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Abstract
Objective. The aim of this paper was to study the actions of the genes associated with toxic liver injury during liver 

regeneration (LR) at transcriptional level. Methods. The toxic liver injury-associated genes were obtained by collect-
ing the data of databases and referring to thesis, and the gene expression changes in rat regenerating liver after partial 
hepatectomy (PH) were checked by the Rat Genome 230 2.0 Array. Results. A total of 87 genes were found to be liver 
regeneration-associated. The initial and total expressing number of 87 gene occurring in initial phase (0.5 – 4 h after PH), 
G0/G1 transition (4 – 6 h after PH), cell proliferation (6 – 66 h after PH), cell differentiation and structure-functional 
reconstruction (72 – 168 h after PH) were 31, 4, 13, 1 and 31, 23, 41, 34, respectively, illustrating that the associated 
genes were triggered mainly at early stage of LR, and worked at different stages. According to expression similarity, these 
genes were classified into 5 types including only up-regulated, predominantly up-, only down-, predominantly down-, 
and equally up- and down-, involving 21, 8, 9, 5 and 2 genes respectively; and the total frequencies of up-regulation and 
down-regulation were 236 and 106 respectively, demonstrating that expression level of most genes was increased during 
LR, while that of the minor was decreased. The classification of their time relevance and expression patterns into 15 and 
21 groups respectively, show that the cellular physiological and biochemical activities during LR were staggered, diverse 
and complicated. Conclusion. The drug or hepatotoxin metabolism-involved genes were mainly up-regulated between 18 
– 120 h; oxidative stress-induced apoptotic-related genes and proliferative-related genes acted together to increase liver 
cell number at a fixed rate. [Life Science Journal. 2007; 4(3): 42 – 48] (ISSN: 1097 – 8135).
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1  Introduction

Partial hepatectomy (PH)[1], liver injury or hepatotoxin 
administration[2], acting as stimulus, readily induce the 
rapid replication of remnant hepatocytes to restore liver 
mass, which is called liver regeneration (LR). Generally, 
based on hepatic physiological activities, the regenerative 
process is divided into initial phase (0.5 – 4 h after PH), 
G0/G1 transition (4 – 6 h after PH), cell proliferation (6 – 
66 h after PH), cell differentiation and structure-functional

reorganization (72 – 168 h after PH)[3], and involves many 
physiological and biochemical events including cell ac-
tivation, de-differentiation, proliferation and re-differen-
tiation[4], which undergo the regulation by many factors, 
such as cytokines, hormones, drugs and hepatotoxin[5].

The liver is the main detoxification organ of the body[6]. 
And the impairment of liver detoxification function would 
lead to severe liver failure[7]. The toxic liver injury is an 
acute or chronic liver disease caused by hepatotoxin[8] 
and mainly occurs to hepatocyte. The pathogenesis is 
that the oxidative poison caused lipocyte and hepatocyte 
to undergo denaturalization, necrosis, peroxisome 
hyperplasia, H2O2 metabolism perturbation, the depression 
of antidotic function of liver, which leads to cells stress 
injury. Furthermore, some other hepatotoxin may 
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inhibit or interfere with protein synthesis, bile secretion, 
haemachrome synthesis or induce cells mutation and 
subsequently bring liver diseases by disturbing metabolism 
obstacle respectively.

Both PH and toxic liver injury can cause compensatory 
proliferation of the liver cells more or less[11,12]. Studying 
the correlation between the physiological and biochemical 
activities in LR and that in liver toxicity will contribute to 
clarifying the molecular mechanism of LR and to estab-
lishing the treatment, prevention methods of the toxic 
liver injury[18]. Therefore, we employed the Rat Genome 
230 2.0 Array containing 87 toxic liver injury-involved 
genes to check genes expression changes in rat regenerat-
ing liver post PHx, finding 45 of them to be LR-associ-
ated. And the expression dynamics, patterns and actions 
of these genes in LR were primarily analyzed.

2  Materials and Methods
2.1  Regenerating liver preparation

Healthy SD rats weighing 200 – 250 g were obtained 
from the Animal Center of Henan Normal University. 
The rats were separated into two groups at random and 
each group included 6 rats (male:female = 1:1). PH was 
performed according to Higgins and Anderson[19], the left 
and middle lobes of liver were removed. Rats were killed 
by cervical vertebra dislocation at 0.5, 1, 2, 4, 6, 8, 12, 
16, 18, 24, 30, 36, 42, 48, 54, 60, 66, 72, 96, 120, 144 and 
168 h after PH and the regenerating livers were observed 
at corresponding time point. The livers were rinsed three 
times in PBS at 4 °C, and then total 1 – 2 g livers (100 
– 200 mg livers from middle parts of right lobe of samples 
) were gathered and stored at – 80 °C. The sham-opera-
tion (SO) groups were the same procedure as PH groups 
except the liver lobes unresolved. The laws of animal pro-
tection of China were enforced strictly.

