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Abstract

Background: Several molecular mechanisms contribute to the initiation and progression of nonalcoholic fatty liver

disease (NAFLD); however, the exact mechanism is not completely understood. Cyclic adenosine monophosphate

(cAMP) is one of the most promising pathways that regulates various cellular functions including lipid and

carbohydrate metabolism. cAMP induces gene transcription through phosphorylation of the transcription factor,

cAMP response element-binding protein (CREB). The action of cAMP is tightly regulated by its level and repression.

Among the repressors, Inducible cAMP Early Repressor (ICER) is the only inducible CRE-binding protein. The present

study aimed to evaluate the role of hepatic CREB level in the development of experimental NAFLD model to clarify

the pathogenesis of the disease. NAFLD 35 male Wistar rats fed a high fat diet for a period of 14 weeks were

studied compared with 35 control rats fed a standard diet. Five fasting rats were sacrificed each 2 weeks intervals

for a period of 14 weeks.

Results: NAFLD group revealed a remarkable duration—dependent elevation in cAMP and CREB levels in the liver

tissue compared to control group (P value < 0.004, P value < 0.006, respectively). In contrast, ICER gene expression,

as a dominant-negative regulator of CREB, was downregulated in the liver of NAFLD group compared to control

group. We also demonstrated that CREB levels were positively correlated with liver function tests, and glucose

homeostasis parameters.

Conclusions: Our results indicate that cAMP/CREB pathway provides an early signal in the progression to NAFLD

representing a noninvasive biomarker that can early detect NAFLD and a promising therapeutic target for the

treatment of the disease as well.

Keywords: Nonalcoholic fatty liver disease, Cyclic adenosine monophosphate, cAMP response element-binding

protein, Inducible cAMP early repressor
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Background

Nonalcoholic fatty liver disease (NAFLD) is currently the

most prevalent chronic liver disease in developed coun-

tries because of the obesity epidemic. NAFLD widely

ranges from asymptomatic hepatic steatosis to more ad-

vanced liver disease with hepatic failure or hepatocellular

carcinoma [1, 2].

NAFLD is considered as a metabolic disorder that

results from complex interaction between genetic,

hormonal, and nutritional factors. Obesity and meta-

bolic syndromes are the most important risk factors

identified in the development and progression of

NAFLD [3, 4].

The hallmark feature of NAFLD is steatohepatitis

which occurs when the rate of hepatic fatty acid uptake

from plasma and de novo fatty acid synthesis is greater

than the rate of fatty acid oxidation and export as trigly-

ceride within very low-density lipoprotein (VLDL).

Therefore, an excessive amount of intrahepatic triglycer-

ide represents an imbalance between complex interac-

tions of metabolic events [5].

Adenylyl cyclase is a membrane-bound enzyme that

catalyzes the conversion of ATP to cAMP. cAMP acts as

a second messenger through activation of protein kinase

A (PKA) by dissociating its regulatory subunit from the

catalytic subunit [6]. The PKA phosphorylates and acti-

vates a wide range of proteins at serine and threonine

residues including the transcription factor cAMP re-

sponse element-binding protein (CREB) at Ser133, which

leads to the nuclear localization CREB [7].

Intracellular levels of cAMP are tightly regulated by

its activation as well as its repression. Inducible

cAMP early repressor (ICER) is generated from an al-

ternative cAMP response element-modulator (CREM)

promoter and is the only inducible CRE-binding pro-

tein. The activity of the CREB factors is abundantly

modulated by the level of ICER [8]. Indeed, ICER

plays a dominant-negative role by competing with all

cAMP-responsive transcriptional activators of the

CREB and CREM and activating transcription factor

families for binding to CRE. ICER is temporarily in-

creased, after its generation, and immediately returns to

its normal levels. Dysregulation in the expression of ICER

leads to various metabolic defects [9].

In response to different metabolic conditions, hep-

atic lipid and carbohydrate homeostasis are tightly and

coordinately regulated by nuclear receptors, transcrip-

tion factors, and cellular enzymes [10, 11]. CREB

widely plays important roles in hepatic lipogenesis,

fatty acid oxidation, and lipolysis as well as glucose

metabolism [12, 13]. The current study aimed to

evaluate the role of hepatic CREB level in the develop-

ment of experimental NAFLD to clarify the pathogen-

esis of the disease.

Methods

Experimental animals

Seventy male Wistar rats, weighed 100–120 g, were pur-

chased from the Medical Technology Center, Alexandria

University, Egypt. The rats were housed at a temperature

of 23 ± 1 °C with 12/12 h light/dark cycles and 45 ± 5%

humidity with free access to water and chow diet for a

week prior to the experiment [14]. The rats were weighed

at the beginning and at the end of the experiment. The

study was approved by the Alexandria University Institu-

tional Animal Care and Use Committee (ALEXU-IACUC;

AU01220051022) for the animal experimentation.

