
Summary. Gadd45α (growth arrest and DNA damage
inducible alpha) is a member of a group of genes whose
transcript levels are increased following stressful
conditions that lead to growth arrest and treatment with
agents that lead to DNA damage. Gadd45α is
upregulated in liver cirrhosis (LC), hepatic cancer (HC),
acute liver failure (AHF) and non-alcoholic fatty liver
disease(NAFLD). Here, we investigated the essential
differences in the Gadd45α signaling pathway in these
diseases at the transcriptional level. The results showed
that 44, 46, 71 and 27 genes significant changes in these
diseases, and the H-cluster showed that the expression of
the Gadd45α signaling-related genes was significantly
different in the four liver diseases. DAVID functional
analysis showed that the Gadd45α signaling pathway-
related genes were mainly involved in cell adhesion and
migration, cell proliferation, apoptosis, stress and
inflammatory responses, etc. Ingenuity pathway analysis
(IPA) software was used to predict the functions of the
Gadd45α signaling-related genes, and the results
indicated that there were significant changes in cell
differentiation, DNA damage repair, autophagy,
apoptosis and necrosis. Gadd45α signaling pathway is
involved in four kinds of liver disease and regulates a
variety of activities via P38 MAPK, NF-κB,
mTOR/STAT3, P21, PCNA, PI3K/Akt and other
signaling pathways. Modulation of Gadd45α may be
exploited to prevent the progression of liver disease, and

to identify specific treatments for different stages of liver
disease. In summary, the Gadd45α signaling pathway is
involved in four kinds of liver disease and regulates a
variety of physiological activities through various
signaling pathways.
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Introduction

The liver is the largest digestive gland in the body.
The liver has a wide range of functions, including
detoxification, protein synthesis, and biochemical
production, which is necessary for digestion. Liver
cirrhosis (LC), the end stage of many forms of chronic
hepatitis of different etiologies, is a widespread
condition characterized by active fibrosis and the
conversion of normal liver architecture into structurally
abnormal nodules surrounded by annular fibrosis;LC is
predominantly related to chronic viral infection, alcohol
consumption, and autoimmune and metabolic etiologies
(Wang et al., 2007; Soresi et al., 2014). Hepatic cancer
(HC) is a primary malignancy of the liver what
frequently arises in patients with liver cirrhosis and is
the result of a complex pathogenesis involving chronic
hepatitis, necrosis, and regenerative and active fibrosis.
Acute hepatic failure (AHF) is a syndrome caused by
multiple factors, such as toxic or infectious agents, and
is characterized by massive hepatocyte degeneration and
necrosis as well as inflammatory cell infiltration shortly
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after injury (Reddy et al., 2016). Nonalcoholic fatty fiver
disease (NAFLD) is defined as fat content exceeding 5
% of the liver weight in the absence of excessive alcohol
intake or other causes of steatosis, such as viral hepatitis,
autoimmune hepatitis, Wilson disease, alpha-1-
antitrypsin deficiency, or other metabolic causes (Uppal
et al., 2016) .

Gadd45α is a stress-induced gene that is
constitutively expressed at low levels but is
transcriptionally activated by a variety of stress stimuli,
including ultraviolet and ionizing radiation; Gadd45α
interacts with a number of intracellular signaling
molecules involved in cell cycle regulation, cell death
and senescence, apoptosis, genomic stability
maintenance, immune responses, and in DNA damage
repair. In general, Gadd45α provides cellular stability
either by arresting cell cycle progression until DNA
damage is repaired or, in cases of fatal damage, by
inducing apoptosis. As a stress-induced gene, Gadd45α
has been found to be abundantly expressed in various
liver diseases, and is closely related to the development
and prognosis of liver cancer, liver fibrosis and fatty
liver. Increased levels of the GADD45α transcript and
protein are seen after the treatment of cells with ionizing
radiation and other agents and treatments that damage
DNA. In dimethylbenzanthracene (DMBA)- induced
liver cancer in mice, the lack of basal and DMBA-
induced Gadd45α may result in enhanced tumorigenesis
because of decreased DNA repair and increased mutation
frequency (Hollander et al., 2001). In our study, the
expression of the Gadd45α gene and protein was
significantly in the hepatocytes of rats undergoing; in
addition, the high expression of Gadd45α was involved
in the acute stress response of hepatocytes and may be
involved in the process of hepatocyte apoptosis during
acute liver failure (Wang, 2016). Bae et al. demonstrated
that KR62776 increased the levels of GADD45 in hepatic
stellate cells (HSCs) and may have potential in the
chemoprevention of liver fibrosis/cirrhosis (Bae et al.,
2010). The role of Gadd45α in non-alcoholic fatty liver
disedse has not been reported.