2.2  RNA isolation and purification
Total RNA was isolated from frozen livers according 

to the manual of Trizol reagent (Invitrogen Corporation, 
Carlsbad, California, USA)[20] and then purified base on 
the guide of RNeasy mini kit (Qiagen, Inc, Valencia, CA, 
USA)[21]. Total RNA samples were checked to exhibit a 
2:1 ratio of 28S rRNA to 18S rRNA intensities by agarose 
electrophoresis (180 V, 0.5 h). Total RNA concentration 
and purity were estimated by optical density measure-
ments at 260/280 nm[22].

2.3  cDNA, cRNA synthesis and purification
1 – 8 μg total RNA as template was used for cDNA 

synthesis. cDNA purification was based on the way es-
tablished by Affymetrix[23]. cRNA labeled with biotin was 

synthesized using cDNA as the template, and cDNA and 
cRNA were purified according to the purification proce-
dure of GeneChip Analysis[23]. Measurement of cDNA, 
cRNA concentration and purity were the same as above.

2.4  cRNA fragmentation and microarray detection
15 μl (1 μg/μl) cRNA incubated with 5 × fragmentation 

buffer at 94 °C for 35 min was digested into 35 – 200 bp 
fragments. The hybridization buffer prepared according 
to the way Affymetrix provided was added to the prehy-
bridized Rat Genome 230 2.0 microarray produced by 
Affymetrix, then hybridization was carried out at 45°C 
for 16 h on a rotary mixer at 60 rpm. The microarray was 
washed and stained by GeneChip fluidics station 450 (Af-
fymetrix Inc, Santa Clara, CA, USA). The chips were 
scanned by GeneChip Scan 3000 (Affymetrix Inc, Santa 
Clara, CA, USA), and the signal values of gene expres-
sion were observed[24].

2.5  Microarray data analysis
The normalized signal values, signal detections (P, A, 

M) and experiment/control (Ri) were obtained by quan-
tifying and normalizing the signal values using GCOS 
(GeneChip operating software) 1.2[24].

2.6  Normalisation of the microarray data
To minimize error from the microarray analysis, each 

analysis was performed three times. Results that a total 
ratio were maximal (Rm) and that the average of three 
housekeeping genes β-actin, hexokinase and glyseralde-
hyde-3-phosphate dehydrogenase approached 1.0 (Rh) 
were taken as a reference. The modified data were gener-
ated by applying a correction factor (Rm/Rh) multiplying 
the ratio of every gene in Rh at each time point. To remove 
spurious gene expression changes resulting from errors in 
the microarray analysis, the gene expression profiles at 0 
– 4 h, 6 – 12 h and 12 – 24 h after PH were reorganized 
by NAP (normalization analysis program) software ac-
cording to the cell cycle progression of the regenerating 
hepatocytes. Data statistics and cluster analysis were done 
using GeneMath, GeneSpring (Silicon Genetics, San Car-
los, CA), Microsoft Excel (Microsoft, Redmond, WA) 
software[24-26].

2.7  Identification of genes associated with LR
Firstly, the nomenclature of a biological process (e.g. 

toxic liver injury) was adopted from the GENEONTOL-
OGY database (www. geneontology. org), and inputted 
into the databases at NCBI ((www. ncbi. nlm. nih. gov/) 
and RGD (rgd. mcw. edu) to identify the rat, mouse and 
human genes associated with the specific biological pro-
cess. According to maps of biological pathways embod-
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ied by GENMAPP (www. genmapp. org), KEGG (www.
genome. jp/kegg/pathway.html# amino) and BIOCARTA 
(www. biocarta. com/genes/index. asp), the genes associ-
ated with the biological process were collated. The results 
of this analysis were codified, and compared with the re-
sults obtained for mouse and human searches in order to 
identify human genes which are different from those of rat. 
Comparing these genes with the analysis output of the Rat 
Genome 230 2.0 Array, those genes which showed more 
than twofold changes in expression level were referred to 
as rat homologous or rat specific genes associated with 
the biological process under evaluation. Genes, which 
displayed reproducible results with three independent 
analysis with the chip and which showed more than two-
fold change in expression level in at least one time point 
during LR with significant difference (0.01 ≤ P < 0.05) or 
extremely significant difference (P ≤ 0.01) between PH 
and SO, were referred to as associated with LR. 

3  Results
3.1  General statement of expression of the toxic liver 
injury-associated genes during LR

According to the data of databases at NCBI, GENE-
MAP, KEGG and BIOCARTA, 87 genes were associated 
with liver diseases. In which, 75 genes were contained 
in Rat Genome 230 2.0 Array. Among them, 45 genes 
revealed meaningful expression changes at least at a time 
point after PH, showed significant difference or extremely 
significant difference in expression when comparing PH 
with SO and displayed reproducible results with three de-
tection with Rat Genome 230 2.0 Array, suggesting that 
the genes were associated with LR. The analysis indicated 
that 21 genes were up-, 9 genes down-, and 15 genes up/
down-regulated during LR. The range of up-regulation 
was from 2 to 128 times higher than control, and that of 
down-regulation was 2 – 12 folds (Table 1).