Experimental design

Rats were randomly divided into two groups (35 each):

control group which fed a standard diet and NAFLD

group that fed a high fat diet (HFD) for 14 weeks. The

HFD consisted of commercial rat chow plus peanuts,

milk chocolate, and sweet biscuit in a proportion of 3:2:

2:1. All components of the high-fat diet were ground

and blended [15]. Five rats from each two groups were

fasted overnight, weighed, anaesthetized with diethyl

ether, and sacrificed by cervical dislocation each 2 weeks

for a period of 14 weeks. The blood samples were col-

lected for serum separation then stored at − 80 °C, for

biochemical analyses. The whole liver was immediately

removed and weighed. One lobe from each animal was

removed for histological assessment; the remaining lobes

were stored at − 80 °C, for cAMP and CREB quantifica-

tion by ELSA kits and ICER gene expression level by re-

verse transcriptase polymerase chain reaction (RT-PCR).

Determination of liver function tests

The activities of alanine aminotransferase (ALT), aspar-

tate aminotransferase (AST), and gamma glutamyl trans-

ferase (GGT) were measured using a commercial

diagnostic kit (Randox Laboratories Ltd, Crumlin, UK)

according to the manufacturer’s protocol. Total and dir-

ect bilirubin levels were measured using a diagnostic kit

(Spectrum Diagnostics Co., Cairo, Egypt) according to

the manufacturer’s protocol. All biochemical analysis

and their absorbance were read using a spectrophotom-

eter (Photometer 5010 V5+ RIELE GmbH & Co KG

Berlin Germany).

Determination of serum lipid profile

Serum lipid profile including triglycerides (TG), total

cholesterol (TC), high-density lipoprotein (HDL-C),

and low-density lipoprotein (LDL-C) was assessed by

using a commercial diagnostic kit (Randox Laboratory

Ltd, Crumlin, UK) according to the manufacturer’s

instructions.
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Determination of hepatic cholesterol and triglyceride

content

Hepatic lipid contents were extracted and determined,

according to Folch et al. [16]. Briefly, 500 mg of liver tis-

sues was homogenized in 5 ml of a chloroform/methanol

(2:1) mixture in ice bath. The extract was centrifuged for

15 min at 2500×g, and the supernatant was collected and

evaporated to dryness under nitrogen. The residue was

thereby reconstituted in a solution of isopropyl alcohol

containing 10% Triton X and centrifuged for 10 min at

10,000×g. The supernatant was used for the detection of

triglycerides and cholesterol content using a colorimetric

diagnostic kit (Randox Laboratory Ltd, Crumlin, UK),

according to the manufacturer’s protocol.

Determination of serum glucose, insulin, and insulin

resistance (IR)

The level of serum glucose was determined by using a

commercial kit (Human diagnostics, Germany). Serum

insulin level was quantified using a commercial ELISA

kit (Millipore, Germany) according to the manufacturer’s

protocol. The insulin resistance index (IRI) was estimated

by homeostasis model (HOMA-IR), where IRI = [fasting

insulin (μU∕ml) × fasting glucose (mmol∕l)]∕22.5 [17].

Determination of the hepatic cyclic AMP

The cyclic AMP direct ELISA Immunoassay kit (DRG

International, Inc, Springfield, USA) is designed to quan-

titatively measure cAMP present in tissue samples ac-

cording to Serezani et al. [18]. The level of cAMP was

finally calculated in terms of protein content in each tis-

sue sample measured by Lowry et al. [19].

Determination of the hepatic CREB

The total CREB kit (Invitrogen, Camarillo, CA, USA) is

a solid phase sandwich Enzyme Linked-Immuno-

Sorbent Assay (ELISA) which is designed to quantita-

tively measure total CREB present in tissue samples ac-

cording to the manufacturer’s protocol.

Determination of ICER gene expression

Total RNA was isolated from liver tissues using TRIzol

RNA isolation kit (Invitrogen, Life Technologies, Carls-

bad, CA, USA) according to the manufacturer’s instruc-

tions. The yield of total RNA obtained was determined

using a NanoDrop 2000 spectrophotometer (Thermo Fi-

scher Scientific, USA). The absorbance of total RNA was

measured at 260 nm and 280 nm. The purity of total

RNA was determined by taking the ratio of A 260 and A

280. Quantitative RT-PCR was applied to determine the

relative expression of ICER. The relative quantification

(RQ) using comparative threshold cycle (Ct) provides an

accurate comparison between the initial levels of tem-

plate in each sample. A normalizer or reference gene

(glyceraldehyde 3-phosphate dehydrogenase “GAPDH”)

was used as internal control for experimental variability

[20].

Quantitative RT-PCR assay was carried out using

Rotor-Gene SYBR Green RT-PCR Kit (Qiagen, Valencia,

CA, USA). The PCR primer sequences used in gene ex-

pression analysis are provided in Table 1. The expected

unique amplification of ICER and GAPDH genes is con-

firmed by blasting pairs of primer sequences against

NCBI/Primer Blast. The analyses were performed as du-

plicates. QIAGEN’s real-time PCR cycler, the Rotor-

Gene Q (Qiagen, Valencia, CA, USA), was used.

