

between prooxidant antioxidant status plays a 

crucial role in the pathogenesis of many diseases 

including NASH. The relationship between 

oxidative stress and autophagy has not been fully 

elucidated [10]. 

    It is very important to stimulate 

antioxidant/detoxification enzymes for defending 

against ROS toxicity, hepatocytes are equipped 

with many cytoprotective enzymes ensure 

protection against the toxic effects of endogenous 

and exogenous oxidants , they  are encoded by 

genes containing antioxidant response elements 

(AREs) in their promoter regions. [11]. AREs are 

cis-acting enhancer sequence that mediates 

transcriptional activation of genes in response to 

changes in the cellular redox status, Transcription 

factor nuclear factor-erythroid 2-related factor 2 

(Nrf2) is a basic leucine zipper transcription factor 

that regulates transcriptional induction of ARE-

containing genes encoding antioxidant enzymes, 

electrophile-conjugating enzymes, ubiquitin/ 

proteasomes, and chaperone and heat-shock 

proteins in response to cellular stresses including 

ROS . [12]. In normal physiological conditions, 

Nrf2 is expressed at low level and resides mainly 

in cell cytoplasm, where it is promoted to 

degradation via ubiquitination by a repressor 

protein, kelch-like ECH-associated protein-1 

(Keap1)1 in the cytoplasm [13]. Under oxidative 

stress or through Nrf2 activators, Nrf2 dissociates 

from Keap1, translocate to the nucleus where 

heterodimer with Maf is formed, and then 

expression of genes with antioxidant response 

element (ARE) is activated [14]. 

   Curcumin is a phenolic compound extracted 

from popular Indian spice turmeric, derived from 

the rhizome of Curcuma longa [15]. Curcumin 

regulates lipid metabolism; has anti-inflammatory, 

antioxidant and anti-cancer effects [16]. Despite 

the large number of studies demonstrating the 

hepatoprotective effects of curcumin, there are few 

reports on the effects of this polyphenolic 

compound on the NASH model induced by a high-

fructose diet under in vivo conditions, and the 

possible molecular underlying mechanisms.  

   Therefore, the aim of this study was to evaluate 

whether curcumin could attenuate biochemical 

disturbance associated with high-fructose diet-

induced NASH in a rat model to provide a novel 

mechanism for the regulatory role of curcumin in 

hepatic lipid metabolism, making it a good 

candidate for the attenuation of NASH. Also, to 

clarify the role of autophagy, as monitored by 

Beclin 1 levels, in the pathogenesis of 

steatohepatitis, and correlates Beclin 1 levels with 

levels of AMP activated protein kinase, and 

parameters of oxidative stress. 

Materials and methods  

1. Chemicals: 

D-fructose (CAS no. 57-48-7, purity ≥99 

%), Curcumin (CAS no. 458-37-7) and most other 

http://www.sigmaaldrich.com/catalog/search?term=57-48-7&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=EG&focus=product
http://www.sigmaaldrich.com/catalog/search?term=458-37-7&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=EG&focus=product
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chemicals were purchased from Sigma-Aldrich 

Chemicals (St. Louis, MO, USA). 

2. Animals 

2.1. Experimental animals and diets  

    This study was conducted on 60 male albino 

rats, (weight, 190±20 g) obtained from the animal 

breeding laboratory, Faculty of science, Tanta 

University, Egypt. Animals were kept in wire 

mesh cages in our animal facility, Faculty of 

medicine; Tanta University at 25 ± 2 °C and a 

relative humidity of 40–45% with alternative day 

and night cycles of 12 h each. Animals were 

allowed free access to food and water ad libitum 

for a week.  Animal care and experiments were 

conducted in accordance with the protocols 

approved by the Ethics Research Committee, 

Faculty of medicine, Tanta University, following 

the National Institutes of Health guide for the care 

and use of Laboratory animals (NIH Publications 

No.85-23, revised in 1996).  

2.2. Experimental design and animal grouping:  

       After an initial acclimatization for a period of 

one week, the rats were randomly divided into 

three equal groups as follows: Group I (control 

group) fed standard caloric diet (consisting of 

59.7% carbohydrates, 10.6% fat, and 27.3% 

protein) and ad libitum plain water. Group II 

(NASH group) fed standard caloric diet and 70% 

fructose-sweetened water (w/v) for 5 weeks to 

induce NASH [17]. Group III (curcumin treated 

NASH group) fed standard caloric diet and 70% 

fructose-sweetened water (w/v) for 5 weeks as 

group 2, followed by daily administration of 

curcumin by oral gavage at a dose of 50 mg/kg 

suspended in 0.5% carboxymethyl cellulose 

(CMC)  for 6 weeks. Concomitantly, equal 

volumes of (CMC) were intragastrically 

administered to the control group for 6 weeks [18].   

The dosage was adjusted every week according to 

any change in body weight to maintain similar 

dose per kg body weight of rat over the entire 

period of study.  

3. Blood and tissue sampling: 

3.1. Blood sampling: At the end point of the 

experiment, all animals were fasted overnight and 

sacrificed by decapitation under ketamine (0.2 

mL/100 g) anesthesia. Blood was collected in a dry 

,sterile tube to obtain serum and then centrifuged 

at 3000 x g for 20 minutes at 4°C and stored at -70 

º C until the time of analysis. 

3.2. Tissue sampling: The liver was excised, 

perfused in situ with ice-cold 0.9% (w/v) NaCl 

solution, blotted dry on a filter paper, and divided 

into 2 parts. One part was preserved in 10% 

buffered paraformaldehyde for histopathological 

examination .The other part was stored at -70 º C 

till used for gene expression analysis and 

preparation of tissue homogenate. 

Preparation of Liver tissue homogenate: 

One piece of each specimen was weighed and 

homogenized in ice-cold 10 mM potassium 

phosphate containing 1 mM EDTA, pH 7.4 in a 

ratio of 1/5 w/v using a Potter–Elvenhjem tissue 

homogenizer. Homogenates were centrifuged at 

12, 000 x g for 30 minutes at 4º C and the 

resultant supernatant was frozen at -70 °C till 

used for further analysis.  

 Preparation of liver nuclear extracts: A nuclear 

extract of liver cells was prepared using the 
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Nuclear/Cytosol Fractionation Kit (Cat #K266-25, 

BioVision, Inc., CA, USA) according to the protocol 

of the manufacturer 

4. Biochemical analysis  

4.1. Lipid profile assessment: Total cholesterol 

(TC) and triacylglycerols (TAGs) were measured 

by enzymatic-colorimetric methods 

(Biodiagnostic., Egypt).  

4.2. Serum ALT and AST activities were 

measured using Randox kits according to 

manufacturer’s instructions.  

4.3. Total proteins assay: Concentrations of total 

proteins in the samples were determined according 

to the method of Bradford [19] with bovine serum 

albumin as a standard (#Cat no.500–0006, 

Bio\\Rad Protein Assay) . 