3.2  Expression changes of the toxic liver injury-as-
sociated genes during LR

At each time point of LR, the numbers of initial up-, 
down-regulated and total up-, down-regulated gene were 
in sequence: both 13 and 6 at 0.5 h; 1, 3 and 13, 8 at 1 h; 4, 
0 and 14, 2 at 2 h; 3, 1 and 17, 4 at 4 h; 1, 0 and 14, 3 at 6 
h; 0, 0 and 12, 4 at 8 h; 0, 0 and 9, 6 at 12 h; 3, 1 and 10, 5 
at 16 h; 2, 3 and 14, 10 at 18 h; 0, 1 and 12, 9 at 24 h; 1, 0 
and 5, 3 at 30 h; 0, 0 and 5, 5 at 36 h; 1, 0 and 8, 4 at 42 h; 
0, 0 and 13, 5 at 48 h; 0, 0 and 8, 6 at 54 h; 0, 0 and 11, 4 at 
60 h; 0, 0 and 8, 2 at 66 h; 0, 0 and 9, 6 at 72 h; 0, 0 and 8, 
1 at 96 h; 1, 0 and 13, 2 at 120 h; 0, 0 and 10, 7 at 144 h; 0, 
0 and 10, 4 at 168 h. In the aspect of the initial expression 

of above 45 genes, 30 initially up-regulated genes and 15 
initially down-regulated were confirmed during LR, re-
spectively; at initial stage of LR (0.5 – 4 h after PH), G0/
G1 transition (4 – 6 h after PH), cell proliferation (6 – 66 
h after PH), cell differentiation and the structure-function 
reorganization (72 – 168 h after PH), the number of ini-
tially up and initially down-regulated genes were 21 and 
10, 4 and 1, 8 and 5, 1 and 0. The whole situation of genes 
expression was that the total frequencies of up and down-
regulated expression were 236 and 106 respectively; at 
the above-mentioned four phases of LR, that of up-regu-
lation and down-regulation was in sequence 57 and 20, 31 
and 7, 129 and 66, 50 and 20 (Figure 1).

3.3  Expression similarity and time relevance of the 
toxic liver injury-associated genes during LR

The 45 genes mentioned above during LR could be 
characterized based on their similarity in expression as 
follow: only up-, predominantly up-, only down-, pre-
dominantly down-, and up-/down-regulated, involved 
in 21, 8, 9, 5 and 2 genes, respectively (Figure 2). They 
could also be classified based on time relevance into 15 
groups including 0.5 and 1 h, 2 h, 4 and 6 h, 8 h, 12 h, 16 
h, 18 and 24 h, 30 and 42 h, 36 h, 48 h, 54 and 60 h, 66 
and 72 h, 96 h, 120 h, 144 and 168 h, in which the times 
of up-regulation and down-regulation of these genes were 
26 and 14, 14 and 2, 31 and 7, 12 and 4, 9 and 6, 10 and 5, 
26 and 19, 13 and 7, 5 and 5, 13 and 5, 19 and 10, 17 and 
8, 8 and 1, 13 and 2, 20 and 11, respectively (Figure 2). 

3.4  Expression patterns of the toxic liver injury-as-
sociated genes during LR

The 45 genes mentioned above during LR might be 
categorized according to the changes in expression into 
21 types of patterns: (1) up-regulation at one time point, 
i.e. 0.5, 30, 120 h after the rat partial hepatectomy (Fig-
ure 3A), 3 genes involved; (2) up-regulation at two time 
points, i.e. 16 and 96 h (Figure 3B), 1 gene involved; (3) 
up-regulation at three time points (Figure 3B), 1 gene in-
volved; (4) up-regulation at two phases, i.e. 16-24 and 42 
– 48 h(Figure 3C), 1 gene involved; (5) up-regulation at 
three phases (Figure 3C), 1 gene involved; (6) up-regula-
tion at one time point/phase, i.e. 42 – 48 and 96 h; 48 and 
2 – 24 h (Figure 3D), 2 genes involved; (7) up-regula-
tion at one time point/two phases (Figure 3E), 3 genes 
involved; (8) up-regulation at one time point/three phases 
(Figure 3F), 1 gene involved; (9) up-regulation at two 
time points/one phase (Figure 3F), 1 gene involved; (10) 
up-regulation at two time points/three phases (Figure 3G), 
1 gene involved; (11) up-regulation at three time points/
two phases (Figure 3H), 2 genes involved; (12) down-reg-
ulation at two time points, i.e. 1 and 168, 24and 144, 18 
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Table 1. Expression abundances of the 45 toxic liver injury-associated genes during rat LR

Gene 
Abbr.