Histological assessment and determination of

phosphorylated CREB (phospho S133) by

immunofluorescence

Liver specimens were excised and fixed in 10% buffered

formalin. They were processed for hematoxylin and

eosin (H&E) stain for histological assessment [23, 24].

Digital images from liver sections were taken using a

digital camera (Olympus DP20) joined to microscope

(Olympus BX41). Images were captured at magnification

× 100 and × 400, to determine histological alterations.

Immunofluorescence staining was performed accord-

ing to the protocols described by Bártová et al. [25].

Briefly, sections were permeabilized with Triton X 0.1%

for 10 min at room temperature. The slides were washed

twice with PBS for 5 min each time. Non-specific stain-

ing was blocked by incubation with bovine serum albu-

min 1% for 45 min at room temperature; the slides were

then washed twice with PBS for 5 min each time. The

sections were incubated with Anti-CREB (Ser133, cat.

no. ab32096; Abcam, Cambridge, UK) antibody, according

to the manufacturer’s instructions, overnight at 4 °C in a

humidified chamber. At the next day, sections were

washed three times with PBS for 5min each time. The tis-

sues were then incubated with goat anti-rabbit Alexa

Fluor 594 secondary antibody (#A11012, Invitrogen, USA)

at room temperature for 1 h in the dark. After incubation,

the sections were washed three times with PBS for 5 min,

followed by DNA counterstaining with DAPI (4′,6-diami-

dino-2-phenylindole) (Sigma-Aldrich, branch in the Czech

Republic) dissolved in the mounting medium Vectashield

(Vector Laboratories, USA). The specific staining was vi-

sualized, and images were acquired using confocal laser

scanning microscopy (Leica TSC SPE II/DMi 8). The pho-

tomicrographs were morphometric analyzed in terms of

mean area percent (MA%) and intensity of fluorescence

using an image analysis software (Image J; 1.52p software

32, NIH, USA).

Statistical analysis

Statistical analysis was performed using the SPSS version

18 software. All data obtained were presented as mean ±
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S.E. Results were analyzed using one-way analysis of

variance test (one-way ANOVA) followed by the least

significant difference (LSD) criterion as a post-hoc test

for comparing between different groups. The level of sig-

nificance was fixed at P ≤ 0.05 for all statistical tests.

Results

Liver function tests

All liver function tests (AST, ALT, GGT, and total and

direct bilirubin) showed relatively constant values in the

control rats during the 14 weeks follow-up periods; on

the other hand, NAFLD rats showed duration-

dependent increase. Compared to control rats, signifi-

cantly higher levels of ALT, AST, GGT, total bilirubin,

and direct bilirubin were observed in NAFLD rats as

early as 2nd week of induction (Table 2). At the end of

14th week HFD induction, the NAFLD rats showed

higher activities of ALT, AST, and GGT by about 3.45-,

4.32-, and 4.63-fold compared to control rats, respect-

ively. In addition, total and direct bilirubin levels were

higher to about 5.48- and 5.28-fold compared to that of

control rats.

Lipid profile parameters

Serum lipid profile

The control rats demonstrated a relatively constant

serum lipid profile during the follow-up period of 14

weeks with no significant changes during this period.

Conversely, NAFLD rats showed typical duration–

dependent increase in serum lipid profile; TG, TC, and

LDL-C and duration-dependent decline in the level of

HDL-C. The results showed that NAFLD rats had sig-

nificantly higher levels of serum TG, TC, and LDL-C

compared to control rats as early as the 2nd week of in-

duction. Moreover, NAFLD rats showed significant

lower serum level of HDL-C compared to control rats

from the 4th week of induction (Table 3). After 14 weeks

of induction, NAFLD rats have significantly higher levels

of serum TG, TC, and LDL-C, by about 1.92-, 2.03-, and

3.96-fold, compared to control values respectively, while

HDL-C was lower than that of control value by about

2.73-fold.

Hepatic lipid content

In control rats, the hepatic TG content showed mild

duration–dependent increase during the follow-up

period while the hepatic TC content appeared to be rela-

tively constant with no significant change during the

study period. On the other hand, in NAFLD rats, the

hepatic TG and TC contents showed significant dur-

ation–dependent elevation during 14 weeks of HFD

feeding. The hepatic TG and TC contents were signifi-

cantly higher in NAFLD rats compared to control rats as

early as 2nd week of feeding (Table 3). At the end of 14

weeks of HFD feeding, NAFLD rats have higher level of

hepatic TG and TC content by about 2.55- and 2.51-fold

compared to control value, respectively.