4. 4.Parameters of oxidative stress: 

a. Liver tissue malondialdehyde (MDA) 

Levels  were determined using a  method 

depends on the formation of MDA as an end 

product of  lipid peroxidation which reacts 

with thiobarbituric acid producing 

thiobarbituric acid reactive substance 

(TBARS), a pink chromogen, which can be 

measured  spectrophotometrically at   532 

nm[20]. 

 b. The activity of superoxide dismutase 

(SOD) in the liver tissue  was assayed 

according to the method of [21] .Addition of 

SOD inhibits reduction of nitroblue 

tetrazolium (NBT) mediated by 

hydroxylamine hydrochloride. The extent of 

inhibition is taken as a measure of enzyme 

activity. Reaction mixture consisted of 0.1 

mM Ethylene diamine tetra acetic acid, 50 

mM sodiumcarbonate and 96 mM of NBT. In 

the cuvette, 2 ml of above mixture was taken 

and 0.05 ml of the supernatant and 0.05 ml of 

hydroxylamine hydrochloride (adjusted to pH 

6.0 with NaOH) were added to it. The auto-

oxidation of hydroxylamine (development of 

blue colored complex) was observed by 

measuring the change in optical density at 

560 nm for 2 min at 30/60 s intervals. The 

activity of enzyme was expressed as units/mg 

protein where one unit of enzyme is defined 

as the amount of enzyme inhibiting the rate of 

reaction by 50%. 

c) Reduced glutathione levels (GSH) were 

determined in the liver tissue homogenate 

spectrophotometrically using a commercially 

available kit (#Cat: GR 2511, Bio Diagnostic, 

Egypt) The method is based on the reduction 

of 5,5′dithiobis (2-nitrobenzoic acid) with 

GSH to produce a yellow compound, its 

absorbance is measured at 405 nm. Results 

were expressed as mg/g liver tissue [22]. 

4.5. Phosphorylated active form of 

Adenosine Monophosphate Protein Kinase 

(AMPK) levels: were  determined by 

sandwich enzyme-linked immunosorbent 

assay (ELISA) using a commercial kit 

supplied by (Glory Science Co, USA) 

according to the manufacturer’s instructions.  

4.6. Liver tissue Beclin1 levels were assayed by 

ELISA kit supplied by (Glory Science Co, USA) 

according to the manufacturer’s instructions.  

4.7. Liver tissue IL-6 levels were assayed by 

ELISA kit (Cat# E02I0006, Blue Gene, Shanghai, 
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China).According to the manufacturer’s 

instructions.  

4.8. Quantification of DNA-binding activity of 

liver nuclear factor erythroid 2-related factor 2 

(Nrf-2) was carried out in liver nuclear extracts 

using ELISA kit (Cat # 600590, Cayman 

Chemical, Michigan,USA) according to the 

manufacturer's protocol.  

4.9. Quantitative measurement of nuclear 

factor-erythroid 2-related factor-2 (Nrf2) 

mRNA by quantitative real-time reverse 

transcription PCR (RT-PCR): 

 RNA extraction: Total cellular RNA was 

isolated from sample liver, using Trizol 

Reagents(Invitrogen Life Technologies, Carlsbad, 

Calif, United States) according to the 

manufacturer’s instructions. RNA quality was 

ensured through gel visualization and 

spectrophotometric analysis (OD260/280). 

Concentration of RNA was measured with the use 

of the OD260. On a NanoDrop spectrophotometer 

(NanoDrop Technologies, Inc. Wilmington, USA), 

RNA was then stored at -80°C. 

 cDNA synthesis : Total RNA samples were 

reverse-transcribed using the RevertAid H Minus 

First Strand cDNA Synthesis kit (Cat#K1632, 

Thermo Scientific Fermentas, St. Leon-Ro, 

Germany) according to the manufacturer’s 

instructions. Briefly, 10 μL of random hexamer 

primers (Roche, Mannheim, Germany) were added 

to 21 μL of RNA which was denatured for 5 min 

in the thermal cycler (Biometra, USA) ,then cooled 

to 4 °C. The cDNA master mix was prepared (5 μL 

of first strand buffer, 10 mM of dNTPs,1 μL of 

RNase inhibitor, 1 μL of reverse transcriptase 

SuperscriptTM II-RT enzyme and 10 μL of DEPC 

treated water) according to the kit protocol and 

was added to each sample. The total volume of the 

cDNA master mix was 19 μL for each sample 

,added to 31 μL RNA-primer mixture resulting in a 

reaction  total volume of 50 μL, which was then 

incubated in the programmed thermal cycler  for 

one hour at 42 °C, followed by inactivation of 

enzymes at 95 °C for 5 min, and finally cooled at 4 

°C. The first strand cDNA was verified by running 

on 2% agarose gel for confirmation of the 

amplified band, then cDNA stored at -20°C until 

used for PCR.  

 Real-time quantitative PCR:  

1 μL of the reverse transcriptase reaction mixture 

was added to a 20 μL reaction mixture of the 

QuantiTect SYBR-Green PCR kit (Qiagen) and 

0.5 μM from the specific primer pair for rat Nrf2 

(GenBank accession no. NM_031789). Samples of 

cDNA were assayed on the step one Real Time 

PCR System (Applied Biosystems). Initial 

denaturation at 95˚C for 5 min was followed by 30 

cycles with denaturation at 95˚C for 30 sec, 

annealing at 60˚C for 30 sec and extension at 72˚C 

for 20 sec. A negative control containing the 

complete Master Mix without a DNA template was 

included to detect genomic DNA contamination 

Primer sequences specific for rat Nrf2 were as 

follow [23]. : (forward) 5′-

CTCTCTGGAGACGGCCATGACT-3′, and 

(reverse):5′CTGGGCTGGGGACAGTGGTAGT-

3′. Primers for b-actin were included as an internal 

control (forward):5′-

CCTCTATGCCAACACAGTGC-3′ and, (reverse) 

5′CATCGTACTCCTGCTTGCTG-3′.  (GenBank 

accession no. NM_0311442). The fluorescence 

intensity of SYBR-Green, specifically 

https://www.ncbi.nlm.nih.gov/nuccore/AF037350
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Table 1: Effects of treatment with curcumin on Liver tissue IL-6 and some metabolic parameters 

 

Groups Group 1 

n= 20 

Group 2 

n= 20 

Group 3 

n= 20 

One way ANOVA 

Variables F value p-value 

Final body weight in gram 256.25±15.15 320.75±10.6
 a

 264.5±12.5
 b

 
148.4 

 
<.0...0* 

Serum triacylglycerol 

levels (mg/dl) 
77.3±4.5 

210.82± 
15.93

 a
 

95.5 03 ± 
3 05 0

 a,  b
 

209.8 
 

<.0...0* 

Serum total cholesterol 

levels (mg/dl) 
90.5±6.2 

186.05± 
11.56

 a
 

97.1 02 ± 
100

 a, b
 

767.8 
 

<.0...0* 

Serum AST(U/L) 27.4±0.8 90.85± 8.65
 a
 40.1± 2.4

 a , b
 832.6 <.0...0* 

Serum ALT(U/L) 22.7±0.3 52.45± 7.42
 a
 28.2 ±1.5

 a , b
 261.9 <.0...0* 

Liver tissue 

triacylglycerol levels 

(mg TAG/mg protein/ml) 

.023± 
0.062 

0.45± 
0.094

 a
 

.029± 
0.052

 a , b
 

55.51 
 

<.0...0* 

Liver tissue IL-6 levels(pg/mL) 17.9 ± 11.2 133.1 ± 49.9
 a
 86.9 ± 15.5

 b
 17.39 <.0...0* 

Values are expressed as mean ± SD. *P was considered significant at <0.05; a Significance vs control group , b 

Significance vs NASH induced group using One way ANOVA fo llowed by Tukey’s post hoc test for mult iple 

comparison. ALT alanine aminotransferase, AST aspartate aminotransferase, IL-6 interleukin-6 

 

Table 2: Effects of treatment with curcumin on liver tissue AMPK , and  oxidative stress 

markers. 