In-
volved 

in 
others

Recovery time (h) after partial hepatectomy (PH)

0 0.5 1 2 4 6 8 12 16 18 24 30 36 42 48 54 60 66 72 96 120 144 168

1  Lipid metabolism and peroxidation
Abcb1 1 0.54 0.58 0.87 0.81 0.87 0.72 1.32 0.61 4.59 3.75 0.52 3.03 0.64 1.41 1.62 1.32 3.98 2.77 0.54 1.23 0.71 0.87

Cat 1 2.83 1.48 1.07 1.28 1.12 1.73 1.08 1.12 0.73 0.62 1.31 0.71 1.09 0.62 1.00 1.07 0.77 1.34 1.00 1.05 1.58 1.05
Fmo3 1 1.15 1.76 1.74 1.74 2.00 2.19 2.26 3.01 0.76 1.24 4.48 0.81 4.16 0.93 0.66 0.66 0.93 1.20 1.15 1.41 1.23 1.32
Lpin1 1 9.55 15.01 14.47 12.29 10.70 10.50 1.43 0.77 0.96 1.43 0.70 0.77 1.04 1.35 1.62 1.01 0.99 2.19 0.87 3.45 2.68 3.45
Nat2 1 1.00 1.89 1.07 2.30 1.32 1.09 1.41 0.99 3.25 4.02 1.29 1.07 1.04 3.48 2.83 3.25 2.63 1.70 1.41 3.48 1.74 2.46
Ace 1 0.80 0.48 1.29 0.88 1.39 0.82 1.14 1.16 1.00 0.88 0.93 1.18 1.03 1.18 1.03 1.39 0.56 0.71 0.78 0.75 0.56 0.47

ApoE 1 0.93 1.24 0.87 0.93 1.07 0.95 0.76 0.15 0.93 1.08 0.13 0.93 0.17 1.00 1.00 0.93 1.07 1.20 0.33 1.41 1.23 1.07
CD36 1 0.10 0.22 0.20 0.20 0.41 0.24 0.23 0.25 0.27 0.11 1.95 0.14 1.47 0.13 0.27 0.23 0.53 0.37 0.93 0.62 0.50 0.62

Cyp2d6 1 0.76 0.33 1.62 1.00 1.15 1.35 1.62 1.14 1.15 1.24 0.60 0.57 0.74 0.81 0.81 0.66 1.73 0.65 1.07 0.66 0.44 0.50
Hmgcr 1 0.35 0.88 0.90 0.24 0.25 0.37 0.48 1.09 0.81 0.28 0.72 0.65 1.08 0.28 0.73 0.67 1.03 0.67 0.85 0.88 0.90 0.75
Fmo1 1 2.46 2.86 2.00 1.87 0.71 0.67 0.44 0.42 0.38 0.54 0.97 1.52 1.37 0.66 1.07 1.23 1.86 1.83 1.32 2.64 1.62 1.87
Hao1 1 1.41 2.32 0.93 1.15 0.81 0.72 0.47 0.61 1.23 1.42 0.74 1.07 0.79 1.07 1.41 1.32 1.86 1.96 1.23 1.74 2.00 1.74

2  Other metabolism
Aldoa 1 1.07 1.08 1.07 1.00 1.74 1.66 1.41 1.98 1.23 1.75 0.91 1.41 2.08 2.14 1.15 1.23 1.62 1.20 3.48 1.15 1.07 1.00
Aldob 1 1.00 1.24 0.93 0.76 0.81 0.63 0.71 1.22 0.87 1.08 2.40 0.87 1.94 0.93 0.93 0.81 1.14 1.20 1.52 1.15 1.07 0.93
Ccl2 3 1 7.46 2.67 1.62 1.62 1.23 1.09 5.66 8.12 10.56 18.47 1.20 14.93 1.20 1.28 4.92 8.57 4.58 2.77 1.15 2.46 0.57 0.66

Fbp1 1 0.93 1.24 0.87 1.07 1.07 1.09 0.81 3.01 1.00 1.15 1.38 0.87 1.81 0.81 1.15 1.07 1.31 1.20 2.00 1.15 1.07 1.00

Got1 1 3.73 5.72 6.06 6.96 12.13 12.37 3.48 2.84 2.30 3.50 1.20 2.30 1.04 2.00 1.74 2.83 3.24 2.96 1.00 4.29 3.73 3.73
Pck1 1 2.14 3.07 1.87 1.74 1.74 2.04 1.15 1.40 1.62 2.01 1.12 1.23 1.12 1.23 1.87 1.41 2.13 2.41 1.32 3.25 2.30 2.14
Pklr 1 3.51 3.16 3.46 6.59 4.66 0.79 1.13 1.01 2.20 2.49 1.08 0.51 1.09 1.37 1.22 0.77 0.84 1.22 1.00 0.81 2.80 3.17
Ttr 1 0.93 1.24 0.87 0.93 1.07 0.95 0.71 6.91 0.87 0.94 2.76 0.93 1.94 1.00 0.93 1.00 1.14 1.38 3.48 1.52 1.23 1.07

Irs1 1 1.41 1.16 1.74 1.74 1.74 1.35 1.23 0.93 0.87 0.44 1.70 1.07 0.97 0.87 0.71 1.23 1.07 0.85 1.07 0.87 0.50 0.81
Ca5b 1 3.01 2.05 2.15 2.38 1.51 1.64 1.75 0.57 2.30 1.39 0.37 1.42 0.64 2.32 2.47 3.65 1.93 1.19 0.63 2.83 1.93 1.68