Table 1 Gene nomenclature, GenBank accession code, and primer sequences for Mus musculus (house mouse) gene expression

analysis with qRT-PCR

Gene The reference sequence Forward (F) and reverse (R) primer sequence (5′-3′) Reference

ICER NM_001110854.1 F: 5′TGAAACTGATGAGGAGACTGAC-3′ [21]

R: 5′CAGCCATCACCACACCTTG-3′

GAPDH NM_001001303.1 F: 5′CAAGTTCAACGGCACAGTCAAG-3′ [22]

R: 5′ACATACTCAGCACCAGCATCAC-3′

National Center for Biotechnology Information, US National Library of Medicine 8600 Rockville Pike, Bethesda, MD 20894, USA

Table 2 The liver function tests in serum of control and NAFLD groups

Weeks ALT AST GGT Total bilirubin Direct bilirubin

Control NAFLD Control NAFLD Control NAFLD Control NAFLD Control NAFLD

2 10.6 ± 1.29 18.6 ± 0.51* 12.2 ± 1.02 21.6 ± 1.21* 9.2 ± 0.73 16.8 ± 1.16* 0.59 ± 0.05 1.41 ±0.05* 0.04 ± 0.02 0.18 ± 0.02*

4 12.0 ± 1.05 21.0 ± 1.38*# 13.8 ± 1.59 24.4 ± 1.54*# 10.4 ± 0.75 24.1 ± 2.32*# 0.58 ± 0.05 2.03 ± 0.06*# 0.07 ± 0.02 0.21 ± 0.01*

6 15.4 ± 1.57 28.6 ± 1.69*# 17.8 ± 1.39 39.4 ± 2.25*# 10.6 ± 1.40 34.4 ± 2.38*# 0.65 ± 0.06 2.65 ± 0.12*# 0.05 ± 0.02 0.22 ± 0.02*

8 13.6 ± 0.75 35.8 ± 1.93*# 17.0 ± 1.00 46.1 ± 1.79*# 11.8 ± 0.66 41.0 ± 1.95*# 0.67 ± 0.04 3.12 ± 0.23*# 0.07 ± 0.01 0.29 ± 0.02*

10 13.4 ± 1.03 40.8 ± 2.31*# 17.0 ± 1.76 53.8 ± 2.84*# 11.2 ± 0.84 46.0 ± 3.86*# 0.69 ± 0.05 3.60 ± 0.16*# 0.07 ± 0.02 0.34 ± 0.02*

12 15.6 ± 0.60 49.6 ± 2.11*# 16.8 ± 1.83 64.4 ± 3.30*# 12.2 ± 2.01 53.0 ± 4.37*# 0.71 ± 0.05 3.93 ± 0.05*# 0.10 ± 0.01 0.39 ± 0.02*

14 14.8 ± 1.62 60.6 ± 3.60*# 17.8 ± 1.5 85.4 ± 2.29*# 12.4 ± 0.51 62.6 ± 3.83*# 0.70 ± 0.02 4.28 ± 0.14*# 0.13 ± 0.01 0.44 ± 0.02*

Data expressed as mean ± SE

*Significant difference compared to control group at the same duration period by t test (P < 0.05)

#Significant difference compared to the previous duration in the same group by paired t test (P < 0.05)
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Glucose homeostasis parameters

All glucose homeostasis parameters in control rats showed

relatively constant values for 14weeks follow-up period.

Conversely, the NAFLD rats showed a duration-dependent

elevation of all parameters during 14weeks of HFD feeding.

Glucose level showed significant higher level in NAFLD

group compared to control group from the 4th week of in-

duction, and its level increased directly with the duration of

induction. Hyperglycemia was detected at 10th week of in-

duction and thereafter. Moreover, NAFLD rats showed sig-

nificantly higher fasting insulin level than control rats as

early as 4th week of induction. The calculation of insulin re-

sistance index using HOMA-IRI showed that NAFLD rats

had significantly higher degree of insulin resistance than that

of control rats as early as 4th week of induction and there-

after (Table 4). At the end of 14weeks of HFD feeding, the

NAFLD rats showed significantly higher levels of fasting

blood sugar, insulin, and HOMA-IRI by about 1.57-, 7.65-,

and 24.64-fold compared to control values, respectively.

cAMP levels in liver tissue

The control rats showed relatively constant cAMP

levels in the liver tissue during the follow-up period

of 14 weeks with no significant changes during this

period. In contrast, NAFLD rats showed typical dur-

ation–dependent increase in the cAMP levels in the

liver. The results showed that NAFLD rats had sig-

nificantly higher levels of cAMP in the liver com-

pared to control rats from the 6th week of induction

(Table 5). After 14 weeks of induction, NAFLD

group has significantly higher levels of cAMP in the

liver by about 3.79-fold that of control values.

CREB levels in liver tissue

No significant changes were observed in CREB levels

in the liver tissue in control group during the follow-

up period. On the other hand, NAFLD rats showed

duration–dependent increase in CREB levels in the

liver tissue. Compared to control rats, significantly

higher levels of CREB in the liver were observed in

NAFLD rats from 6th week of induction (Table 5). At

the end of 14 weeks of HFD feeding, the NAFLD

group showed significantly higher levels of CREB in

the liver tissue by about 8.01-fold that of control

values.

