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Curcumin suppresses Notch-1 signaling: Improvements
in fatty liver and insulin resistance in rats
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Abstract. Curcumin is a well-known phenolic substance and
has many pharmacological effects associated with metabolism.
However, the exact molecular mechanisms underlying this
process have yet to be determined. The Notch pathway is a
signal transduction pathway involved in energy metabolism.
The present study aimed to investigate the effects of curcumin
administration on glucose-lipid metabolism in rats subjected
to a high fat diet, and investigate changes in Notch-1 signaling.
Sprague-Dawley rats (n=40) were randomly divided into four
groups (10 rats/group): Control diet group, high fat diet group,
high fat diet plus curcumin low dose group and high fat diet plus
curcumin high dose group. Following 8 weeks of treatment with
curcumin (100 mg/kg in the low dose group and 200 mg/kg
in the high dose group), serum metabolic markers and hepatic
gene expression patterns were investigated. No differences in
body weight following 8 weeks of curcumin administration
(P>0.05) were observed; however, curcumin treatment did
reduce visceral fat levels (peri-epididymal and peri-renal), and
decreased cholesterol, triglyceride and low-density lipoprotein
levels in serum compared with the high fat diet rats that did not
receive curcumin (P<0.05, P<0.01). An oral glucose tolerance
test and an intraperitoneal insulin tolerance test revealed that
insulin resistance was reduced (P<0.05 or P<0.01) and tissue
section analysis revealed that hepatosteatosis was attenuated
following treatment with curcumin. Furthermore, the protein
expression of Notch-1 and its downstream target Hes-1
were suppressed. These effects were also in parallel with an
upregulation of fatty acid oxidation-associated gene expression,
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including peroxisome proliferator-activated receptor (PPAR)-a.,
carnitine palmitoyltransferase 1 and PPAR-y (P<0.05). In
addition, curcumin administration led to a downregulation in
the expression of lipogenic genes, including sterol regulatory
element-binding protein, fatty acid synthase and acetyl-CoA
carboxylase (P<0.05). The expression of inflammation-asso-
ciated genes, including nuclear factor-B, tumor necrosis
factor-a and prostaglandin-endoperoxide synthase 2 were also
suppressed. The results of the present study suggest that the
hepatic Notch-1 pathway can be suppressed via curcumin treat-
ment, which may ameliorate fatty liver and insulin resistance in
rats subjected to a high fat diet.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a prevalent
chronic liver disease, which threatens the health of both adults
and children. Furthermore, NAFLD is also regarded as a risk
factor for metabolism syndromes and is strongly associated
with type 2 diabetes mellitus, obesity and insulin resistance (1).
However, the pathophysiology of NAFLD remains unclear,
and many strategies, such as diet control, weight loss and
exercise are difficult to maintain for a long time, and available
pharmacotherapy are still deficient (2). Thus, the development
of novel therapeutics and the identification of novel therapeutic
targets are required.

Notch signaling is a conserved signaling pathway involved
in cell commitment and development (3). Previous research
has demonstrated that Notch-1 can act as an oncogene and is
upregulated in cases of hepatocellular carcinoma (4). Recently,
Notch signaling has been recognized as a key regulator of
energy homeostasis, which is strongly associated with glyco-
metabolism and lipid accumulation (5). In addition, Notch
signaling amplifies signal transmissions responsible for fat
production in cases of obesity and diabetes. Furthermore,
Notch-1 activation enhances lipogenesis in the liver, resulting
in NAFLD, and suppression of Notch-1 signaling in the liver
reduces hepatosteatosis (6). Thus, the Notch signaling pathway
may be a potential therapeutic target for the treatment of
NAFLD and insulin resistance.

Curcumin is the active ingredient of Curcuma longa,
which has various pharmacological activities, including
anti-inflammatory, anti-oxidant and anti-cancer activities (7).
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Numerous studies have demonstrated that administration of
curcumin suppresses tumor growth via inhibition of the Notch
signaling pathway in hepatic cancers (8-11), thus indicating
the potential of using curcumin to target the Notch signaling
pathway. Furthermore, curcumin has also been demonstrated to
reduce serum lipids and glucose levels in animal models (12),
however, the underlying molecular mechanism responsible for
said effects remains unclear.