Mapk8 3 1 7.46 3.07 12.20 19.70 4.29 5.77 4.92 2.28 3.73 5.68 1.70 1.74 0.49 3.03 4.59 2.00 1.41 5.53 0.93 1.74 5.66 0.66
Mmp9 1 2.05 2.16 2.10 2.07 1.37 2.81 2.75 2.13 1.12 1.58 1.27 1.83 5.89 1.00 1.20 1.15 1.16 1.21 9.54 2.22 0.48 2.03
Mthfr 1 0.47 0.44 1.87 3.25 2.64 3.19 3.73 1.50 0.50 0.38 1.48 0.66 1.69 0.66 0.71 0.87 0.46 0.40 2.00 0.57 0.66 0.50
Plau 3 1 1.50 1.36 2.10 2.19 2.47 1.72 1.68 1.07 1.51 1.18 0.68 1.19 0.36 1.31 1.34 1.54 3.00 1.40 0.53 1.89 2.08 2.19

Ptpn1 1 0.77 0.88 0.93 2.15 1.46 1.60 0.26 1.45 0.73 1.16 2.88 0.81 2.79 1.01 1.06 1.07 1.23 1.13 1.48 1.07 1.23 1.04
Scnn1g 1 1.10 0.39 1.43 1.51 2.03 1.47 1.44 1.17 0.38 0.52 1.60 1.16 2.14 0.56 1.19 1.17 0.64 0.79 1.28 1.34 1.25 0.741

3  Regulation of cell proliferation, apoptosis and cell necrosis
Ca3 1 11.46 13.96 5.96 8.63 6.89 4.40 1.37 0.74 3.24 1.75 0.68 1.52 0.62 1.06 4.41 3.19 1.37 6.50 0.97 10.39 12.85 9.99
Cav 1 2.46 2.55 2.64 3.73 5.28 2.04 3.48 2.62 4.00 4.02 1.48 6.50 1.20 10.56 1.41 9.19 4.90 4.19 0.81 4.29 2.14 2.46
Ccl2 2 1 7.46 2.67 1.62 1.62 1.23 1.09 5.66 8.12 10.56 18.47 1.20 14.93 1.20 1.28 4.92 8.57 4.58 2.77 1.15 2.46 0.57 0.66
Egr1 1 17.15 18.59 13.93 2.30 2.00 2.68 3.48 0.86 1.62 2.84 0.64 3.03 0.56 2.83 3.25 3.73 4.58 2.25 0.66 3.03 1.00 0.93
Esr1 1 1.07 0.62 3.48 4.92 4.92 1.17 1.41 1.31 2.14 1.08 1.29 1.23 1.37 1.74 2.64 4.29 1.51 1.48 1.23 4.59 6.06 2.30
IL1rn 1 1.87 1.43 2.83 8.00 14.93 16.32 2.46 2.63 3.03 3.75 1.48 0.81 1.58 2.83 0.93 1.00 0.81 0.79 1.41 0.71 0.76 0.81

Tgfb1 1 0.87 0.51 1.15 1.15 1.07 1.02 1.15 2.13 3.71 4.02 1.82 1.23 2.75 2.14 0.93 1.15 1.62 0.74 1.41 0.93 0.76 0.87

Tnf 1 0.87 0.62 1.23 1.41 1.15 1.17 0.93 0.93 0.71 0.66 0.79 1.41 0.85 1.62 1.07 1.15 0.93 0.52 1.23 3.25 0.81 0.71

Tp53 1 0.85 1.50 0.96 0.89 0.93 1.74 1.32 0.91 2.40 2.87 0.85 1.38 1.00 2.26 2.22 2.05 1.97 1.76 2.01 1.11 1.23 1.07

Bcl2 1 0.82 0.64 1.12 1.00 1.19 1.17 1.15 0.85 0.33 0.37 1.80 0.32 0.79 0.44 0.39 0.46 0.81 0.38 0.84 0.50 0.68 0.64

IL1b 1 1.00 1.01 0.87 0.93 1.32 0.63 1.07 0.81 0.35 0.82 0.74 0.81 1.04 1.15 0.47 0.54 1.41 0.79 1.87 0.66 0.76 0.76

Prf1 1 0.50 0.22 0.34 0.50 1.07 0.36 0.57 0.81 0.33 0.25 0.97 0.87 0.97 1.23 0.41 0.38 0.57 0.26 0.81 1.15 0.27 1.07

Edn1 1 1.23 0.62 1.62 1.07 1.32 1.09 1.23 0.71 0.41 0.38 2.57 1.00 1.47 1.00 0.71 1.32 0.75 0.69 1.32 0.81 0.71 0.71

IL6 1 1.87 1.08 3.25 3.25 3.03 3.81 1.32 0.99 3.25 1.87 0.91 0.50 1.28 2.83 1.87 2.30 0.87 0.28 6.06 0.81 1.52 0.93

Mapk8 2 1 7.46 3.07 12.20 19.70 4.29 5.77 4.92 2.28 3.73 5.68 1.70 1.74 0.49 3.03 4.59 2.00 1.41 5.53 0.93 1.74 5.66 0.66