Changes in gene expression of ICER in the liver tissues of

control and NAFLD rats

The data of ICER gene expression relative to GAPDH

was demonstrated in Fig. 1. The gene expression of ICER

in the liver of control rats is almost constant during the

follow-up period. In NAFLD rats, the gene expression of

ICER in the liver showed duration-dependent decline. It

was clear that the expression of ICER gene in the liver of

NAFLD group was downregulated, but not significantly,

compared to control group from 6th week of induction

at which the expression in the liver was about 88% of

the control value. The expression at 14th week of induc-

tion showed duration-dependent downregulation to

reach 18% of control value.

Correlation studies

In NAFLD rats, the statistical analysis using Spearman

correlation was revealed that there was a direct positive

correlation between cAMP and CREB levels, while level

of ICER gene expression was negatively correlated with

cAMP and CREB levels as in Fig. 2. In addition, CREB

levels were positively correlated with liver function tests,

fasting glucose level, fasting insulin level, HOMA-IR,

and with all lipid profile parameters, except HDL-

cholesterol which was negatively correlated with CREB.

Histological assessment

The hepatic lesions in NAFLD were divided into three

main categories: nonalcoholic fatty liver (NAFL), nonalco-

holic steatohepatitis (NASH), and cirrhosis. Areas of over-

lap exist between these three main patterns of liver injury,

Table 4 The glucose homeostasis parameters of control and NAFLD groups

Weeks Fasting glucose Fasting insulin level Insulin resistance

Control NAFLD Control NAFLD Control NAFLD

2 73.2 ± 2.18 81.8 ± 3.07 0.70 ± 0.13 1.15 ± 0.23 0.12 ± 0.03 0.23 ± 0.04

4 72.4 ± 3.41 89.8 ± 3.35*# 0.90 ± 0.14 2.67 ± 0.16*# 0.15 ± 0.03 0.58 ± 0.02*#

6 77.2 ± 4.35 104.4 ± 5.15*# 0.95 ± 0.16 3.40 ± 0.20*# 0.17 ± 0.02 0.87 ± 0.02*#

8 74.8 ± 3.34 118.6 ± 4.08*# 0.86 ± 0.17 4.50 ± 0.39*# 0.15 ± 0.03 1.28 ± 0.06*#

10 76.6 ± 3.61 137.8 ± 3.56*# 0.76 ± 0.18 5.52 ± 0.38*# 0.14 ± 0.03 1.82 ± 0.07*#

12 80.4 ± 4.66 167.0 ± 3.26*# 0.90 ± 0.14 6.74 ± 0.39*# 0.17 ± 0.02 2.74 ± 0.12*#

14 80.6 ± 3.67 196.4 ± 5.81*# 0.94 ± 0.13 8.13 ± 0.37*# 0.18 ± 0.02 3.95 ± 0.11*#

Data expressed as mean ± SE

*Significant difference compared to control group at the same duration period by t test (P < 0.05)

# Significant difference compared to the previous duration in the same group by paired t test (P < 0.05)
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and they are probably best regarded as different parts of a

broad histological spectrum (Fig. 3).

Histological examination of the livers from NAFLD

rats demonstrated the progressive development of sub-

stantial steatosis with inflammatory changes throughout

the study periods.

Phosphorylated CREB (phosphor-S133) visualization by

immunofluorescence

pCREB immunofluorescence was slightly detected in the

control rats, with 1.7 ± 0.5 MA% and 2188.07 ± 446.04

fluorescence intensity. After 6 weeks of HFD induction,

the intensity of immunofluorescence signal as well as its

MA% increased significantly in NAFLD rats to record

142.3-fold increase (P < 0.04) and 13.6 ± 1.7 (P < 0.005),

respectively. Similar significant increases were observed

at the 10th week, where intensity of cell fluorescence in-

creased by 158.9-fold and MA% recorded 35.2 ± 0.8 (P <

0.0001). Interestingly, both pCREB immunofluorescence

signal and MA% showed duration–dependent increase

in NAFLD rats to become more prominent at the end of

the experiment (14th week), Fig. 4.

Discussion

Nonalcoholic fatty liver disease (NAFLD) has become

the most common chronic liver with hepatocellular lipid

deposition followed by inflammation. NAFLD has been

considered as hepatic manifestation of metabolic syn-

drome and consists of progressive stages, ranging from

simple steatosis to NASH, fibrosis, and cirrhosis. In the

Fig. 1 The fold change of ICER gene expression in the liver tissue of control and NAFLD rats during 14weeks duration. Data are expressed as mean ± SE

Table 5 The liver tissue cAMP and CREB levels in control and NAFLD rats

Weeks cAMP level (pg/mg liver protein) CREB level (ng/mg liver protein)