Gadd45 exerts a protective effect on CCl4-induced
liver fibrosis by inhibiting TGF-TGF / smad-mediated
liver fibrosis gene expression, regulating HSC activation
and ROS production (Hong et al., 2016). BRCA1
regulates the stability of downstream genes by
promoting the negative regulation of carcinogenesis and
tumor malignancy by Gadd45α (Li et al., 2015).
Gadd45α activates p38 MAPK through H-ras thereby
inhibiting tumorigenesis (Bulavin et al., 2003). Gadd45α
modulates the innate immune functions of granulocytes
and macrophages by differentially regulating p38 and
JNK signaling, including reactive oxygen species
production, phagocytosis, and adhesion (Salerno et al.,
2012). Gadd45α suppresses tumor angiogenesis via the
inhibition of the mTOR/STAT3 protein pathway (Yang et
al., 2013). The study by Meyer NJ revealed that
Gadd45α exerts its function in inflammatory lung injury
induced by lipopolysaccharide (LPS)-and ventilators by

influencing Akt signalling (Meyer et al., 2009).
GADD45Α and p21 bind to CDK1, resulting in  the
dissociation of the cyclin B/CDK1 complex and the
eventual induction of cell cycle arrest at G2/M (Katagi et
al., 2016). The study performed by Jung et al. proved of
APE1 enzyme activity via the GADD45α, PCNA and
APE1 protein complex regulates p53-mediated base
excision repair by APEX1 (Jung et al., 2013). Gadd45α
disruption strengthens the association between mTOR
and STAT3 and induces the phosphorylation of STAT3
on Ser-727 to enhance its transcriptional activity and
inhibit tumor angiogenesis (Yang et al., 2013). Zhang et
al. found that GADD45Α inhibits autophagy by
impairing BECN1-PIK3C3 complex formation.
GADD45Α is able to induce cancer cell death through 2
important mechanisms: apoptosis and autophagy (Zhang
et al., 2015).

Therefore, to further understand the role of Gadd45α
in the pathogenesis of liver diseases, we established a
network of the Gadd45α signaling pathway that
illustrates the main downstream signaling pathways that
are possibly activated by Gadd45α in liver cirrhosis
(LC), hepatic cancer (HC), acute liver failure (AHF) and
nonalcoholic fatty liver disease. Therefore, to further
comprehensively and systematically understand the role
of the Gadd45α signaling pathway in this liver diseases,
established models of LC, HC ,AHF, and NAFLD and
used a rat whole genome gene expression profiling chip,
the Rat Genome 230 2.0 Array, to identify the
expression profiles of Gadd45α signaling pathway-
related genes at transcriptional level.Then, the role of
Gadd45α in the occurrence and development of the four
liver diseases listed above was analyzed by
bioinformatics and systems biology methods, including
ingenuity pathway analysis (IPA) software; this analysis
will be helpful in exploring the molecular role of
Gadd45α in various liver diseases.
Material and methods

Preparation of rat liver disease models

Adult healthy Sprague–Dawley (SD) rats (200±10
g), which were supplied by the Experimental Animal
Center of Henan Normal University, were housed in a
room with a controlled temperature (22±1°C) with a
12:12 h light–dark cycle. All the rats were fed a standard
rodent chow diet and allowed free access to food and
distilled water. All the handling procedures were carried
out in accordance with the current Animal Protection
Law of China. All the procedures in this study that
involved were performed in accordance with the
standard protocols approved by the Ethical Committee
of Henan Normal University.

LC model: Rats were randomly divided into a model
group with 18 rats and a control group with 6 rats. The
rats in the LC model group were fed normal food and
0.35 g/L phenobarbital sodium solution in the first week.
A dose of 0.5 ml/100g CCl4 diluted 2:3 in colza oil was
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injected into the abdominal cavity twice per week in the
2nd-4th weeks, and the only drinking water given to
these rats contained 10% alcohol. The drinking water
was exchanged with water containing 30% alcohol in the
5th-8th weeks. The livers were harvested for analysis at
3, 6 and 9 weeks after CCl4 administration. The rats in
the control group received injections of the same volume
of physiological saline at the corresponding timepoints.