Osmr 1 0.25 0.10 0.71 0.62 1.62 1.09 1.23 0.28 1.23 0.94 0.17 0.81 0.18 2.46 0.66 0.81 1.31 0.60 0.87 0.50 0.25 0.29

Plau 2 1 1.50 1.36 2.10 2.19 2.47 1.72 1.68 1.07 1.51 1.18 0.68 1.19 0.36 1.31 1.34 1.54 3.00 1.40 0.53 1.89 2.08 2.19
Retn 1 0.44 0.36 0.87 1.15 1.07 1.44 0.54 1.40 0.71 0.29 0.74 0.33 2.23 0.44 0.29 0.57 0.20 0.28 1.23 0.18 0.29 0.76

Spp1 1 1.14 1.45 1.19 2.68 0.89 1.09 1.16 0.91 0.47 0.94 0.88 0.85 0.97 0.66 0.64 0.69 0.82 0.77 0.91 0.57 0.99 0.76

Vegfa 1 0.54 0.88 0.66 0.13 0.38 0.41 0.44 0.38 0.20 0.47 1.12 0.22 4.46 0.22 0.08 0.09 0.81 0.69 4.29 1.00 1.00 1.23

1: Lipid metabolism and peroxidation; 2: Other metabolisms; 3: Regulation of cell proliferation, apoptosis and cell necrosis; Bold  italic: the genes up-
regulated 2-fold or more at some time points in LR; Italic: the genes down-regulated 2-fold or more at some time points in LR.

and 54 h (Figure 3I), 3 genes involved; (13) down-regula-
tion at three time points (Figure 3J), 1 gene involved; (14) 
down-regulation at one time point/one phase, i.e. 1 and 
144-168 h (Figure 3J), 1 gene involved; (15) down-regu-

lation at two time points/two phases (Figure 3J), 1 gene 
involved; (16) down-regulation at three time points /one 
phase (Figure 3K), 1 gene involved; (17) down-regula-
tion at three time points /two phases (Figure 3K), 1 gene 
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Figure 1. The initial and total expression profiles of the 45 toxic liver injury-associated genes at each time point of LR. Blank bars: Initial 
expressing gene number; Dotted bars: Total expressing gene number; Grey bars: Up-regulated genes; White bars: Down-regulated genes. 
Expression change of the genes spans the whole live regeneration. Initially up-regulated genes are predominate at 0.5 – 6, 16 – 18, 30, 42 
and 120 h after PH; initially down-regulated genes are overwhelm at 0.5 – 1, 4, 16 – 24 h; there are no initially expressed genes at 8 – 12, 
36, 48 – 96, 144 – 168 h.

Figure 2. Expression similarity and time relevance clusters of the 45 toxic liver injury-associated genes during LR. Red: Up-regulation 
genes; Green: Down-regulation; Black: No-sense in expression change; The upper and right trees respectively show expression similarity 
cluster and time relevance cluster.
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involved; (18) down-regulation at three time points /three 
phases (Figure 3K), 1 gene involved; (19) first up- and 
then down-regulated (Figure 3L), 1 gene involved; (20) 
first down- and then up-regulated (Figure 3L), 1 gene 
involved; (21) up/down-regulated mixed (Figure 3M1 
– M2), 13 genes involved.

4  Discussion 

This paper mainly addresses the roles of toxic liver in-
jury-associated genes in rat LR. It has been known that 
lipid metabolism disorder and oxidative stress induced by 
hepatotoxin metabolites are the primary intrinsic causes 
of toxic liver damage. Interestingly, as demonstrated in 
Table 1, some pathogenesis-associated genes, such as the 
drug or hepatotoxin metabolism-involved genes abcb1, 
nat2, fmo1, fmo3 and cyp2d6[28-31], the lipid metabolism-

related genes lpin1[21], apoe[22], cd36[23] and hmgcr[24], as 
well as the lipid peroxidation-participating genes ace[25], 
hao1[26] and cat[27], exhibited the meaningful expression 
changes after PH. And the chip detection displayed that 
above 5 drug or hepatotoxin metabolism-involved genes 
(that’s abcb1, nat2, fmo1, fmo3 and cyp2d6) were domi-
nantly up-regulated between 18 and 120 h, suggesting that 
the metabolic process is most likely to be increased dur-
ing this period. In addition, there had been preceding an 
extremely significant and sustained up-regulation (> 10 
folds) of lipid oxidation and degradation-associated lpin1 
from 0.5 – 8 h, implying that it is key to lipid degratation 
in early phase of rat LR.