Control NAFLD Control NAFLD

2 4.08 ± 0.64 4.03 ± 1.16 0.76 ± 0.18 0.90 ± 0.20

4 3.59 ± 0.86 5.69 ± 0.74*# 0.84 ± 0.14 1.87 ± 0.36

6 4.20 ± 0.91 7.81 ± 2.05*# 0.75 ± 0.15 3.21 ± 0.72*#

8 3.95 ± 0.85 8.30 ± 1.13*# 0.95 ± 0.06 4.47 ± 0.80*#

10 4.65 ± 0.42 11.93 ± 1.83*# 0.88 ± 0.19 5.49 ± 0.62*#

12 3.91 ± 0.90 15.31 ± 1.51*# 0.79 ± 0.17 6.35 ± 0.63*#

14 4.25 ± 0.86 19.61 ± 1.63*# 0.82 ± 0.16 7.44 ± 0.59*#

Data expressed as mean ± SE

*Significant difference compared to control group at the same duration period by t test (P < 0.05)

#Significant difference compared to the previous duration in the same group by paired t test (P < 0.05)
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patients with a sedentary lifestyle, obesity, or IR, an in-

creased influx of free fatty acid (FFA) to the hepatocyte

was observed in the liver. While several factors, such as

obesity, diabetes, and dyslipidemia, have been impli-

cated in NAFLD, the pathogenesis of NAFLD and its

progression to fibrosis and chronic liver disease are still

unclear [26].

It has been proposed that NAFLD may be considered

as a disease with a “two-hit” process of pathogenesis

with lipid peroxidation-mediated liver injury. The “first

hit” is excessive hepatocyte triglyceride accumulation

which may results from insulin resistance. The second

hit is unclear, but the presumed factors initiating second

hits are suggested to be oxidative stress and subsequent

lipid peroxidation and proinflammatory cytokines [27].

Several data supported the implication of cAMP re-

sponse element-binding protein (CREB) in NAFLD pro-

gress. The aim of this study is to evaluate the role of

hepatic cAMP/CREB pathway in the development of ex-

perimental nonalcoholic fatty liver to clarify its patho-

genesis which could provide a therapeutic approach. In

our study, we used a HFD rat model of insulin resistance

and NASH because it is easy to establish and resemble

the human condition.

Histological examination of the liver tissues in control

group revealed better liver histology, with normal hepatic

architecture and organization, when compared to NAFLD

one. Few hepatocytes showed rarefaction of the cytoplasm

and micro-vesicular steatosis at 6th week of HFD induc-

tion. At 10th week of feeding, hepatocytes showed rarefied

cytoplasm with micro- and macro-vesicular steatosis and

hepatocellular ballooning. Mallory’s bodies, hyaline eo-

sinophilic irregular-shaped aggregates in the cytoplasm of

hepatocytes, were also present. The liver tissues of the

NAFLD group at 14th week of HFD induction demon-

strated more disturbance of the hepatic architecture;

marked Mallory’s bodies, macro-vesicular steatosis, peri-

portal inflammatory cellular infiltrates, and bridging fibro-

sis were noticed. The majority of authors on this topic

consider the presence of fat, ballooning, and hepatocyte

injury to be the minimum histopathological changes re-

quired for establishing a diagnosis of NASH which evolves

into advanced fibrosis [28]. In accordance with our results,

Lieber et al., who used the quietly similar type of high-fat

diet for only 3 weeks in Sprague-Dawley rats, reproduced

hepatic lesions of human NASH [29]. Moreover, another

study demonstrated that Wister rats seem to be more sen-

sitive to developing steatosis when consuming diets with a

higher fat content in comparison with Sprague-Dawley

rats [30].

The AST, ALT, GGT, and levels of total and direct

bilirubin among other markers of liver injury may be

useful parameters in measuring NAFLD. The results of

the present study revealed a remarkable increase in these

parameters in NAFLD rats as early as 2nd week of in-

duction compared to control group. Our results are in

accordance with those reported by Hanafi et al., who

showed that the activities of serum transaminases, AST,

ALT, and GGT, were significantly increased in NAFLD

rats. Also, NAFLD rats demonstrated higher bilirubin

values [31]. These significant abnormalities of liver func-

tion tests revealed a state of hepatocytes inflammation

and slightly damage as indicated by the histological

results.

In the current work, dyslipidemia was evidenced in the

NAFLD group from the second week of HFD as indi-

cated by a significant increase in triglycerides, choles-

terol, and LDL-cholesterol levels. Moreover, HDL-

cholesterol was significantly decreased in the NAFLD

group from the 4th week of induction. Hyper-

triglyceridemia and abnormal low level of HDL-

cholesterol are evidenced in the course of induction

Fig. 2 Spearman correlation studies during the induction of NAFLD. a Correlation between cAMP and CREB levels. b Correlation between ICER

gene expression level with cAMP and CREB levels (P < 0.001)
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from the 6th week of feeding while hypercholesterolemia

and abnormal high level of LDL-cholesterol are detected

later at the 10th week. Moreover, NAFLD rats revealed

typical duration–dependent increase in serum lipid pro-

file including TG, TC, and LDL-C and duration-

dependent decline in the level of HDL-C. In agreement

with these results, it was reported that dyslipidemias are

common abnormalities observed in NAFLD and have

been reported in up to 81% of patients [32]. It is sug-

gested that hyper-triglyceridemia is more likely to in-

crease the risk of NAFLD than hypercholesterolemia

[33, 34]. Furthermore, many evidences suggest that

among different types of cholesterol, abnormality of

HDL-C is the most frequent lipid profile in NASH

Fig. 3 a–c Photomicrographs of rat liver of control group showing normal liver architecture where cords of hepatocytes (orange arrows)

radiating from central vein (CV). Hepatocytes are polyhedral in shape with vesicular nuclei and slightly vacuolated acidophilic granular cytoplasm.