HC model: A total of 60 male rats were randomly
divided into 6 groups, including a model group with 50
rats and a control group with 10 rats. The rats in the
model group underwent intragastric administration of
diethyl nitrosamine (DENA) (7 mg/100 g) once a week
for 20 consecutive weeks, while the saline control group
received intragastric administration of the same volume
of physiological saline. The DENA solution was
prepared by mixing 99.75 ml of distilled water and 0.25
ml of DENA concentrate. The rats were anesthetized by
ether and sacrificed with cervical dislocation at the end
of 0, 5, 8, 12, 16 and 18 weeks after DENA-treatment.

AHF model: A total of 36 male rats were randomly
divided into a model group with 24 rats and a control
group with 12 rats. Carbon tetrachloride (CCl4) was
diluted 2:3 in sesame oil under sterile conditions. The
rats were fed a single dose of 4 ml/kg diluted CCl4 (Li et
al., 2011). The rat livers were harvested for analysis at
each of the following time points: 3, 6, 12, 24, 48 and 72
h after CCl4 treatment.

NAFLD model: Rats were randomly divided into a
normal control group (NC group, 10 rats) and a high-fat
emulsion model group (HF group, 30 rats). All the rats
were fed a standard rodent chow diet and allowed free
access to an aqueous solution containing 18% sucrose.
The model rats were orally treated with the high-fat
emulsion (10 ml/kg) via gavage once per day for 6
weeks. The compositions of the high-fat emulsion diet
were as follows: corn oil 400 g, saccharose 150 g, milk
powder 80 g, cholesterol 100 g, sodium deoxycholate 10
g, Tween-80 36.4 g, propylene glycol 31.1 g, vitamin
mixture 2.5 g, cooking salt 10 g, mineral mixture 1.5 g,
and distilled water 300 ml (Lai, 2005). The rats were
sacrificed at 2, 4, and 6 weeks after high-fat emulsion
feeding. The control group was fed the same volume of
physiological saline at the same time.

The rats were sacrificed by cervical dislocation at
the abovementioned time points in each of the liver
disease model. Four small cuboids of approximately
5×5×(2-3) mm were excised from the middle part of the
right liver lobe for histopathology. The remaining liver
tissue from the middle part of the right liver lobe were
collected in RNase-free tubes and stored at ﹣80°C until
use. All the operations and handling procedures were
carried out in accordance with the current Animal
Protection Law of China. 
Construction of the Gadd45α-mediated signaling
pathway network

Previous studies have reported that Gadd45α could

be activated by UV / ionizing radiation and then exert its
function via the P38 MAPK,NF-κB (Hur et al., 2008),
mTOR/STAT3 (Yang et al., 2013), P21 (Chen et al.,
2014a), PCNA (Kim et al., 2013) and PI3K/Akt (Amente
et al., 2011) signaling pathways. Therefore, “P38 MAPK
signaling pathway”, “NF-κB signaling pathway”,
“mTOR/STAT3 signaling pathway”, “P21 signaling
pathway”, “PCNA signaling pathway” and
“PI3K/Aktsignaling pathway” were entered into the
“Pathway and Function” of the Ingenuity Pathway
Analysis (IPA) software to obtain the interaction
network of these pathway and Gadd45α. The above
results were filtered and integrated by researching the
signaling pathway maps with the Gen MAPP, KEGG,
BIOCARTA, QIAGEN and Biocompare databases, and
then the network of Gadd45α-mediated signaling
pathway was confirmed with relevant articles.
Rat Genome 230 2.0 microarray assessment and data
analysis

The transcription profiles of the liver tissues from the
abovementioned four liver disease models were
determined by Rat Genome 230 2.0 chips as previously
described, including cDNA synthesis, in vitro
transcription, cRNA hybridization, microarray wash,
image scanning and data analysis (Guo and Xu, 2008).
The genes were defined as present (P<0.05), marginal
(0.05<P<0.065) and absent (P>0.065) according to the P-
values of the probe signal. Then, the data of each array
were initially normalized, and the ratio at each time point
was calculated by comparing the normalized signal
values of the experimental group to those the control
group (0 h). To minimize the differences in the
experimental operation and microarray test, each sample
was repeated three times, and the average value was used
for statistical analysis. Finally, the relative gene
expression level was obtained by dividing the normalized
signal values in the experimental groups by that in the
control group. When the relative expression was ≥1.5-
fold higher than that of the control group, we considered
the gene to be significantly upregulated, when the
ralative value was ≤2/3 of that in the control group,we
considered the gene be  significantly downregulated, and
when the relative value was between 2/3 and 1.5, we
considered the gene to have no biologically meaningful
change expression.To reduce the analytical error of the
microarray, this study assessed each sample at least, three
times and considered the average of three relative values
as a credible value to bean accurate value. The
coefficients of variation (CV) for the three technical
repeats of every gene were below 6%.
Real-time quantitative RT-PCR