Groups 
Group 1 

n= 20 

Group 2 

n= 20 

Group 3 

n= 20 

One way ANOVA 

Variables F value p-value 

Liver tissue MDA 

(nmol/mg protein/ml) 

60.32± 
18.68 

185.97± 
66.38

a
 

1105± 
0.05

b
 

53.68 
 

<.0...0* 

Liver tissue SOD 

Activity units/mg protein 

436.06± 
76.17 

254.6± 
60.42

 a
 

44.06± 
1.04

 b
 

 

45.15 
 

<.0...0* 

 Liver tissue GSH (mg/ 

g liver tissue) 
1.2 ± 0.1 .8 ± 0.2

 a
 1.1 ± 0.2

b
 

28.89 
 

<.0...0* 

DNA-binding activity of liver  Nrf2 0.45 ± 0.02 053 ± 0.00
 a
 2.7. ± 0.02

 a, b
 

108642 
 

<.0...0* 

Liver tissue 
phosphorylated active 

form of AMPK level 

(ng/mg protein /ml) 

1.927± 
0.364 

1.436 
± 

.0323
 a
 

30248± 
0.692 

a,b
 

73.63 
 

<.0...0* 

Values are expressed as mean ± SD. *P was considered significant at <0.05; a Significance vs control group , b 

Significance vs NASH induced group using One way ANOVA fo llowed by Tukey’s post hoc test for mult iple 

comparison. MDA malondialdehyde, GSH g lutathione, SOD superoxide dismutas e, Nrf2 nuclear factor-erythroid 2-

related factor 
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incorporated in the double-stranded DNA 

amplicon reflecting the amount of formed PCR 

product, was read after each extension step at72˚C. 

RNA amounts were determined with the Applied 

Biosystems software using the comparative cycle 

threshold (△△Ct  ( method in mode relative to 

reference gene b-actin, which was not altered by 

the experimental conditions   

5. Histopathological study: After fixation of 

liver tissue samples in neutral 10% buffered 

formalin (pH 7.2) at room temperature, tissues 

were dehydrated through graded alcohol solutions, 

and embedded in paraffin. Sections were then 

stained with hematoxylin and eosin for 

histopathological analysis.  

Statistical analysis: The results were expressed as 

the mean ± S.D. in each group. Statistical analysis 

was performed using one way analysis of variance 

(ANOVA) followed by Tukey multiple 

comparisons test. The data were analyzed with 

Graph prism statistical software (version 6), San 

Diego, CA, USA. A statistical probability of P < 

0.05 is considered to be significant. 

Results  

Effect of curcumin on body weight: 

The weight gain in grams was calculated as the 

difference between the body weight at the end and 

at the beginning of the 12 weeks as shown in table 

(1) Significant differences were observed between 

model and control groups regarding body weight 

(p<.0...0)  . In the treatment group, a remarkable 

reduction was observed in body weight as 

compared to model group (p<.0...0), and non-

significant differences compared to control group. 

Effect of curcumin on liver parameters, and 

lipid parameters: 

Rats fed on the high fructose diet (model group) 

showed an increase (p<.0...0), in all lipid 

parameters (i.e. serum TAGs, liver tissue TACs, 

and TC ) and in serum liver enzymes activity  

(ALT,AST) when compared to those of rats fed the 

standard diet. Curcumin treatment resulted in 

significant reduction (p<.0...0) of these lipid and 

liver parameters but still higher than control group 

(Table 1). 

Effect of curcumin on the inflammatory 

cytokine IL-6 levels in liver tissue: 

Rats in the model group had higher liver contents 

of IL-6 than those in the normal group (p<.0...0) 

.The administration of curcumin resulted in a 

remarkable reduction of this  inflammatory 

cytokine (p<.0...0) when compared to model 

group and non-significant difference  compared 

with control group. (Table 1) 

 Effects of curcumin on oxidative stress 

markers, liver tissue AMPK and autophagy 

protein, beclin 1: 

Administration of a high fructose diet to rats 

increased the liver protein MDA significantly 

versus the model group, (p<.0...0) whereas 

curcumin treatment decreased the MDA content of 

the liver to basal levels. Concerning the hepatic 

contents of GSH and activity of SOD, the model 

group displayed the lowest values, significantly 

different (p<.0...0) from the normal and 

treatment groups. Regarding Nrf-2 DNA-binding 

activity, it showed significant increase in NASH 

group compared to control group ,while treatment 

group revealed, the highest values  , significantly 
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different (p<.0...0) from the normal and model 

groups. (Table 2). 

In relation to liver tissue AMPK,( table 2 )and 

beclin 1(figure 1) , there was significant decrease 

in model group compared to control group 

,meanwhile  the treatment group showed the 

highest values, significantly different (p<.0...0) 

from the normal and model groups .  

Effects of curcumin on alterations in liver gene 

expression of antioxidant marker (Nrf-2) in rats 

As shown in Fig. 2; high fructose diet rats were 

found to have Significant increase in  mRNA 

expression of Nrf-2 as compared to control group 

group (p<.0...0). Meanwhile the treatment group 

showed the highest values, significantly different 

(p<.0...0) from the normal and model groups. 

Histopathology 

As illustrated in Fig.(3,4,5)  

control group displayed normal hepatocytes with a 

well-preserved cytoplasm, and well defined nuclei, 

with no steatosis or lymphocytic infiltration while, 

NASH-induced group showed small fat vacuoles 

filling hepatocytes cytoplasm (marked 

microvesicular steatosis), with nuclei pushed to the 

periphery, with thickened portal tracts, and mild to 

moderate inflammatory lymphocytic cellular 

infiltration the intensity of hepatic steatosis and 

inflammation were significantly alleviated in 

curcumin treatment group.  

 
Fig. 1. Liver tissue beclin1 levels. Values are expressed as mean ± SD. *P was considered significant at <0.05; a 

significant as compared to the control group, b significant as compared to NASH group  using One way ANOVA 

followed by Tukey’s post hoc test for mult iple comparison. 

 
Fig. 2. Nrf2 mRNA relative expression. Values are expressed as mean ± SD. *P was considered significant at <0.05; a 

significant as compared to the control group, b significant as compared to NASH group  using One way ANOVA 

followed by Tukey’s post hoc test for mult iple comparison 
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Discussion: 

Non-alcoholic fatty liver disease (NAFLD) is the 

most common hepatic alteration in both affluent 

and developing countries [24]. The most severe 

form of this disease is NASH, the role of dietary 

fructose in inducing NASH has become a focus of 

attention [25]. 

Autophagy, oxidative damage, signaling and 

inflammatory changes have been implicated in the 

pathogenesis of NASH .So; we used a fructose 

induced rat model of NASH to understand the 

potential mechanisms underlying curcumin 

beneficial effects on these NASH associated 

changes. 

Fig 3. Micrograph from group 1 (control group) 

showing normal hepatocytes with a well-preserved 

cytoplasm, and well defined nuclei(H&E 400X).  
 