It has previously been revealed that curcumin downregu-
lates Notch signaling in hepatocellular carcinoma (13), and
that this cancer type can also develop as a result of hepatoste-
atosis and hepatocirrhosis. Considering previous findings, the
present study aimed to investigate whether curcumin reduces
the development of NAFLD, and whether this is associated
with inhibition of the Notch signaling pathway. In the present
study, rats were fed a high-fat diet and were used to investi-
gate the effects of curcumin on hepatic steatosis and insulin
resistance. Furthermore, Notch signaling and associated
metabolic targets were investigated to determine the potential
mechanisms involved.

Materials and methods

Chemicals and reagents. Curcumin was purchased from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany),
dissolved in dimethyl sulfoxide, and then olive oil was added
to give a final concentration of 40 mg/ml. Antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Fluorescein isothiocyanate-conjugated goat anti-rat
antibody (1:3,000; cat. no. A0258) and immunoglobulin G
were purchased from Beyotime Institute of Biotechnology
(Haimen, China). Primers and other chemical reagents were
purchased from Sangon Biotech Co., Ltd. (Shanghai, China).

Animals and treatment. Male Sprague Dawley rats (n=40;
6-week-old) weighing ~200 g were obtained from the Shanghai
Center of Experimental Animals (Shanghai, China) and were
housed in a standard environment (20+2°C; 50+5% humidity;
12 hlight/dark cycle, diet and filtered water ad libitum). Following
acclimatization for 1 week, 10 rats were weaned to a normal
chow diet (7% fat, 64.7% carbohydrate and 18.7% protein),
and the other 30 began a high-fat diet (HFD; 43.6% fat, 24.5%
carbohydrate and 14.7% protein). The 30 rats were randomly
allocated into three groups (10 per group): HFD group, the low
dose group (HFD + curcumin 100 mg/kg/day), and the high dose
group (HFD + curcumin 200 mg/kg/day). Rats were given daily
intraperitoneal injections of either curcumin or vehicle (mixture
of dimethyl sulfoxide and olive oil, at a ratio of 1:20) daily for
8 weeks. Food consumption and body weight were measured
weekly. The ethics committee of the First Affiliated Hospital of
Xiamen University (Xiamen, China) granted ethical approval for
the care and use of animals in the present study.

Systemic glucose tolerance and insulin sensitivity test [oral
glucose tolerance test (OGTT) and intra-peritoneal insulin
tolerance test (IPITT)]. In preparation for the performance
of glucose tolerance tests, rats were fasted for 12 h and then
administered an intragastric injection of glucose at a dose of
2 g/kg/body weight (bw). Blood glucose was then measured
at 0, 30, 60, 90, 120 and 180 min time intervals using a One
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Touch Ultra blood glucose meter (LifeScan, Inc., San Jose,
CA, USA). In order to perform insulin sensitivity tests, rats
were administered an intraperitoneal injection of insulin
(0.75 U/kg/bw), which was then followed by 12 h of fasting.
Blood glucose levels were then measured at the same time
intervals as detailed with regards to the OGTT. The areas
under the glucose curves were evaluated according to the
trapezoidal rule (14).

Biochemical analyses. Blood samples were collected from the
rats and serum was immediately centrifuged at 1,600 x g for
10 min at 4°C. Serum levels of cholesterol (CHO), triglycerides
(TG), high-density lipoprotein (HDL) and low-density lipo-
protein-c (LDL) were analyzed using an automatic chemistry
analyzer (Hitachi Ltd., Tokyo, Japan).

Hepatic TG measurement. In order to quantitatively assess
hepatic TG content, a Triglyceride assay kit (Applygen
Technologies, Inc., Beijing, China) was used. Briefly, 50 mg
liver samples were homogenized and extracted using a mixture
of lipid extract (chloroform/methanol, 2:1). Samples were then
centrifuged and the organic solvent layer was collected. Hepatic
TG concentrations were measured using the enzymatic hydro-
lysis method, according to the manufacturer's protocol.