What’s more, metabolites of drug or toxin also directly 
affect the cell physiological and biochemical processes. 
For example, the intracellular oxidative stress can lead 
to apoptotic, necrotic cell death, or even cell prolifera-
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Figure 3. Expression patterns of the 45 toxic liver injury-associated genes during LR. These genes exhibit 21 types of expression patterns. 
A – H: Up-regulation in expression; L – K: Down-regulation; L – M: Up-/down-regulation mixed. X-axis represents recovery time after PH 
(h), Y-axis shows logarithm ratio of the signal values of genes at each time point to control.

tion, depending on the balance of factors that activate 
and inhibit apoptotic/proliferation-related proteins, such 
as the bcl2 family of proteins and the caspases, which 
determines the final total liver cell numbers. Table 1 
showed that among the genes encoding these proteins, 
seven genes il1b, il6, osmr, cav, tp53, tgfb1 and tnf all 
have the capacity of preventing hepatocyte cell prolifera-
tion[32-36] and inducing apoptosis[37]. The expression level 
of them were elevated mainly at 16 – 24, 48 and 60 h post  
PH [38,39], meanwhile, edn1, supporting cell proliferation 
by mediating G-protein coupled receptor protein sig-
naling pathway[40], was decreased in mRNA level at 18 
– 24 h, which is likely that they can hold down overpro-
liferation of the cell at corresponding stages during LR. 
Whereas the genes ca3, bcl2, vegfa and spp1 are capable 
of inhibiting cell apoptosis[41-44]. According to the micro-
array data, the expression of above four genes were strik-
ingly down-regulated at the same period as previously 
mentioned, perhaps helpful for cell reproduction. Taken 
together, the above genes regulate the balance between 
cell proliferation and apoptosis together. Among the ne-
crosis-involved genes, prf1 positively regulates necrotic 
cell death via cytolysis[45] and was down regulated almost 
during the whole LR; spp1and retn[44] also may protect 
against necrosis via respectively inhibiting fibrosis and 
massive adipocyte differentiation[46], and expression of 
the two genes were decreased in LR, which demonstrated 
they may co-modulate hepatecyte necrotic death caused 

by metabolism turbulence. Among them, cav expression 
was increased almost during the whole LR, reaching its 
peak abundance with 10.6 times higher than control at 48 
h; ca3 exhibited the persistent high expression level at 0.5 
– 8 h and arrived at a peak of 14-fold of control at 1 h post 
PHx. It was presumable that the two genes are important 
in regulating the balance between cell proliferation and 
apoptosis during rat LR. 

To sum up, expression changes of the toxic liver in-
jury-related genes after rat PH were detected with high-
throughput gene expression analysis at transcriptional 
level, and found there were 27 up-regulated genes, 9 
down-regulated and 15 up/down-regulated in LR. These 
genes together play the role in cell metabolism (e.g. lipid 
degradation), cell proliferation and apoptosis so that they 
contribute to liver regenerative progress. And the above 
results need to be further analyzed with the techniques, 
such as Northern blotting, protein chip, RNA interfer-
ence, protein-interaction etc.

References
Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatology 
2006; 43(2): 45 – 53.
Lee VM, Cameron RG, Archer MC. Zonal location of compensatory 
hepatocyte proliferation following chemically induced hepatotoxicity 
in rats and humans. Toxicol Pathol 1998; 26(5): 621 – 7.
Xu CS, Chang CF, Yuan JY, et al. Expressed genes in regenerating rat 
liver after partial hepatectomy. World J Gastroenterol 2005; 11(19): 
2932 – 40.
Xu CS, Zhao LF, Yang KJ, et al. The origin and the function of liver 

1.

2.

3.

4.



 Life Science Journal, Vol 4, No 3, 2007                                                                                                                               http://lsj.zzu.edu.cn