Fig. 4. Micrograph from group 2 (NASH-induced group) 

showing small fat vacuoles filling hepatocytes cytoplasm 

(marked microvesicular steatosis), with nuclei pushed to the 

periphery, with thickened portal tracts, and mild to moderate 

inflammatory lymphocytic cellu lar infiltration (H&E200X).  
 

Fig. 5. Micrograph from group 3(curcumin t reatment group) 

showing few inflammatory cellular infilt rate associated with 

normal liver arch itecture and normal hepatocytes(H&E200X).  
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In this current study, NASH has been induced in 20 

male albino rats, fructose-induced obesity has been 

recorded by significant increase in body weight in 

all rats compared to control group ,concomitant 

with histopathological alteration of liver specimens 

and high levels of ALT and AST  indicating 

hepatocellular damage . Hypertriglyceridemia, 

hypercholesterolemia and significant increase in 

TAGs content of the liver, were also reported in 

NASH-induced group. These results came In 

accordance with previous researches they attributed 

increased accumulation of fat in  the liver to 

increased hepatic de novo lipogenesis, inhibition of 

fatty acid beta oxidation, impaired TG clearance 

and reduced VLD export [26-29]. 

In fact an increasing body of evidence indicates that 

fructose in the diet causes obesity and fatty liver 

disease that commonly progress to NASH , 

mimicking metabolic disorders in humans [30]. 

fructose metabolism in the liver is an important 

player in hepatic steatosis , the major pathway of 

fructose metabolism in the liver involves the 

formation of fructose-1-P, under the effect of 

fructokinase, which is splitted by Aldolase-B to 

glyceraldehyde and dihydroxyacetone phosphate , 

both are converted to glyceraldehyde-3-P that is 

ultimately converted to pyruvate and then acetyl-

CoA, bypassing the regulatory mechanisms 

imposed on phosphofructokinase-1. Excess 

acetylcoA will be forwarded for de novo synthesis 

of fatty acids and cholesterol biosynthesis [31]. De 

novo lipogenesis explained also on the basis that 

fructose administration induces the carbohydrate 

response element binding protein and acts 

synergistically with sterol response element binding 

protein where both proteins increase the expression 

of lipogenic genes including those encoding acetyl-

coA carboxylase, fatty acid synthase and stearoyl-

coA desaturatase enzymes[32].  Meanwhile, it has 

been  reported that hepatic acyl-CoA diacylglycerol 

acyltransferase enzyme that catalyzes the final step 

in TG synthesis is often activated in states of 

energy excess such as fructose-induced obesity[33].  

Interestingly, our data depicted that treatment with 

curcumin  resulted in marked reduction  of serum 

ALT and AST ,TC,TG levels ,liver TG content  and 

alleviated hepatic  steatosis and inflammation. 

These data agree with that  reported by Li  et al [34] 

who showed that Curcumin administration led to 

lower degrees of hepatic steatosis and inflammation 

, lower levels of serum aminotransferases, lipids, 

homeostasis model assessment of insulin resistance 

as well as lower serum and hepatic cytokines level. 

It is assumed that  curcumin reduces both hepatic 

and non-hepatic lipids by lowering the fatty acid 

synthesis: oxidation ratio ,through activation of  a 

key fatty acid oxidizing enzyme, acyl-CoA oxidase 

[35].Also it may exert its beneficial effects via 

reducing insulin and leptin resistance, and 

attenuating inflammatory cytokine expression [36]. 

While our data and some reported data showed the 

hypolipidemic effect of curcumin [37], others 

indicated that plasma lipid levels are not affected 

by curcumin supplementation [38]. This 

discrepancy may be due to diet composition, 

method of supplementation, duration of treatment 

and concentration of Curcumin.  

According to the two-hit theory , the inflammatory 

progression to NASH occurs with two sequential 

hits, the first being hepatic steatosis, and the second 

being hepatic inflammation caused by oxidative 

stress associated with lipid peroxidation, cytokine 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25385666
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activation, ROS and endogenous toxins of high 

fructose intake. [39] 

In this study, rats with induced NASH were 

evidently suffering from both ,oxidative stress, 

which was manifested as elevated levels of MDA, 

in face of a concomitant decreased activity of SOD 

and GSH in the liver and from hepatic 

inflammation manifested by significant increase in 

hepatic IL-6 levels. This finding is supported by 

related study that gave an evidence of increased 

levels of MDA and reduced activity of SOD in the 

sera of patients with NASH, and stated that 

treatment approaches that affect the antioxidant 

enzymes may be beneficial in patients with NASH. 

[40] These findings may point to the causal 

relationship between fat accumulation and 

emergence of both cytokine activation  and 

oxidative stress in NASH. [41,42]  Accumulation of 

free fatty acids and cholesterol in mitochondria of 

hepatocytes leads to TNF-α and IL-6 mediated liver 

injury and reactive oxygen species formation. 

Endogenous toxins produced secondary to excess 

dietary fructose intake leads to ROS formation their 

accumulation in the portal vein can contribute to 

the development of NASH [42].  It has been 

reported also, that when antioxidant reserves are 

depleted, by activating hepatic microsomal 

oxidases involved in fatty acid oxidation, more 

oxidative stress and cellular injury occur [44] .  

Curcumin treatment resulted in amelioration of 

oxidative stress, as emphasized by a significant 

decrease in MDA levels in the liver and boosting 

antioxidant status by increasing hepatic  GSH levels 

and  SOD activity. Curcumin treatment also effects 

significant decrease in hepatic IL6 levels. Thus 

confirming the antioxidant effect and the anti-

inflammatory role of Curcumin in fructose induced 

NASH model. This finding matches with that of 

Inzaugarat ME,et al [53] they  have demonstrated 

the remarkable pro-inflammatory and pro-oxidant 

influence of curcumin in human and mouse 

NAFLD/ NASH and showed that Curcumin 

prevented the development of immunological 

alterations in this disease. 

Given that Nrf2, as a critical transcription factor, 

regulates cellular lipid metabolism and antioxidant 

response, the current study detected the gene 

expression and DNA-binding activity of Nrf-2 in 

liver tissues. Our data reported an increase in Nrf-2 

DNA binding activity and gene expression in liver 

of NASH group compared to control group, this is 

explained on the basis of Nrf2 action as a 

prooxidant stressors sensor so, it  is activated in 

compensation to diminish the harmful effects of 

ROS [45] . Furthermore, our results revealed that 

Curcumin treatment group exhibited the highest 

values, significantly different from the control and 

model groups . our finding is supported  by 

matched study[34] emphasized the beneficial effect 

of curcumin in rat  model with NASH through 

activation and  modulation of the Nrf2–Keap1 

signaling pathway and  verifying the central role of 

Nrf2  in mediating a cytoprotective response 

against a wide variety of stress and toxic insults. 