Hematoxylin and eosin (H&E) staining. H&E staining was
used to assess hepatic steatosis. Briefly, liver tissues were fixed
in 4% paraformaldehyde at 4°C for 12 h and embedded in
paraffin, prepared into 5-ym thick sections, and stained with
hematoxylin for 8 min, wash in running tap water for 60 min,
counterstain with eosin for 60 sec at room temperature. Images
were scored under a light microscope (magnification, x200;
Nikon Corporation, Tokyo, Japan) according to the following
criteria (15): Score 1 for 0-25% steatosis, score 2 for 26-50%
steatosis, score 3 for 51-75% and score 4 for over 76% steatosis.

RNA isolation andreverse transcription-quantitative polymerase
chain reaction (RT-gPCR). Total mRNA was isolated from the
liver using TRIzol Reagent (Qiagen China Co., Ltd., Shanghai,
China). RT was performed using the BeyoRT™ II First Strand
cDNA Synthesis Kit (Beyotime Institute of Biotechnology) and
then qPCR was performed using the Light-Cycler 480 System
(Roche Diagnostics, Basel, Switzerland) with SYBR Green
reagent (Takara Biotechnology, Co., Ltd., Dalian, China). The
amplification reactions were according to the following thermal
cycling conditions: 95°C for 10 min, 40 cycles of 95°C for 15 sec
and 60°C for 30 sec. The quantification was expressed as the ratio
of target genes to GAPDH mRNA using the 224 method (16).
RT-qPCR was performed using the primers in Table I.

Protein extraction and western blot analysis. The protein in the
liver samples was extracted and homogenized using a radioim-
munoprecipitation assay lysis buffer with + phenylmethyl sulfonyl
fluoride. Proteins (100 pg) were separated by 10% SDS-PAGE
and transferred to polyvinylidene fluoride membranes (Roche
Diagnostics), blocked using 10% skimmed milk (Guangming
Group, Shanghai, China). Membranes were incubated overnight
at4°C with primary antibodies against Notch-1 (rabbit polyclonal;
1:1,000; cat. no. D6F11; Cell Signaling Technology, Inc., Danvers,
MA, USA), HESI (rabbit polyclonal; 1:800; cat. no. D6P2U; Cell
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Table I. Sequences of primers designed for reverse transcription-quantitative polymerase chain reaction.

Gene Forward primer Reverse primer

CPT-1 GCTTTGAAGTTTTTGGTGAAATTGA GCTATGGTTTCATCACCTACCGT
PPAR-y AAAGAAGCCGACACTAAACC CTTCCATTACGGAGAGATCC
PPAR-a TGTCACACAATGCAATCCGTTT TTCAGGTAGGCTTCGTGGATTC
SREBP-1 GGAGCCATGGATTGCACATT CCTGTCTCACCCCCAGCATA

FAS CACAGCATTCAGTCCTATCCACAGA CACAGCCAACCAGATGCTTCA

ACC CAATCCTCGGCACATGGAGA GCTCAGCCAACCGGATGTAGA
NF-«B TCTGGCGCAGAAGTTAGG CCAGAGACCTCATAGTTGT

TNF-a TACAGGCTTGTCACTCGA ATT GATGGTGGGTATGGGTCAGAA GGA
COX-2 ACTTGCTCACTTTGTTGAGTCATTC TTTGATTAGTACTGTAGGGGTTAATG
GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT

CPT-1, carnitine palmitoyltransferase 1; PPAR-y, peroxisome proliferator-activated receptor-y; PPAR-a, peroxisome proliferator-activated
receptor-o; SREBP-1c, sterol regulatory element-binding protein; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; NF-kB, nuclear
factor-kB; TNF-a, tumor necrosis factor-o; COX-2, prostaglandin-endoperoxide synthase 2.

Low dose

High dose

Figure 1. Morphological changes of visceral and peri-epididymal fat in sham and HFD rats following 8 weeks of treatment with low and high dose curcumin.

(A) Liver and visceral fat, and (B) peri-epididymal fat. HFD, high fat diet.