To verify the chip data, a total of eight genes were
selected. Primers were designed with Primer Express 2.0
software according to the mRNA sequences of the eight
target genes Lcn2, Myc, Tgfb1, Alpl, Cyp1a1, Mgmt,
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Spc24 and A2m and the internal control gene β-actin,
and the primers were synthesized by Sangon Biotech
(Shanghai) Co. Ltd. (Table 1). Prior to RT, the
contaminating genomic DNA in the total RNA was
removed by DNase I (Promega, Madison, USA). Total
RNA (2 μg) was reverse-transcribed using random
primers and a Reverse Transcription kit (Promega,
Madison, USA). The first-strand cDNA samples were
subjected to quantitative PCR by using SYBR Green I
on a Rotor-Gene 3000A instrument (Corbett Robotics,
Brisbane, Australia), and each sample was analyzed in
triplicate. As described previously, the changes in the
relative expression of the target genes were calculated
according to that of the internal control β-actin (Wang
and Xu, 2010).
Expression profiling and function prediction of the genes
in Gadd45α-mediated signaling pathway

The probe number of the Gadd45α signaling
pathway-related genes was used for DAVID analysis by
the EASE analysis software (http://david.abcc.ncifcrf.
gov), and the enriched GO categories were selected from
each cluster according to the EASE scores. The EASE
score is a significance level, Smaller EASE scores
indicate increasing confidence in overrepresentation, and
the GO categories with EASE scores of <0.01
represented classes of genes in which individual
members occurred more often than would be expected
by a random distribution of genes.
Prediction of function of the Gadd45α signaling pathway
in four kinds of liver disease

To elucidate the function of the Gadd45αsignaling

pathway in the four kinds of liver disease the
Gadd45αsignaling pathway-related genes were
summarized. Then, the ingenuity pathway analysis (IPA)
software ver. 9.0 was utilized to analyze the heatmap of
the biofunctions based on the changes in the expression
changes of the Gadd45α signaling-related genes in each
liver disease using comparison analysis. Briefly, the
differentially expressed genes and their extreme
expression values in the four kinds of liver diseases were
uploaded to the ‘Dataset Files’ of IPA. Then, core
analysis and comparison analyses proceeded
successively. Next, heatmaps of biofunctions were
obtained in the model of ‘Diseases and Functions’; each
square of the heatmap can be clicked to display the
network and the possible crucial genes in the network. 
Results

Gadd45α-mediated signaling pathway network

The IPA software and several databases (including
Gen MAPP, KEGG, BIOCARTA, QIAGEN and
Biocompare) were mainly used to construct the
interaction network of the Gadd45α signaling pathway,
and articles were used to confirm to the network. The
results showed that 7 branches were involved in the
Gadd45α-mediated signaling pathway (Fig.1). In
branches 1 and 2, Gadd45α promotes cell proliferation
by directly stimulating modification MAP3K4.Branch 1:
GADD45α→ MAP3K4→ MKK3/6→ P 38 MAPK→
MAPKMAPK2/3→ IκB→ NF-κB, GADD45α→
MAP3K4→ MKK3/6→ P38 MAPK→ ATF2,
GADD45α→ MAP3K4→ MKK3/6→ P38 MAPK→
HSP27; Branch 2: GADD45α→ MAP3K4→
MKK4/7→ JNK→ JUN→ FAS. In branches 3 and 4,
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Table 1. Primers sequences used in real-time quantitative RT-PCR.

Gene Accession numbers Primer sequences Amplified products (bp)

Lcn2 NM_130741 FP：5'-CACCCTGTACGGAAGAACC-3' 164
RP：5'-CACATCCCAGTCAGCCAC-3'

Myc NM_012603 FP：5'-GAGGAGAAACGAGCTGAAGCG-3' 126
RP：5'-TGAACGGACAGGATGTAGGC-3'

Tgfb1 NM_021578 FP：5'-CTTCAGCTCCACAGAGAAGAACTGC-3' 298
RP：5'-CACGATCATGTTGGACAACTGCTCC-3'

Alpl NM_013059 FP：5'-CATCGGACCCTGCCTTACCA-3' 231
RP：5'-CGTGTCTCCTCGCCCGTGTT-3'

Cyp1a1 NM_012540 FP：5'-AGGACAGGAGGCTGGACGAGA-3' 289
RP：5'-ATGGTGAATGGGACAAAGGAT-3'

Mgmt NM_012861 FP：5'-GAAGCCTATTTCCACGAACC-3' 103
RP：5'-TCCATAACACCTGTCTGGTGAA-3'

Spc24 XM_003750448 FP：5'-AGCTTCGGGAGACTCTGGCTGTG-3' 130
RP：5'-TCCTCCTTGCTGGCCTTCTGG-3'

A2m NM_012488 FP：5'-CGAACATCCGTAAACCCAAAGTC-3' 184
RP：5'-GCTGAGTCCACCACCACCAAGTC-3'

β-actin NM_031144 FP：5'-CATCCGTAAAGACCTCTATGCCAACA-3' 109
RP：5'-GTGCTAGGAGCCAGGGCAGTAATCT-3'

FP: forward primer; RP: reverse primer.