In fact, there are several stages within this disease 

progression at which activation of Nrf2   by 

oxidative or electrophilic stress may exert a 

potential therapeutic effect. The first is in the initial 

stages of the disease, when lipids are accumulating 

in the hepatocytes Nrf2 activation has been shown 

to effectively decrease gene expression of fatty acid 

synthesis enzymes [45,47] The second  is through 
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prevention of  inflammation by increasing gene 

expression of Heme oxygenase 1 (Ho-1) and 

NAD(P)H quinone oxidoreductase 1 (Nqo1),which 

in turn have inhibitory effects on inflammation 

through repression of nuclear factor-κB, an 

important cell-signaling molecule for the 

inflammatory response. [47].Another mechanism is 

through increasing expression of Nrf2-regulated 

gene products including GSH, glutathione 

peroxidase, HO-1, NAD(P)H quinine 

oxidoreductase1, glutamate cysteine ligase and 

many other factors [48]. Finally,Nrf2 could 

contributes to alleviation of fibrosis in NASH by 

regulating transforming growth factor-β (TGF-β), a 

profibrotic signaling factor in plasma[49].   Besides 

its role in regulating cellular  anti-oxidative 

defense, Nrf2 has also been shown to attenuate 

insulin resistance and has anti-obesity  effect. [50]. 

The above findings suggest that Nrf2 associates 

with NASH and may be a novel therapeutic target 

for the prevention and treatment of fatty liver 

disease. 

Several lines of evidence, highlighted curcumin as 

Nrf2 activator because it increases Nrf2 expression 

at the transcriptional and translational levels [51-

53]. Curcumin is  electrophile , covalently modify 

the cysteine sulfhydryl groups of KEAP1, thereby 

altering its conformation and preventing the 

KEAP1–NRF2 interaction, enables Nrf2 to 

translocate to the nucleus , binds to the antioxidant-

responsive element and initiates the transcription of 

genes coding antioxidants against 

oxidative/nitrative stress and inflammation. [51] 

Curcumin can also elicit its prostate cancer 

chemopreventive effect inTRAMP C1 cells, 

potentially through epigenetic modification of the 

Nrf2 gene with its subsequent induction of the 

Nrf2-mediated anti-oxidative stress cellular defense 

pathway [54].All of these support the protective 

role curcumin in opposing NASH pathogenic 

changes by  triggering Nrf2 signaling. 

Autophagy is a protective self-digestion of 

intracellular organelles in response to stress to 

maintain homeostasis. Lipophagy is another 

pathway for lipid degradation besides lipolysis.  

In this study, the autophagy pathway has been 

monitored by measuring Beclin-1, mediator of the 

nucleation process of autophagy in liver tissue .It 

displayed significant decrease in NASH group 

compared to control group .Our results came in line 

with several researches [55-58], they found that  

autophagy is partially suppressed in 

NAFLD/NASH patients and animal models, and 

restoring autophagy may slow the progression of 

NAFLD.  

Decreased autophagic function in particular may 

promote the initial development of hepatic 

steatosis. Steatosis together with oxidative stress 

that  promote overactivation of the JNK/c-Jun 

signaling pathway and inflammatory cytokines, will  

trigger hepatocellular injury and death, leading to 

progression of steatosis to liver injury and NASH. 

[59] 

In the current study, the use of curcumin markedly 

improve autophagy checked by elevated Beclin-1. 

Beclin 1 can intervene at every major step in 

autophagic pathways, from autophagosome 

formation, to autophagosome/endosome maturation 

many of these effects are mediated through the 

activation of specific Beclin 1-binding proteins 

.Also It plays a critical role in modulating the 
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magnitude of the autophagic response by regulating 

phosphatidyl inositol 3 kinase dependent generation 

of phosphatidyl inositol 3 phosphate and 

subsequent recruitment of additional proteins 

involved in autophagosome formation . [60] . 

Autophagy have Many protective mechanisms that 

lead to cell survival from death stimuli including 

the removal of damaged organelles or proteins that 

contribute to cellular dysfunction as abnormal 

mitochondria, that may lead to oxidative stress or 

the release of mitochondrial factors that trigger 

apoptosis [60] .In addition ,autophagy decrease 

triglyceride and cholesterol accumulation, improve 

insulin signaling, and prevent cellular injury from 

oxidative stress by Nrf2 Activation via interaction 

of the selective autophagy substrate p62 with the 

Nrf2 binding site on Keap1.Also, it Block TNFα 

and Fas death receptor-mediated liver injury 

,Reduce endoplasmic reticulum stress and the 

resultant cellular damage and insulin resistance ,and 

Prevent hepatocellular carcinoma development. 

[61] However, autophagy is a double-edged sword 

it protects hepatocytes by inhibiting oxidative stress 

and inflammation yet, its over-stimulation may 

result in autophagic cell death that aggravates any 

existing liver damage[63]. 

NAFLD is associated with low hepatic ATP levels 

and increased nucleotide turnover resulting in 

substantial AMP generation. Surprisingly, despite 

of reductions in liver ATP contents and in 

agreement with previous studies [64-66],our results 

demonstrated significant decrease in liver AMPK  

levels in NASH group compared to control group,  

suggesting that additional factors are important for 

controlling AMPK activity in the liver during 

NASH. One possibility may be that inflammatory 

factors known to be elevated with NASH, such as 

lipopolysaccharide (LPS) tumor necrosis factor-α 

(TNFα), and IL6 reduce AMPK activity [66] 

another possibility posit that  surges of fructose in 

the portal vein lead to increased unregulated flux to 

trioses accompanied by unavoidable methylglyoxal 

production, sudden flux exerts carbonyl stress on  

the three arginines on the c subunits AMP binding 

site of AMPK, irreversibly blocking some of the 

enzyme molecules to allosteric modulation, this 

explains why, even when fructose quick 

phosphorylation increases AMP and should 

therefore activate AMPK, the effects of fructose are 

compatible with inactivation of AMPK, which then 

solves the apparent metabolic paradox. [69]. 

In harmony with other studies [70-71], our data 

depicted that treatment with curcumin resulted in 

marked increase in liver AMPK, that is associated 

with improvement of liver markers, lipid profile 

and histopathology and explained as follow: once 

activated, AMPK-mediated downstream 

phosphorylation events switch cells from active 

ATP consumption to active ATP production thus, it 

increases glucose transport, glycolysis, beta 

oxidation, and inhibits lipogenesis and cholesterol 

biosynthesis. AMPK also inhibits mTOR pathways 

leading to  activation of mitochondrial biogenesis 

and autophagy. [72-73]. 

In conclusion, our study provided some insights 

into the pathogenesis of NASH, and highlighted the  

potential ameliorative role  of Curcumin as it 

modify  many serial and parallel pathways as 

autophagy, inflammatory response, AMPK activity, 

and  redox balance as evident by marked 

alleviations of the liver MDA and elevating both 

SOD activity and GSH levels and activating Nrf2 

http://www.sciencedirect.com/science/article/pii/S138819811600007X#bb0595
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signaling pathway .Since curcumin has a good 

safety profile, its role in the prevention and 

treatment of NASH merits further investigation 

evaluating its effect of on patients with NAFLD. 

Funding: 

This research did not receive any specific grant 

from funding agencies in the public, commercial 

and not for profit sectors. 

References  

1. Vernon G, Baranova A, Younossi ZM: The 

epidemiology and natural history of non-alcoholic 

fatty liver disease and non-alcoholic steatohepatitis 

in adults. Aliment Pharmacol Ther 34(3):274–285, 

2011. 

2. Pinzani M: Pathophysiology of non-alcoholic 

steatohepatitis and basis for treatment. Dig Dis 

29(2):243–248, 2011. 