Signaling Technology, Inc.) and GAPDH (rabbit polyclonal;
1:1000; cat. no. no. 5174; Cell Signaling Technology, Inc.). The
blots were then incubated at 37°C for 30 min with a horseradish
peroxidase-conjugated goat anti rabbit immunoglobulin G
secondary antibody (1:2,000; cat. no. A0208; Beyotime Institute
of Biotechnology). A UVP Bioimaging system (BioSpectrum
410; UVP Inc., Upland, CA, USA) and Gel-Pro-Analyzer soft-
ware version 5.0 (Media Cybernetics, Inc., Bethesda, MD, USA)
were used for detection and analysis.

Statistical analysis. Quantitative data were expressed as the
mean =+ standard deviation. Statistical significance among the
groups was determined using one-way analysis of variance
followed by Tukey's multiple comparison test. P<0.05 was
considered to indicate a statistically significant difference.

Results
Administration of curcumin decreases visceral fat and liver

weight. With regards to liver morphology, the liver color
was grayer in the HFD group and less gray after curcumin

treatment (Fig. 1A). The visceral fat was reduced in both the
low dose and the high dose curcumin-treated groups (Fig. 1B),
and the liver weight was also reduced following curcumin
treatment in a dose-dependent manner (Table II; P<0.05).
However, curcumin treatment did not reduce the total body
weight of the rats compared with the HFD group (Table II).
In addition, the food consumption of the rats did not change
following treatment with curcumin (data not shown). These
results demonstrate that curcumin treatment decreases
abdominal obesity, but not via reduction of food intake.

Curcumin improves glucose tolerance and increases insulin
sensitivity. OGTT and IPGTT were performed in order to
investigate the effects of curcumin on glucose homeostasis
and insulin sensitivity. As revealed by Fig. 2A, the HFD
group experienced a significant reduction in levels of glucose
tolerance compared with the normal control group. Curcumin
treatment significantly reduced blood glucose levels at
30 and 120 min compared with the HFD group (P<0.05 and
P<0.01). The area under the curve also showed that glucose
concentrations were lower in both the curcumin low dose
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Table I1. Body weight of different groups at the conclusion of the study.

Parameter Control HFD Low dose curcumin High dose curcumin
Body weight (g) 612.1£27.35 695.1+67.30* 674.0+£56.59 665.8+61.29
Peri-epididymal fat (g) 11.1+3.13 18.5+6.23° 13.8+£5.74¢ 11.8+4.15¢
Peri-renal fat (g) 11.2+£3.37 28.0+3.41° 22.5+4.39¢ 19.7+5.82°¢
Liver weight (g) 17.1+0.61 30.4+3.57° 26.4+5.41 23.4+5.74¢
1P<0.01, °P<0.05 vs. control group; °P<0.05, P<0.01 vs. HFD group. HFD, high fat diet.
A Normal B OGTT
HFD £ 1s00
* Low Dose S
% - HighDose 2 .
E é 1000 T A
§ E 500
3 2 E r
[} o
0 - 0@5‘ L & &
1] 15 30 45 60 75 90 105 120 - Vo"* ®§
Time({min)
c IPGTT o Normal IPGTT
8] —e— HFD E [0
g 7 Low Dose 3 r:
E &9 -4~ High Dose -.E 400 _ s
S 4 E
] * Ak ; 200
% 21 o 8
o 5 °

T T T T T T 1
30 45 60 75 90 105 120
Time(min)

T
o 15

o

Figure 2. Effect of curcumin on OGTT and IPGTT in HFD rats. Results are presented as (A) OGTT and (B) OGTT glucose area under the curve, (C) IPGTT
and (D) IPGTT glucose area under the curve. "P<0.01, “P<0.01 vs. normal group; “P<0.05, **P<0.01 vs. HFD group. OGTT, oral glucose tolerance test; IPGTT,

intra-peritoneal insulin tolerance test; HFD, high fat diet.