The hepatic cords are separated by blood sinusoids. Portal tract (PT) at the periphery of the hepatic lobule showing its three components, a

branch of the portal vein, a branch of the hepatic artery, and a bile duct, is enclosed by a scanty amount of connective tissue. d–l

Photomicrographs of rat liver of NAFLD group at different time intervals of HFD induction (6th, 10th, and 14th week) showing a disturbed liver

architecture. Hepatocytes show micro- (thin black arrows), macro-vesicular steatosis (thin blue arrows), ballooning degeneration with rarefied

cytoplasm (black arrowheads), and Mallory Denk bodies (blue arrowheads). Lobular and periportal cellular infiltrates are seen (thin green arrows)

Notice periportal and bridging fibrosis (thick black arrows)
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patients, while LDL-C as well as total cholesterol are

more likely to be within normal ranges [35].

An increase in intrahepatic fat content leads to an up-

regulation of oxidative mechanisms, or it can re-

esterified and secreted again as hepatic VLDL-

triglycerides (TG), the major source of circulating TG

[36, 37], which is responsible for the increase in serum

TG concentrations observed in our study. However, the

liver capacity in NAFLD to export TG is limited by an

inadequate increase of the secretion rate of apoB100. A

reduction in apo B synthesis and secretion may impair

hepatic lipid export and favor hepatic triglyceride accu-

mulation [38], which was confirmed in histopathological

assessment of our study from the 2nd week of NAFLD

induction. The current work revealed a significant raise

in the hepatic TG and TC content in the liver of the

NAFLD group compared to control rats as early as 2nd

week of feeding. Additionally, there was a significant

duration–dependent elevation in the hepatic TG and TC

liver contents in the NAFLD rats during 14 weeks of

HFD feeding.

One of our promising findings is that hepatic TG ac-

cumulation proceeds or at least concomitant with hyper-

insulinemia at 4th week and IR which also became

significant from the 4th week of induction. In accord-

ance with these results, it was reported that once the

liver is fatty, the ability of insulin to inhibit hepatic glu-

cose production is impaired, which leads to an increase

in the fasting plasma glucose concentration [39]. This in

turn stimulates insulin secretion resulting in mild hyper-

insulinemia and lowering of glucose to near-normal

levels; also, the inhibitory action of insulin on VLDL

production is impaired whereas VLDL clearance remains

unchanged [40, 41].

The association between IR and NAFLD is an area of

public health impact. IR and subsequent compensatory

hyperinsulinemia have been shown to have a key role in

the pathogenesis of NAFLD by causing an imbalance be-

tween factors that favor hepatic lipid accumulation (such

as lipid influx and de novo lipid synthesis) and factors

that ameliorate lipid build-up, such as lipid export or

oxidation [42, 43].

Fig. 4 a–l A photomicrograph of confocal image of liver specimens from NAFLD rats on sequential time intervals of high fat diet induction,

revealing the progressive increase in the immunofluorescence intensity of pCREB (I, Hoechst + pCREB + DIC; II, Hoechst + pCREB; III, pCREB). m, n

The significant increase in intensity and the mean area percent of immunostain of pCREB especially at the end of induction (14th week*; mean

± SE)
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Abnormally elevated insulin levels, under IR condi-

tions, are required to metabolize glucose and inhibit

hepatic glucose production effectively due to the re-

duced insulin sensitivity of the peripheral tissues. In this

context, the pancreas is stimulated to increase insulin se-

cretion into the portal vein, leading to higher insulin

levels in the liver than in the periphery. High concentra-

tions of hepatic glucose and plasma insulin are recog-

nized as biomarkers of hepatic IR [44]. Elevated fasting

glucose results from hepatic IR, whereas increased FFA

concentrations are caused by peripheral IR. The FFAs

interact with insulin signaling, thereby contributing to

IR. Hepatic IR contributes to steatosis of NAFLD by

impairing insulin receptor substrate 1/2 tyrosine phos-

phorylation [45, 46].

As expected in our results, during NAFLD induction,

a fasting glucose level is significantly higher in NAFLD

group compared to control group from the 2nd week

of induction, and its level increased directly with the

duration of induction. Hyperglycemia was detected at

10th week of induction and thereafter. Also, fasting

insulin and insulin resistance index (HOMA-IR) re-

vealed higher degrees of IR from the 4th week of in-

duction, and with increasing duration, the situation

become worse. Furthermore, these abnormalities of

glucose homoeostasis during HFD feeding are associ-

ated with serious derangements in lipid profile as dis-

cussed previously.