3. Katsiki N, Mikhailidis DP, Mantzoros CS: 

Non-alcoholic fatty liver disease and dyslipidemia: 

An update. Metabolism 65(8):1109-23, 2016. 

4. Ono M, Okamoto N, and Saibara T: The latest 

idea in NAFLD/NASH pathogenesis. Clinical 

Journal of Gastroenterology 3(6):263-70, 2010. 

5. Marra F and Lotersztajn S: Pathophysiology 

of NASH: perspectives for a targeted treatment. 

Current Pharmaceutical Design 19(29):5250-69, 

2010. 

6. Reggiori F, Komatsu M, Finley K, et al : 

Autophagy: more than a nonselective pathway. 

International Journal of Cell Biology 2012:219625, 

2012. 

7. Zirin J, Nieuwenhuis J, Samsonova A, et al.: 

Regulators of autophagosome formation in 

Drosophila muscles. Genetics 11(2):1371, 2010. 

8. McKnight NC and Zhenyu Y: Beclin 1, an 

Essential Component and Master Regulator of 

PI3K-III in Health and Disease.Curr Pathobiol Rep. 

1(4):231-238, 2013. 

9. Boya P, Reggiori F, and Codogno P.: Emerging 

regulation and functions of autophagy. Nature Cell 

Biology 15(7):713-20, 2013. 

10. Feng X, Yu W, Li X, Zhou F, Zhang W, Shen 

Q, Li J, Zhang C, Shen P: Apigenin, a modulator 

of PPARγ, attenuates HFD-induced NAFLD by 

regulating hepatocyte lipid metabolism and 

oxidative stress via Nrf2 activation. Biochem 

Pharmacol 136:136-149, 2017. 

11. NguyenT, SherrattPJ, PickettCB: 

“Regulatory mechanisms controlling gene 

expression mediated by the antioxidant response 

element.” Annual Review of Pharmacology and 

Toxicology 43: 233–260, 2003. 

12. Wajda A, Łapczuk J, Grabowska M, 

Słojewski M, Laszczyńska M, Urasińska E, 

Droździk M: Nuclear factor E2-related factor-2 

(Nrf2) expression and regulation in male 

reproductive tract. Pharmacol Rep 68(1):101-8, 

2016. 

13. Hayes JD, Dinkova-Kostova AT: The Nrf2 

regulatory network provides an inrface between 

redox and intermediary metabolism. Trends 

Biochem Sci 39(4):199–218, 2014. 

14. Zhan DD: Mechanistic studies of the Nrf2–

KeaP1 signaling pathway. Drug Metab Rev 

38(4):769–89, 2006. 

15. Schattenberg JM, and Schuppan D: 

Nonalcoholic steatohepatitis: the therapeutic 

challenge of a global epidemic. Current Opinion in 

Lipidology 22(6):479-88 ,2011. 

https://www.ncbi.nlm.nih.gov/pubmed/27237577
https://www.ncbi.nlm.nih.gov/pubmed/27237577
http://www.ncbi.nlm.nih.gov/pubmed/24729948
http://www.ncbi.nlm.nih.gov/pubmed/24729948
http://www.ncbi.nlm.nih.gov/pubmed/24729948
https://www.ncbi.nlm.nih.gov/pubmed/28414138
https://www.ncbi.nlm.nih.gov/pubmed/28414138
https://www.ncbi.nlm.nih.gov/pubmed/28414138
https://www.ncbi.nlm.nih.gov/pubmed/28414138
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12359864
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sherratt%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=12359864
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pickett%20CB%5BAuthor%5D&cauthor=true&cauthor_uid=12359864
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wajda%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=%C5%81apczuk%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grabowska%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=S%C5%82ojewski%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=Laszczy%C5%84ska%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=Urasi%C5%84ska%20E%5BAuthor%5D&cauthor=true&cauthor_uid=26721360
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dro%C5%BAdzik%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26721360


 Curcumin as an Inducer of Nrf2 and autophagy in NASH                                                                    223 

 
 

16. Cusi K: Role of obesity and lipotoxicity in the 

development of nonalcoholic steatohepatitis: 

pathophysiology and clinical implications. 

Gastroenterology 142(4):711-25, 2012. 

17. Takahashi Y, Soejima Y, and Fukusato T: 

Animal models of nonalcoholic fatty liver 

disease/nonalcoholic steatohepatitis. World Journal 

of Gastroenterology 18(19):2300-8, 2012. 

18. Wang L, Lv Y2, Yao H, Yin L, Shang J : 

Curcumin prevents the non-alcoholic fatty hepatitis 

via mitochondria protection and apoptosis 

reduction. Int J Clin Exp Pathol 8(9):11503-9, 

2015. 

19. Bradford M M : A rapid and sensitive method 

for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye 

binding. Anal  Biochem 72 (1–2): 248–254, 1976. 

20. Ohkawa H, Ohishi N, Yagi K : Assay for lipid 

peroxides in animal tissues by thiobarbituric acid 

reaction. Anal Biochem  95(2):351-8 , 1979. 

21. KonoY: Generation of superoxide radical 

during autoxidation of hydroxylamine and an assay 

for superoxide dismutase. Arch Biochem Biophys 

186, 189–195, 1978. 

22. Beutler E, Duron O, Kelly BM : Improved 

method for the determination of blood glutathione. 

J Lab Clin Med 61:882-8, 1963. 

23. Zhong Q1, Mishra M, Kowluru RA: 

Transcription factor Nrf2-mediated antioxidant 

defense system in the development of diabetic 

retinopathy .Invest Ophthalmol Vis Sci 54(6):3941-

8, 2013.  

24. Williams CD, Stengel J, Asike MI, et al.: 

Prevalence of nonalcoholic fatty liver disease and 

nonalcoholic steatohepatitis among a largely 

middle-aged population utilizing ultrasound and 

liver biopsy: a prospective study. Gastroenterology 

140(1):124-31, 2011. 

25. Hernandez-Rodas MC, Valenzuela R, Videla 

LA.: Relevant Aspects of Nutritional and Dietary 

Interventions in Non-Alcoholic Fatty Liver 

Disease. Int J Mol Sci 16(10):25168-98,2015. 

26. Basaranoglu M, Basaranoglu G, Sabuncu T, 

et al : Fructose as a key player in the development 

of fatty liver disease. World Journal of 

Gastroenterology 19(8):1166-72, 2013. 

27. Nomura K, and Yamanouchi T: The role of 

fructose enriched diets in mechanisms of 

nonalcoholic fatty liver disease. The Journal of 

Nutritional Biochemistry 23(3):203-8, 2012. 

28. Sellmann C, Priebs J, Landmann M, et al : 

Diets rich in fructose, fat or fructose and fat alter 

intestinal barrier function and lead to the 

development of nonalcoholic fatty liver disease 

over time. The Journal of nutritional biochemistry 

26(11):1183-92, 2015. 

29.  Tetri LH, Basaranoglu M, Brunt EM, et al.: 

Severe NAFLD with hepatic necroinflammatory 

changes in mice fed trans fats and a high fructose  

corn syrup equivalent. American Journal of 

Physiology Gastrointestinal and Liver Physiology 

295(5):G987-95, 2008. 

30. Malik VS, Popkin BM, Bray GA, et al: 

Sugar-Sweetened Beverages and Risk of Metabolic 

Syndrome and Type 2 Diabetes: A meta-analysis. 