(non-significantly) and high dose groups. (compared to the
HFD groups (P<0.01) (Fig. 2B). In comparison with the
control group, HFD led to insulin resistance, which manifested
as a blunted response in the IPGTT (Fig. 2C). Furthermore,
administration of curcumin significantly decreased the blood
glucose concentration at 60, 90 and 120 min compared with
the HFD group (P<0.05 and P<0.01; Fig. 2C). The area under
the curve showed that insulin caused a significant reduction
in glucose in curcumin high dose groups (P<0.01 vs. the HFD
group) (Fig. 2D). These results suggest that curcumin treat-
ment is effective in increasing glucose tolerance and insulin
sensitivity in HFD-induced obesity in rats.

Curcumin decreases the concentration of blood lipids. As
presented in Table III, the concentrations of serum CHO, TG
and LDL were significantly decreased in the curcumin-treated
groups compared with HFD rats (P<0.05 and P<0.01). Total
HDL did not change significantly among the groups.

Curcumin reduces hepatosteatosis. H&E staining was
performed to determine the effect of curcumin administration
on hepatosteatosis. HFD-treated rats had significantly increased

TG levels compared with normal diet-treated rats. However,
treatment with curcumin, both at low and high doses, reduced
both TG levels and liver steatosis, which was demonstrated by
the decreased visualization of lipid droplets following H&E
staining of liver tissue sections (P<0.01; Fig. 3A and C). Under
higher magnification, large cytoplasmic lipid droplets were
observed throughout the sections (>90%) in the HFD rat liver,
but only ~75% fatty infiltration in the low dose and 55% in the
high dose curcumin groups was observed (Fig. 3B).

Curcumin regulates the expression of genes involved in
hepatic lipid metabolism and inflammation. In order to inves-
tigate the underlying mechanism of curcumin in NAFLD, the
expression of genes associated with hepatic lipid metabolism,
including those involved in fatty acid oxidation [peroxisome
proliferator-activated receptor-y (PPAR-y), peroxisome
proliferator-activated receptor-o (PPAR-a) and carnitine
palmitoyltransferase 1 (CPT-1)], lipogenesis [sterol regulatory
element-binding protein (SREBP-Ic), acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FASN)] and inflammation
[nuclear factor-kB (NF-xB), tumor necrosis factor-a (TNF-o)
and prostaglandin-endoperoxide synthase 2 (COX-2)] were
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Table III. Characteristics of serum chemistry.

Group CHO (mmol/l) TG (mmol/l) LDL (mmol/l) HDL (mmol/1)
Normal 0.53+0.04 2.23+0.72 0.45+0.18 0.47+0.12
HFD 1.45+0.32° 4.93+1.17* 1.77+0.21* 0.27+0.04°
Low dose 1.24+0.44 3.14+1.10¢ 1.46+0.29¢ 0.25+0.06
High dose 1.12+0.26¢ 2.41+0.72¢ 1.28+0.13¢ 0.28+0.06

1P<0.05,°P<0.01 vs. control group; °P<0.05, 9P<0.01 vs. HFD group. HFD, high fat diet; CHO, cholesterol; TG, triglyceride; LDL, low-density
lipoprotein; HDL, high-density lipoprotein.
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Figure 3. Analysis of liver steatosis following curcumin treatment in HED rats. (A) Liver morphological appearance (hematoxylin and eosin staining, x200).
(B) Semi-quantitative scoring of steatosis in histological samples. (C) Hepatic tissue TG levels. Data are presented as the mean + standard deviation. “P<0.01
vs. control group; **P<0.01 vs. HED group. HFD, high fat diet; TG, triglyceride.
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Figure 4. Effects of curcumin on mRNA expression in the livers of HFD rats. The results are presented as (A) lipolysis-associated genes, (B) lipogenesis-asso-
ciated genes and (C) inflammation-associated genes. ‘P<0.01, “P<0.01 compared with the control group; *P<0.05, **P<0.01 compared with the HFD group.
HFD, high fat diet; PPAR-a, peroxisome proliferator-activated receptor-a; CPT-1, carnitine palmitoyltransferase 1; PPAR-vy, peroxisome proliferator-activated

receptor-y; SREBP-Ic, sterol regulatory element-binding protein; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; NF-«kB, nuclear factor-xB; TNF-a,
tumor necrosis factor-a; COX-2, prostaglandin-endoperoxide synthase 2.
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Figure 5. Effects of curcumin on protein expression in the liver of HFD rats. (A) Expression of Notch-1 and Hes-1 was detected using western blotting.
(B) Relative densitometry analysis of Notch-1 expression (expressed as a percentage). (C) Relative densitometry analysis of Hes-1 (expressed as a percentage).
24P<0.05 vs. control group; “P<0.01 vs. HFD group. HFD, high fat diet; HES-1, transcription factor HES-1.