GADD45α directly inhibits the modification of DNA
repair. Branch 3: GADD45α→P21┤ CDK2/CCNE;
Branch 4: GADD45αAPEX1┤PCNA→CDK1/CCNB1.
GADD45α promotes the G2/M phase transition in
branch 5. Branch 5: GADD45α┤ MTOR→ STAT3→
MYC→ CDC25A. In branch 6, GADD45α directly
inhibits AKT and promotes apoptosis. Branch 6:
GADD45α┤AKT┤ BAD┤BCL2→ BAX→
CASPASES. Taken together, GADD45α may function
through the abovementioned branches to regulate several
vital biological processes including cell proliferation,
DNA repair, G2/M phase transition and apoptosis
responses.
Global analysis of the expression profiles of Gadd45α
signaling pathway-related genes in the 4 liver diseases

The Rat Genome 230 2.0 Array was used to
determine the genome-wide expression profile of liver
tissues from rat models of LC, HC, AHF and NAFLD
models, and the obtained microarray data were
submitted to the Gene Expression Omnibus database

with the accession numbers GSE73499, GSE73498,
GSE73494 and GSE73500, respectively. In each liver
disease model, Gadd45α signaling pathway related
genes were selected for further analysis, and the
expression of levels of a total of 84 genes were
examined in the four kinds of liver disease. Among the
Gadd45α signaling pathway-related genes, 44 genes
were significantly changed, including 30 upregulated, 12
down-regulated and 2 upregulated/downregulated genes
at 3, 6 and 9 weeks in the LC model. However, in HC, it
was found that 46 known genes were significantly
changed, of which 38 were upregulated,7 were
downregulated and 1 was upregulated/downregulated at
5, 8, 12, 16 and 18 weeks. A total of 71 known genes
were identified in AHF, including 43 upregulated, 20
downregulated and 8 upregulated/downregulated genes
at 3, 6, 12, 24, 48 and 72 h. In NAFLD, the expression
of 27 genes was significantly changed, comprising 18
upregulated, 8 downregulated and 1 upregulated/
downregulated genes at 0, 2, 4 and 6 weeks (Fig. 2).

To comprehensively characterize the expression
patterns of the genes related to Gadd45α-mediated
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Fig. 1. The network of the six branches of the GADD45α-
mediated signaling pathway and their relationships are
shown. The ordinal numbers in the circles represent the
P38 MAPK, JNK, P21, PCNA, MTOR and AKT signaling
pathways.



signaling pathway during LC, HC, AHF and NAFLD, we
employed hierarchical means (H-means) to classify the
significantly changed Gadd45α signaling pathway-
related genes according to gene expression similarity, and
the results indicated that the number of upregulated genes
in LC, HC, AHF and NAFLD was different from that of
downregulated genes (Fig.3). Based on the expression
similarity shown by the dendrogram, 2, 4 and 6 weeks of
NAFLD and 24, 48 and 72 h of AHF were clustered as
two separate groups in major branches (Fig.4). Moreover,
6 and 9 weeks of LC and 3, 6, 12 and 24 h of AHF were
clustered together; 5, 8, 12, 16 and 18 weeks of HC and
48 and 72 h of AHF were clustered together; and 3 weeks
of LC and 2, 4 and 6 weeks of were clustered together. It
was clear that some time points of LC, HC, AHF and
NAFLD were highly correlated, although their gene
expression profiles were different overall. Therefore, the
correlation between the gene expression profiles of these
time points requires further exploration.
Real-time quantitative RT-PCR

To confirm the results of the microarray analysis,
real-time quantitative RT-PCR assays were used to
measure the changes in the expression of the genes,
including Lcn2 and Myc in LC at 3, 6 and 9 weeks;
Lcn2 and Tgfb1 in NAFLD at 2, 4 and 6 weeks; Alpl,
Cyp1a1, Mgmt and Myc in HC at 5, 8, 12, 16 and 18
weeks; and Spc24, A2m, Cyp1a1 and Lcn2 in AHF at 2,
6, 12, 24, 48 and 72 h. The results showed that, the
expression patterns of the genes as measured by the two
methods above were generally consistent, suggesting
that the results of the array analysis were reliable;
however, there were differences between the relative
degrees of upregulation as measured by RT-PCR and
microarray (Fig.4), and these differences may be caused
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Fig. 2. Venn diagram showing the significantly expressed genes during
LC, HC, AHF and NAFLD. The yellow, blue, purple, green and red
colors denote LC, HC, AHF and NAFLD, respectively.