Diabetes Care 33(11):2477-83, 2010. 

31. Devlin TM : Textbook of Biochemistry: With 

Clinical Correlations. 18 ed. Hoboken, NJ: John 

Wiley & Sons,2011. 

32. Uyeda K, and Repa JJ. : Carbohydrate 

response element binding protein, ChREBP, a 

transcription factor coupling hepatic glucose 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26617882
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lv%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26617882
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yao%20H%5BAuthor%5D&cauthor=true&cauthor_uid=26617882
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yin%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26617882
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26617882
https://www.ncbi.nlm.nih.gov/pubmed/?term=Curcumin+prevents+the+non-alcoholic+fatty+hepatitis+via+mitochondria
https://www.ncbi.nlm.nih.gov/pubmed/?term=Curcumin+prevents+the+non-alcoholic+fatty+hepatitis+via+mitochondria
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohkawa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=36810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohishi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=36810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yagi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=36810
https://www.ncbi.nlm.nih.gov/pubmed/36810
https://www.ncbi.nlm.nih.gov/pubmed/?term=BEUTLER%20E%5BAuthor%5D&cauthor=true&cauthor_uid=13967893
https://www.ncbi.nlm.nih.gov/pubmed/?term=DURON%20O%5BAuthor%5D&cauthor=true&cauthor_uid=13967893
https://www.ncbi.nlm.nih.gov/pubmed/?term=KELLY%20BM%5BAuthor%5D&cauthor=true&cauthor_uid=13967893
https://www.ncbi.nlm.nih.gov/pubmed/13967893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhong%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=23633659
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mishra%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23633659
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kowluru%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=23633659
https://www.ncbi.nlm.nih.gov/pubmed/23633659
https://www.ncbi.nlm.nih.gov/pubmed/26512643
https://www.ncbi.nlm.nih.gov/pubmed/26512643
https://www.ncbi.nlm.nih.gov/pubmed/26512643


Zakaria et al                                                                                                                                                               224 

 

utilization and lipid synthesis. Cell Metabolism  

4(2):107-10, 2006. 

33. Choi SS, and Diehl AM. : Hepatic triglyceride 

synthesis and nonalcoholic fatty liver disease. 

Current Opinion in Lipidology 19(3):295-300, 

2008. 

34. Li B, Wang L, Lu Q, Da W: Liver injury 

attenuation by curcumin in a rat NASH model: an 

Nrf2 activation-mediated effect? Ir J Med Sci 

185(1):93-100, 2016. 

35. Shao W, Yu Z, Chiang Y, Yang Y, Chai T, 

Foltz W, Lu H, Fantus IG, Jin T. Curcumin 

prevents high fat diet induced insulin resistance and 

obesity via attenuating lipogenesis in liver and 

inflammatory pathway in adipocytes. PLoS One 7: 

28784, 2012. 

36. Ramirez-Tortosa MC, Ramirez-Tortosa CL, 

Mesa MD et al: Curcumin ameliorates rabbits’s 

steatohepatitis via respiratory chain, oxidative 

stress, and TNF-alpha. Free Radic Biol Med 

47(7):924–931, 2009. 

37. Guo C, Ma J, Zhong Q, Zhao M, Hu T, Chen 

T, Qiu L, Wen L. Curcumin improves alcoholic 

fatty liver by inhibiting fatty acid biosynthesis. 

Toxicol Appl Pharmacol 328:1-9, 2017 .  

38. Chen Q, Wang T, Li J, Wang S, Qiu F, Yu 

H, Zhang Y, Wang T : Effects of Natural Products 

on Fructose-Induced Nonalcoholic Fatty Liver 

Disease (NAFLD).Nutrients  9(2), 2017. 

39. Assy N, Nasser G, Kamayse I, et al.: Soft 

drink consumption linked with fatty liver in the 

absence of traditional risk factors. Canadian Journal 

of Gastroenterology 22(10):811-6, 2008. 

40. Koruk M, Taysi S, Savas MC, et al : 

Oxidative stress and enzymatic antioxidant status in 

patients with nonalcoholic steatohepatitis .Annals 

of Clinical and Laboratory Science 34(1):57-62, 

2004. 

41. Malhi H, and Gores GJ. : Molecular 

mechanisms of lipotoxicity in nonalcoholic fatty 

liver disease. Seminars in Liver Disease 28(4):360-

9, 2008. 

42.  Park EJ, Lee JH, Yu GY, et al.: Dietary and 

genetic obesity promote liver inflammation and 

tumorigenesis by enhancing IL-6 and TNF α 

expression. Cell 140(2):197-208, 2010. 

43. Thuy S, Ladurner R, Volynets V, et al. : 

Nonalcoholic fatty liver disease in humans is 

associated with increased plasma endotoxin and 

plasminogen activator inhibitor 1 concentrations 

and with fructose intake. The Journal of Nutrition 

138(8):1452-5, 2008. 

44. Leung T, Rajendran R, Singh S, et al. : 

Cytochrome P450 2E1 (CYP2E1) regulates the 

response to oxidative stress and migration of breast 

cancer cells. Breast Cancer Research 15(6):R107, 

2013. 

45. Salomone F, Godos J, Zelber-Sagi S : Natural 

antioxidants for non-alcoholic fatty liver disease: 

molecular targets and clinical perspectives. Liver 

Int 36(1):5-20, 2016. 

46. Harder B, Jiang T, Wu T, Tao S, de la Vega 

MR, Tian W, Chapman E, Zhang DD: Molecular 

mechanisms of Nrf2 regulation and how these 

influence chemical modulation for disease 

intervention. Biochem Soc Trans 43(4) : 680-686, 

2015. 

47. Bataille AM, Manautou JE: Nrf2: A Potential 

Target for New Therapeutics in Liver Disease. Clin 

Pharmacol Ther  92(3):340–348, 2012. 

48. Harvey CJ, Thimmulappa RK, Singh A et al 

: Nrf2-regulated glutathione recycling independent 

of biosynthesis is critical for cell survival during 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25385666
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25385666
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lu%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=25385666
https://www.ncbi.nlm.nih.gov/pubmed/?term=Da%20W%5BAuthor%5D&cauthor=true&cauthor_uid=25385666
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liver+injury+attenuation+by+curcumin+in+a+rat+NASH+model%3A+an+Nrf2+activation-mediated+effect%3F
https://www.ncbi.nlm.nih.gov/pubmed/28476407
https://www.ncbi.nlm.nih.gov/pubmed/28476407
https://www.ncbi.nlm.nih.gov/pubmed/28146130
https://www.ncbi.nlm.nih.gov/pubmed/28146130
https://www.ncbi.nlm.nih.gov/pubmed/28146130
https://www.ncbi.nlm.nih.gov/pubmed/26436447
https://www.ncbi.nlm.nih.gov/pubmed/26436447
https://www.ncbi.nlm.nih.gov/pubmed/26436447


 Curcumin as an Inducer of Nrf2 and autophagy in NASH                                                                    225 

 
 

oxidative stress. Free Radic Biol Med 46(4):443–

453, 2009. 

49. Tang W, Jiang YF, Ponnusamy M, Diallo M: 

Role of Nrf2 in chronic liver disease. World J 

Gastroenterol 20(36):13079-87, 2014. 