investigated using RT-qPCR. It was revealed that curcumin
treatment enhanced mRNA expression of PPAR-a, CPT-1 and
PPAR-vy (Fig. 4A), whilst suppressing mRNA expression of
SREBP-1c, ACC and FASN in the liver compared with HFD
rats (Fig. 4B). Thus, this suggested that curcumin administra-
tion improves hepatic lipid metabolism in rats via promotion of
fat degradation and suppression of lipogenesis. Furthermore,
the expression levels of inflammation-associated genes NF-kB,
TNF-a and COX-2 were reduced by curcumin treatment
compared with the HFD rats (Fig. 4C), therefore demonstrating
the anti-inflammatory effect of curcumin on rats.

Curcumin reduces hepatic Notch signaling protein expression.
The protein expression of Notch-1 and Hes-1 (which are the
primary Notch-1 target genes that regulate cell fate decision) were
investigated using western blotting. It was revealed that Notch-1
and Hes-1 were upregulated in the liver of HFD rats compared
with the normal controls, whereas curcumin treatment reversed
this effect in a dose-dependent manner (Fig. 5). Therefore, the
results suggest that curcumin may ameliorate fatty liver and
insulin resistance via downregulation of Notch signaling (Fig. 6).

Discussion

Several important results were demonstrated in the present
study: Curcumin suppresses serum CHO and TG levels, reduces
visceral fat accumulation and abdominal obesity, increases
insulin sensitivity and attenuates HFD-induced hepatic steatosis.

NAFLD is always coupled with insulin resistance and
other metabolic abnormalities (17), and liver fat synthesis and
lipolysis imbalance are associated with these pathological
processes. Various transcription factors are also involved in
NAFLD pathogenesis, including SREBP-1c, FAS, ACC and
PPARs. SREBP-Ic is a key pathogenic factor in NAFLD, and
is responsible for the suppression of ACC and FAS expression,

Curcumin
\ Notcﬁsignal
/
\m 7/
SREBP-1 PPARa/y NF-kB
(lipid synthesis) (fatty oxidation) (Inflammatory)

|

TG storage Insulin resistance

\ J

Hepatic steatosis

Figure 6. Potential mechanisms for curcumin-induced suppression of Notch-1
signaling and amelioration of fatty liver. SREBP-1, sterol regulatory element
binding proten; PPAR, peroxisome proliferator-activated receptor; NF-kB,
nuclear factor kB; TG, triglyceride.

which are involved in fat synthesis and TG aggregation (18).
The PPAR family of nuclear receptors is composed of three
family members: PPAR-a, PPAR-B and PPAR-y. The activa-
tion of PPARSs results in the proliferation of peroxisomes and
subsequent upregulation of genes, such as CPT-1, leptin and
the insulin receptor; and thereby attenuates adipogenesis and
insulin resistance (19).

In order to determine the therapeutic mechanism of
curcumin with regards to the amelioration of metabolism
disturbance and NAFLD, the expression levels of lipogenic and
lipolytic genes were investigated. The results of these analyses
revealed that curcumin upregulated the expression of PPAR-a,
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CPT-1 and PPAR-y lipolytic genes (P<0.05 or P<0.01); and
downregulated the expression of SREBP-Ic, FAS and ACC
lipogenic genes in HFD rats (P<0.05). The expression levels of
inflammation-associated genes (NF-kB, COX-2 and TNF-a)
were also downregulated compared with HFD rats following
administration of curcumin. Therefore, the results of the present
study suggest that curcumin suppresses the synthesis of fatty
acids, enhances lipolysis and decreases inflammation, which all
contribute to amelioration of fatty liver and insulin resistance.