Fig. 3. Global comparison of gene expression patterns in NAFLD, LC,
HC and AHF. K-means clustering of a total of 84 genes. A dendrogram
was produced from the complete array expression values of LC (3, 6
and 9 weeks), HC (5, 8, 12, 16 and 18 weeks), AHF (3, 6, 12, 24, 48
and 72 h) and NAFLD (2, 4 and 6 weeks). The red and green colors
denote expression levels that are higher and lower than the control,
respectively.



by the use of two different detection methods.
Analysis of the prediction of the function of the Gadd45α
signaling pathway-related genes in the liver diseases

In this study, we performed EASE analysis on the
gene sets in Table 2, and the overrepresented GO
categories were selected according to the EASE scores.
For each category, the number of genes identified in the
category precedes the modified EASE score (P value).
The results showed that the genes related to apoptosis,
migration, cell cycle, inflammation. etc. were involved
in the four liver diseases (Table 2). Obviously, Gadd45α
signaling pathway related genes were mainly associated
with apoptosis, migration, cell cycle, DNA damage
checkpoints, cell proliferation, and inflammatory
response.

Furthermore, to elucidate the changes in the
physiological processes, the changes in the expression of
the Gadd45α signaling pathway-related genes in the four
kinds of liver disease were determined, and their
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Table 2. Over-represented functional categories in four clusters

Cluster enriched biological process No. of genes P-Value

regulation of apoptosis 32 1.30E-19
regulation of cell death 32 2.10E-19
apoptosis 20 7.50E-13
cell death 20 5.80E-12
lipid phosphorylation 6 6.60E-09
regulation of caspase activity 8 3.10E-07
lipid modification 7 3.40E-06
cell activation 10 2.00E-05
cell cycle 13 2.70E-05
DNA damage checkpoint 5 4.00E-05
inflammatory response 9 6.30E-05
regulation of cell migration 8 7.70E-05
regulation of lipid metabolic process 7 1.00E-04
G1/S transition of mitotic cell cycle 4 1.60E-03
cell cycle process 9 1.70E-03
G2/M transition of mitotic cell cycle 3 2.50E-03
positive regulation of immune system process 7 3.30E-03
cell proliferation 7 5.10E-03
regulation of DNA replication 4 6.00E-03
negative regulation of cell proliferation 7 6.20E-03
regulation of cyclin-dependent protein kinase activity 3 8.30E-03

Fig. 4. Verification of the gene expression in the four kinds of liver disease by real-time RT-PCR. The light gray represents mRNA levels measured by
the Rat Genome 230 2.0 Array, and the dark gray color represent those measured by RT-PCR. The time points of LC are represented by 3, 6 and 9
weeks; the time points of NAFLD are represented by 2, 4 and 6 weeks; the time points of HC are represented by 5, 8, 12, 16 and 18 weeks; and the
time points of AHF are represented 3, 6, 12, 24, 48, and 72 h. The Y-axis represents the relative mRNA abundance of the genes. The mean values are
represented in the bar graph, and the bars represent standard error (n=3). **P<0.01 versus the results from the gene chip.



expression extremes were uploaded into IPA. Then, core
analysis and comparison analyses were performed
successively. The heatmap of the biofunctions indicated
that various physiological processes were significantly
changed in LC, NAFLD and AHF, while these processes
exhibited few changes or even no change in HC (Fig.5).
Among these processes, cell survival increased in LC,
HC, and AHF, and cell proliferation increased in HC and
NAFLD. LC Cell migration was decreased at 6 weeks in
LC, whereas it was upregulated at early time points and
downregulated at later time points in AHF and NAFLD.
Discussion

In this study, we used the Rat Genome 230 2.0 Array
to determine the expression profiles of Gadd45α

signaling pathway-related genes in four kinds of liver
disease, including LC, HC, AHF, and NAFLD, and the
results revealed that a total of 84 genes were
significantly changed at the mRNA level. Then, the
expression profiles of Gadd45α signaling pathway-
related genes were analyzed by H-clustering and K-
means clustering, and the dendrogram results
surprisingly indicated that 6 and 9 weeks of LC and 3, 6,
12 and 24 h of AHF were clustered together; 5, 8, 12, 16
and 18 weeks of HC and 48 and 72 h of AHF were
clustered together; and 3 weeks of LC and 2, 4 and 6
weeks of were clustered together.