50. Sykiotis GP, Habeos IG, Samuelson AV, 

Bohmann D : The role of the antioxidant and 

longevity-promoting Nrf2 pathway in metabolic 

regulation. Curr Opin Clin Nutr Metab Care 

14(1):41–48, 2011. 

51. Carmona-Ramı´rez I, Santamarı´a A, 

Tobo´n-Velasco JC et al : Curcumin restores Nrf2 

levels and prevents quinolinic acid-induced 

neurotoxicity. J Nutr Biochem 24(1):14–24 ,2013. 

52.  Charoensuk L, Pinlaor P, Prakobwong S et 

al : Curcumin induces a nuclear factor-erythroid 2-

related factor 2-driven response against oxidative 

and nitrative stress after praziquantel treatment in 

liver fluke-infected hamsters. Int J Parasitol 

41(6):615–626, 2011. 

53. Inzaugarat ME, De Matteo E, Baz P, Lucero 

D, et al: New evidence for the therapeutic potential 

of curcumin to treat nonalcoholic fatty liver disease 

in humans. PLoS One 12(3), 2017.  

54. Khor TO, Huang Y, Wu TY et al : 

Pharmacodynamics of curcumin as DNA 

hypomethylation agent in restoring the expression 

of Nrf2 via promoter CpGs demethylation. 

Biochem Pharmacol 82(9):1073–1078, 2011. 

55. Ji G, Wang Y, Deng Y, Li X, Jiang Z: 

Resveratrol ameliorates hepatic steatosis and 

inflammation in methionine/choline-deficient diet-

induced steatohepatitis through regulating 

autophagy. Lipids Health Dis 134, 2015.  

56. Okada H, Takabatake R, Honda M, 

Takegoshi K, et al: Peretinoin, an acyclic retinoid, 

suppresses steatohepatitis and tumorigenesis by 

activating autophagy in mice fed an atherogenic 

high-fat diet. Oncotarget  8(25), 2017. 

57. Cai N, Zhao X, Jing Y, Sun K, Jiao S, Chen 

X, Yang H, Zhou Y, Wei L: Autophagy protects 

against palmitate-induced apoptosis in hepatocytes. 

Cell Biosci 4:28, 2014. 

58. Lin CW, Zhang H, Li M, et al. 

:Pharmacological promotion of autophagy 

alleviates steatosis and injury in alcoholic and non-

alcoholic fatty liver conditions in mice.J Hepatol 

58:993–999, 2013. 

59. Singh R, Wang Y, Xiang Y, et al :Differential 

effects of JNK1 and JNK2 inhibition on murine 

steatohepatitis and insulin resistance. Hepatology 

49(1):87–96, 2009. 

60. Kim I, Rodriguez-Enriquez S, Lemasters JJ: 

Selective degradation of mitochondria by 

mitophagy. Arch Biochem Biophys 462(2):245–

253, 2007. 

61. Liu C, Liao JZ, Li PY.: Traditional Chinese 

herbal extracts inducing autophagy as a novel 

approach in therapy of nonalcoholic fatty liver 

disease. World Journal of Gastroenterology 

23(11):1964-1973, 2017. 

62. Kwanten WJ, Martinet W, Michielsen PP, 

Francque SM:Role of autophagy in the 

pathophysiology of nonalcoholic fatty liver disease: 

a controversial issue. World J Gastroenterol 

20:7325–7338, 2014. 

63. Wang K.: Autophagy and apoptosis in liver 

injury. Cell Cycle 14:1631–1642, 2015. 

64. Gusdon AM, Song KX, Qu S: Nonalcoholic 

Fatty liver disease: pathogenesis and therapeutics 

from a mitochondria-centric perspective. Oxid Med 

Cell Longev 2014:637027, 2014. 

65. Song Z, Deaciuc I, Zhou Z, Song M, Chen T, 

Hill D ,McClain C J: Involvement of AMP-

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=25278702
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang%20YF%5BAuthor%5D&cauthor=true&cauthor_uid=25278702
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ponnusamy%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25278702
https://www.ncbi.nlm.nih.gov/pubmed/?term=Diallo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25278702
https://www.ncbi.nlm.nih.gov/pubmed/25278702
https://www.ncbi.nlm.nih.gov/pubmed/25278702
https://www.ncbi.nlm.nih.gov/pubmed/28257515
https://www.ncbi.nlm.nih.gov/pubmed/28257515
https://www.ncbi.nlm.nih.gov/pubmed/28257515
https://www.ncbi.nlm.nih.gov/pubmed/28591717
https://www.ncbi.nlm.nih.gov/pubmed/28591717
https://www.ncbi.nlm.nih.gov/pubmed/28591717
https://www.ncbi.nlm.nih.gov/pubmed/28591717
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gusdon%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=25371775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Song%20KX%5BAuthor%5D&cauthor=true&cauthor_uid=25371775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25371775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nonalcoholic+Fatty+Liver+Disease%3A+Pathogenesis+and+Therapeutics+from+a+Mitochondria-Centric+Perspective
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nonalcoholic+Fatty+Liver+Disease%3A+Pathogenesis+and+Therapeutics+from+a+Mitochondria-Centric+Perspective


Zakaria et al                                                                                                                                                               226 

 

activated protein kinase in beneficial effects of 

betaine on high-sucrose diet-induced hepatic 

steatosis. Am J Physiol Gastrointest Liver Physiol  

293: G894–G902, 2007.  

66. Ix JH, Sharma K : Mechanisms linking 

obesity, chronic kidney disease, and fatty liver 

disease: the roles of fetuin-A, adiponectin, and 

AMPK. J Am Soc Nephrol 21: 406–412, 2010. 

67.  Musso G, Gambino R, Cassader M  : 

Emerging molecular targets for the treatment of 

nonalcoholic fatty liver disease. Annu Rev Med 61: 

375–392, 2010. 

68. Qiang X, Xu L, Zhang M, Zhang P, et al: 

Demethyleneberberine attenuates non-alcoholic 

fatty liver disease with activation of AMPK and 

inhibition of oxidative stress. Biochem Biophys Res 

Commun 472(4):603-9,2016 . 

69. Gugliucci A: Fructose surges damage hepatic 

adenosyl-monophosphate-dependent kinase and 

lead to increased lipogenesis and hepatic insulin 

resistance. Med Hypotheses 93:87-92 24, 2016. 

70. Maithilikarpagaselvi N, Sridhar MG, 

Swaminathan RP, Zachariah B: Curcumin 

prevents inflammatory response, oxidative stress 

and insulin resistance in high fructose fed male 

wistar rats: Potential role of serine kinases. Chem 

Biol Interact 244:187–194, 2016. 

71. Kelany ME, Hakami TM, Omar AH: 

Curcumin improves the metabolic syndrome in 

high-fructose-diet-fed rats: role of TNF-α, NF-κB, 

and oxidative stress. Can J Physiol  Pharmacol 

17:1–11, 2016. 

72. Gowans GJ, Hardie DG: AMPK: a cellular 

energy sensor primarily regulated by AMP. 

Biochem Soc Trans 42:71–5, 2014. 

73. Hardie DG, Schaffer BE, Brunet A : AMPK: 

an energy-sensing pathway with multiple inputs 

and outputs. Trends Cell Biol 26:190–201, 2016. 

  

 

 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gugliucci%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27372863
https://www.ncbi.nlm.nih.gov/pubmed/27372863