Notch signaling is an important transduction pathway for
cell fate decisions. Cell surface ligands bind to neighboring
receptors, which result in the formation of active notch intra-
cellular domains (NICD) (20). NICDs translocate from the
membrane to the nucleus, and then interact with the recom-
bining binding protein suppressor of hairless DNA-binding
protein, in order to promote the formation of an active
complex. This formation leads to the transcription of Hes-1
and hairy/enhancer-of-split related with YRPW motif protein
2, which are Notch signaling pathway targets that mediate
transcriptional control of downstream genes (21).

The Notch pathway is always involved in the pathological
process underlying fatty liver, and the major Notch signaling
proteins, Notch-1 and Hes-1, are commonly implicated.
Notch-1 expression has previously been reported to be upregu-
lated in obese mice (22). Previous studies have revealed that
hepatic Notch signaling is upregulated and positively corre-
lates with insulin resistance and fatty liver in humans and
other mammals (23). Furthermore, it has also been demon-
strated that Notch gain-of-function causes fatty liver, and is
correlated with an increasing rate of SREBP-1c-mediated
lipogenesis (24). In addition, pharmacological inhibition of the
Notch pathway via a y-secretase inhibitor has been revealed to
reduce obesity, increase glucose tolerance and improve insulin
sensitivity in diet-induced obesity in mice (25). Furthermore,
silencing of Notch genes via RNA interference was demon-
strated to inhibit the fatty degeneration of liver cells (24). In
addition, it has previously been revealed that Notch-1 can
inhibit adipogenic differentiation via suppression of PPAR-y
and PPAR-a expression levels (26). The small interfering
RNA-mediated suppression of Hes-1 expression can also
inhibit adipogenesis (27). The results of these studies suggest
that Notch signaling boosts lipogenesis and inhibits lipolysis
via regulation of the expression of SREBP-1 and PPAR-a/y
transcription factors.

In the present study, an increased level of Notch-1 in fatty
liver of rats was identified, coupled with the upregulation of
Hes-1 expression, and downregulation of PPAR-a/y expres-
sion. By contrast, expression of the SREBP-1, FAS and ACC
lipolysis genes were upregulated in the fatty livers of rats.
The results of the present study suggest that administration of
curcumin inhibits Notch-1 signaling, downregulates SREBP-1
expression, and suppresses the expression of FAS and ACC
lipogenesis genes in the liver. Furthermore, the present study
also demonstrated that curcumin promotes expression of the
PPAR-a/y and CPT-1 lipolysis genes in rats, which reduces the
development of hyperglycemia and fatty liver.

Fatty liver is occasionally accompanied by inflamma-
tion (28). Pro-inflammatory cytokines, such as TNF-a,
can directly increase inflammation in liver tissues and
impair insulin sensitivity. NF-kB is heavily involved in the

825

regulation of inflammatory-associated gene expression in
mammals. Activation of NF-kB can enhance the expression
of pro-inflammatory cytokines, which are major factors in
HFD-induced liver damage (29). High expression of Notch-1
upregulates NF-kB transcriptional activity; whereas down-
regulation of Notch-1 suppresses NF-kB expression (30). The
present study demonstrated that curcumin can attenuate liver
injury, inhibit NF-xB activation and suppress downstream
activation of COX-2 and TNF-a.

With regards to the aforementioned results, the current
study has revealed that curcumin can downregulate Notch
signaling and differentially regulate SREBP-1, PPAR-a/y
and NF-«B transcription factors; which may contribute to the
therapeutic amelioration of fatty liver and insulin resistance
produced by curcumin. The results of the present study
therefore suggest that the Notch-1 pathway may represent an
attractive therapeutic target for the treatment of insulin resis-
tance and fatty liver induced by a HFD.

Although the underlying mechanisms of the
curcumin-induced effects in fatty liver and insulin resistance
are complex, the present study, to the best of our knowledge,
is the first to demonstrate that the Notch signaling pathway
may be involved in the pathogenesis of fatty liver and insulin
resistance, and thus represent a potential novel therapeutic
target. Further research is required to validate the therapeutic
potential of the Notch signaling pathway as a target for the
treatment of NAFLD and insulin resistance.
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