The cAMP is a key second messenger in numerous

signal transduction pathways including cell growth, dif-

ferentiation, gene transcription, protein expression, and

in the regulation of cellular metabolism as well as hor-

monal action in the peripheral tissues. Subsequently,

specific proteins are phosphorylated by PKA to evoke

cellular reactions. The phosphorylation of CREB, a tran-

scription factor, is important in the regulation of gene

transcription. Extracellular signals activate the transcrip-

tion of a variety of target genes via alterations in CREB

phosphorylation, thereby, resulting in multiple physio-

logical functions [47, 48].

CREB activity is tightly regulated by phosphorylation

as well as by the level of ICER, a natural CREB antagon-

ist. ICER is generated from an alternative CREM pro-

moter and is the only inducible CRE-binding protein.

ICER acts as a passive repressor that competes with

CREB for binding to target gene promoters. In the nor-

mal situation, ICER activity is transiently induced by the

same stimuli that induce CREB, but repression occurs

only when ICER reaches certain levels [49, 50]. There is

a strong evidence for the association between CREB and

ICER, while CREB rapidly induces the expression of tar-

get genes in response to stimuli; the repressor ICER re-

stores their initial expression levels and thereby permits

transient induction [51].

Stimuli that trigger CREB and ICER activities include

cell proliferation, cell cycle, metabolism, DNA repair,

differentiation, inflammation, angiogenesis, immune

responses, and survival response for instance, and this

occurs in response to an elevation of cAMP levels.

Thereby, as a passive repressor, ICER activity is directly

correlated with its abundance [49, 52]. It is thus predict-

able that dysregulation in the levels of ICER impact to

CREB activity, hence leading to cells dysfunction and

eventually certain pathologies.

Our results indicated that, in NAFLD rats, the hepatic

contents of cAMP and CREB are prominently elevated

compared to control rats. Furthermore, the results

showed that NAFLD rats feeding HFD revealed a typical

duration–dependent increase in both cAMP and CREB

levels in the liver tissue. Notably, the results of the

present study also demonstrated that the expression of

ICER gene in the liver tissue was downregulated in

NAFLD rats from 6th week of induction compared to

control rats. This is in close agreement with the results

of Favre et al. who found that the expression of ICER

was decreased in insulin-resistant obese mice indicating

an impaired induction of ICER and, hence, leading to

persistently increased CREB activity [53].

The significant high level of both cAMP and CREB

levels in the liver could be explained by IR state, a prom-

inent factor of NAFLD, which favors the lipolytic path-

way as a consequence of increasing glucagon/insulin

ratio; the generated FFAs and glycerol may further exag-

gerate the IR in tissues in a vicious cycle. Our study is in

accordance with Erion et al. findings who used a CREB-

specific antisense oligonucleotide (ASO) to knock down

CREB expression in the liver. Interestingly, CREB ASO

treatment dramatically reduced fasting plasma glucose

concentrations in Zucker Diabetic Fatty rats and a

streptozotocin-treated high-fat fed rat model of type II

diabetes mellitus (T2DM) with its concomitant IR [54].

Nonetheless, our results are not in accordance with the

study of Zingg et al. who reported that, in the liver, the

HFD significantly decreased liver cAMP levels compared

to low fat diet, and curcumin increased it [55]. Further-

more, a study investigating the therapeutic effects of res-

veratrol, a naturally occurring polyphenol, in NAFLD

showed that its protective effects were mediated by the

cAMP pathway. In particular, resveratrol improved hep-

atic steatosis in a HFD mouse model of NAFLD via im-

proved fatty acid β-oxidation by increasing cAMP

through inhibiting PDE4 [56].

Correlation studies revealed a direct positive correl-

ation between the intracellular level of cAMP and CREB

in the liver tissue. On the other hand, the levels of

cAMP and CREB in the liver tissue were negatively cor-

related with the ICER gene expression. Moreover, the

level of cAMP in the liver tissue was positively correlated
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with fasting blood glucose, insulin, HOMA, liver func-

tion tests (ALT, AST, GGT, total bilirubin, direct biliru-

bin), lipid profile tests (serum triglycerides, cholesterol,

LDL-cholesterol, but not HDL-cholesterol) as well as

hepatic triglycerides and cholesterol contents. Contrari-

wise, the level of cAMP was negatively correlated with

the level of HDL-cholesterol.

Conclusions

Finally, from the discussion of the present study and

other studies, we can conclude that the persistent eleva-

tion of intracellular cAMP levels, and consequently dys-

regulation of its signaling pathways, play an important

role in the induction of NAFLD by HFD. However, the

order of events and the interrelationships between differ-

ent pathways in the development of NAFLD need fur-

ther investigation in order to find suitable interventions

for the design of novel therapeutic strategies. Moreover,

considering the implication of downstream cAMP path-

way in the pathogenesis on NAFLD, further investigation

of the interplay between CREB activity and ICER expres-

sion may reveal drug targets for treatment of the disease.
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