Yu et al. suggested that the deletion of GADD45α
(GADD45α-/-) in mouse embryonic fibroblasts (MEFs)
resulted in an increase in the phosphorylation of
MKK4/7 and MKK3/6 and, consequently, a specific
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Fig. 5. Heat map of the biological of the GADD45α signaling pathway-related genes as predicted by IPA software for the about four kinds of liver
diseases. The color of the squares in the heat map square represents the activity of biological function. The jacinth color represents activation, and the
blue color represents inhibition of biological function.



increase in the activation of JNK/p38 and their
downstream transcription factors, which are implicated
in several physiological processes, including
proliferation, apoptosis and differentiation (Yu et al.,
2013). The progression of HCC is characterized by
abnormal cell differentiation and rapid infiltrating
growth (Lazarevich et al., 2004). In hepatocellular
carcinoma, DEN treatment induced DNA damage in
hepatocytes (Chen et al., 2015b). Our results also
showed that the physiological activities of DNA
degradation were enhanced. Researchers have indicated
that the expression of Gadd45α was upregulated in the
hepatic carcinoma cells lines Bel7402 and SMMC772
(Xiu et al., 2014), and the DNA-damage response gene
GADD45Α induced the differentiation of hematopoietic
stem the cells without inhibiting cell cycle or survival
(Wingert et al., 2016). In glioblastomamultiforme cells,
transfection of GADD45Α significantly decreased cell
viability, and this effect was inhibited by cotransfection
with FTL (Wang et al., 2017). Wang et al. found that
AgNPs produced a strong dose-dependent increase in the
transcriptional activation of Gadd45α and a significant
decreases in cell viability. Su et al. confirmed that
overexpression of Gadd45α in human lung
adenocarcinoma cells did not affect viability or survival
during exposure (Roper et al., 2005). Overall, cell
viability was not dependent on GADD45Α (Su et al.,
2014). In summary, the expression of Gadd45α was
induced by DNA damage in liver cells, which regulated
physiological activities, such as cell differentiation in
hepatocellular carcinoma, but had no effect on
hepatocarcinoma cell viability. In this study, we found
that cell viability was significantly enhanced, and may
be regulated by other signaling pathways.

In a CCl4-induced liver cirrhosis model,
hepatocellular DNA damage happened after CCl4
treatment (Garcia-Fernandez et al., 2005; Alkreathy et
al., 2014), and Gadd45α was highly expressed in
cirrhosis. After SD rats were exposed to
trichloroethylene (TCE), the expression of Gadd45α in
the skin tissue was significantly enhanced. It was
conclude that DNA damage and the immune response
induced the expression of Gadd45α. The Gadd45α and
CDKN1A proteins were associated with high repair
activity and low-to-moderate proliferative capacity in
cirrhotic and HCC tissues (Gramantieri et al., 2005). In
summary, the overexpression of Gadd45α promotes the
repair of DNA damage. It is generally known that liver
cells show significant apoptosis during cirrhosis induced
by diethyl nitrosamine (DEN) show (Xu et al., 2010).
Recently, Gadd45α has been shown to have a pro-
apoptotic role via the activation of the p38 and JNK
kinases (Zhu et al., 2009). It was suggested that
Gadd45α may play an important role in promoting DNA
repair, necrotic hepatocyte apoptosis and tissue repair in
liver cirrhosis. Wang et al. pointed out that cell
proliferation is a feature of liver fibrosis and cirrhosis,
and the liver can compensate for damaged liver tissue by
cell proliferation (Chung et al., 2005; Wang, 2007);

however, overexpression of Gadd45α suppresses cell
proliferation in numerous cell lines (Jin et al., 2002). In
this study, cell proliferation in liver cirrhosis increased at
6 w, but decreased at 9 w; thus, Gadd45α-regulated cell
proliferation in cirrhosis needs to be further studied.

Autophagy plays an important role in the progression
of obesity-related liver complications and the evolution
of fat into hepatocellular carcinoma (Lavallard and Gual,
2014). In skeletal muscle atrophy caused by the stress
response, Gadd45α stimulates muscle atrophy-related
proteins, including autophagy and caspase -mediated
protein hydrolysis (Ebert et al., 2012). In this study, we
found that autophay was enhanced in the late stage of
non-alcoholic fatty liver disease, so Gadd45α may be
involved in the regulation of autophagy in the late stage
of NAFLD. Chemokine expression on and by endothelial
cells is important for immune cell recruitment, adhesion
and transmigration through the endothelium (Oo et al.,
2010). CCL2 has been shown to be particularly relevant
to NAFLD, in which it is involved in the recruitment of
inflammatory cells expressing its receptor CCR2
(McMahan et al., 2016). This study showed that cell
migration was increased in early and mid-NAFLD, and
Gadd45α may be involved in human trophoblast
migration and invasion (Liu et al., 2014). Gadd45α may
be involved in cell migration and adhesion in the early
and middle stages of NAFLD. These results revealed that
Gadd45α plays an essential role in gene-specific active
DNA demethylation during adult stem cell
differentiation. The genes involved in cell differentiation
change significantly in the progression of NAFLD (Wang
et al., 2013), and Gadd45α plays an essential role in
gene-specific active DNA demethylation during adult
stem cell differentiation (Zhang et al., 2011). Another
recent study revealed a protective role for GADD45α in
non-alcoholic steatohepatitis, a common liver disease
worldwide (Tanaka et al., 2017). This study found that
cell differentiation was significantly enhanced in
NAFLD, so Gadd45α may have a significant impact on
cell differentiation in NAFLD.

Bandi et al. found that DNA damage repair and
inflammation-related gene expression was upregulation in
liver injury, indicating that the repair of DNA damage is
activated during the course of liver injury (Bandi et al.,
2011). In this study, we found that DNA damage repair
was upregulated at 48-72 h of AHF. Chen et al. indicated
that Gadd45α has an important function in regulating
HSC stress responses by preventing excessive
proliferation after 5-FU treatment or serial transplantation,
promoting DNA damage repair and eliminating damaged
HSCs after IR-induced DNA damage (Chen et al., 2014b).
Above all, the Gadd45α signaling pathway may regulate
DNA damage and repair in AHF. Studies have shown that
the infiltration of inflammatory cells was significantly
enhanced in the early acute liver failure induced by D-
galactosamine and lipopolysaccharide (Chen et al.,
2015a), Liver failure is accompanied by an increase in the
adhesion and migration of white blood cells, especially
monocytes and macrophages (Sole et al., 2016). During
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the invasion of epithelial cells by bacteria, Gadd45α was
activated which may activate apoptosis through the
regulation of its signaling pathway (Lembo-Fazio et al.,
2011). This study found that DNA damage was reduced in
acute liver failure, while the inflammatory cell migration
was increased. These results suggest that Gadd45α may
be closely related to the infiltration and migration of cells
in acute liver failure. Gadd45α inhibits cell migration and
invasion by altering global RNA expression; therefore, the
intrinsic effect of Gadd45α on the migration of
inflammatory cells in acute hepatic failure is worthy of
further study.

The results showed that the activities of various
physiological processes including cell differentiation,
DNA repair, autophagy, apoptosis, and necrosis were
significantly different ROS production, cell adhesion and
migration, cell proliferation etc., were significantly
changed, However, there are many differences in cell
proliferation and inflammatory cell migration among the
four kinds of liver disease, which must be verified by
further studies. Furthermore, it is more important for this
study to validate the microarray results in human liver
biopsy samples, and we will try to study the expression
of Gadd45α signaling pathway-related genes or proteins
in the four kinds of human liver diseases by microarray
or 2-DE/MS on a large scale. In addition, the
conclusions were drawn mainly based on the microarray
data, and there was no direct cause-effect relationship
between gene profiling and the conclusions. Therefore,
to demonstrate that these changes are truly dependent
upon Gadd45α, experiments of Gadd45α overexpression
or knockdown are needed to further analyze the
regulatory impact of the Gadd45α signaling pathway on
various liver diseases.

In this study, the Gadd45α pathway-related genes
were functionally analyzed by DAVID, and the results
showed that the Gadd45α signaling pathway was mainly
involved in apoptosis, migration, cell cycle, DNA
damage checkpoints, cell proliferation, and
inflammatory response. The function of the Gadd45α-
related genes in the four kinds of liver disease was
predicted by IPA. The activity of necrosis, invasion and
migration of cells was significantly enhanced.
Collectively, the Gadd45α signaling pathway was
involved in a variety of physiological activities via P38
MAPK, NF-κB, mTOR/STAT3, P21, PCNA, PI3K/Akt
and other signaling pathways, and the Gadd45α
signaling pathway regulated the progression of LC, HC,
AHF and NAFLD.
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