∙  48  ∙

stem cells. Acta Biologiae Experimentalis Sinica 2004; 37(1): 72 – 7.
Terui K, Ozaki M. The role of STAT3 in liver regeneration. Drugs 
Today (Barc) 2005; 41(7): 461 – 9.
Ciecierski R, Wisniewski M, Paczek L. Alcohol in hepatocellular 
cancer. Pol Merkuriusz Lek 2005; 18(106): 473 – 7.
Wang L, Ji G, Zheng PY, et al. Establishment of a rat model of alco-
holic liver fibrosis induced by complex factors. Journal of Chinese 
Integrative Medicine 2006; 4(3): 281 – 4.
Czaja MJ, Xu J, Ju Y, et al. Lipopolysaccharide-neutralizing antibody 
reduceshepatocyte injury from acute hepatotoxin administration. 
Hepatology 1994; 19(5): 1282 – 9.
Carini R, Comoglio A, Albano E, et al. Lipid peroxidation and ir-
reversible damage in the rat hepatocyte model. Protection by the 
silybin-phospholipid complex IdB 1016. Biochem Pharmacol 1992; 
43(10): 2111 – 5.
Dianzani MU. Toxic liver injury by protein synthesis inhibitors. Prog 
Liver Dis 1976; 5: 232 – 5.
Palmes D, Skawran S, Spiegel HU. Selection for acute liver failure: 
have we got it right? Liver Transpl 2005; 11(11 Suppl 2): S30 – 4.
Dalakas E, Newsome PN, Harrison DJ, et al. Hematopoietic stem cell 
trafficking in liver injury. FASEB J 2005; 19(10): 1225 – 31.
Higgins GM, Anderson RM. Experimental pathology of the liver: 
restoration of the liver of the white rat following partial surgical re-
moval. Arch Pathol 1931; 12: 186 – 202.
Knepp JH, Geahr MA, Forman MS, et al. Comparison of automated 
and manual nucleic acid extraction methods for detection of enterovi-
rus RNA. J Clin Microbiol 2003; 41(8): 3532 – 6.
Nuyts S, Van Mellaert L, Lambin P, et al. Efficient isolation of total 
RNA from Clostridium without DNA contamination. J Microbiol 
Methods 2001; 44(3): 235 – 8.
Arkin A, Ross J, McAdams HH. Stochastic kinetic analysis of devel-
opmental pathway bifurcation in phage lambda-infected Escherichia 
coli cells. Genetics 1998; 149(4): 1633 – 48.
Li L, Roden J, Shapiro BE, et al. Reproducibility, fidelity, and dis-
criminant validity of mRNA amplification for microarray analysis 
from primary hematopoietic cells. J Mol Diagn 2005; 7(1): 48 – 56.
Hood L. Leroy Hood expounds the principles, practice and future of 
systems biology. Drug Discov Today 2003; 8(10): 436 – 8.
Eisen MB, Spellman PT, Brown PO, et al. Cluster analysis and dis-
play of genome-wide expression patterns. Proc Natl Acad Sci 1998; 
95(25): 14863 – 8.
Werner T. Cluster analysis and promoter modelling as bioinformatics 
tools for the identification of target genes from expression array data. 
Pharmacogenomics 2001; 2(1): 25 – 36.
Langner CA, Birkenmeier EH, Ben-Zeev O, et al. The fatty liver 
dystrophy (fld) mutation. A new mutant mouse with a developmental 
abnormality in triglyceride metabolism and associated tissue-specific 
defects in lipoprotein lipase and hepatic lipase activities. J Biol Chem 
1989; 264(14): 7994 – 8003.
Mullick AE, Deckelbaum RJ, Goldberg IJ, et al. Apolipoprotein E 
and lipoprotein lipase increase triglyceride-rich particle binding but 
decrease particle penetration in arterial wall. Arterioscler Thromb 
Vasc Biol 2002; 22(12): 2080 – 5.
Steinberg GR, Dyck DJ, Calles-Escandon J, et al. Chronic leptin ad-
ministration decreases fatty acid uptake and fatty acid transporters in 
rat skeletal muscle. J Biol Chem2002; 277(11): 8854 – 60.
Chmielewski M, Sucajtys E, Swierczynski J, et al. Contribution of 
increased HMG-CoA reductase gene expression to hypercholesterol-
emia in experimental chronic renal failure. Mol Cell Biochem 2003; 
246(1 – 2): 187 – 91.
Ronchi FA, Andrade MC, Carmona AK, et al. N-domain angiotensin-
converting enzyme isoform expression in tissues of Wistar and spon-
taneously hypertensive rats. J Hypertens 2005; 23(10): 1869 – 78.
Recalcati S, Tacchini L, Alberghini A, et al. Oxidative stress-medi-
ated down-regulation of rat hydroxyacid oxidase 1, a liver-specific 
peroxisomal enzyme. Hepatology 2003; 38(5): 1159 – 66.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Meng Z. Oxidative damage of sulfur dioxide on various organs of 
mice: sulfur dioxide is a systemic oxidative damage agent. Inhal 
Toxicol 2003; 15(2): 181 – 95.
Kankesan J, Yusuf A, Laconi E, et al. Effect of PSC 833, an inhibitor 
of P-glycoprotein, on 1,2-dimethylhydrazine-induced liver carcino-
genesis in rats. Carcinogenesis 2003; 24(12): 1977 – 84.
Furet Y, Bechtel Y, Le Guellec C, et al. Clinical relevance of N-acet-
yltransferase type 2 (NAT2) genetic polymorphism. Therapie 2002; 
57(5): 427 – 31.
Ryu SD, Yi HG, Cha YN, et al. Flavin-containing monooxygenase 
activity can be inhibited by nitric oxide-mediated S-nitrosylation. 
Life Sci 2004; 75(21): 2559 – 72.
Dawson E, Powell JF, Nothen MM, et al. An association study of de-
brisoquine hydroxylase (CYP2D6) polymorphisms in schizophrenia. 
Psychiatr Genet 1994; 4(4): 215 – 8.
Kelly A, Vereker E, Nolan Y, et al. Activation of p38 plays a pivotal 
role in the inhibitory effect of lipopolysaccharide and interleukin-1 
beta on long term potentiation in rat dentate gyrus. J Biol Chem 
2003; 278(21): 19453 – 62.
Zhu MS, Liu DG, Cheng HQ, et al. Expression of exogenous NF-
IL6 induces apoptosis in Sp2/0-Ag14 myeloma cells. DNA Cell Biol 
1997; 16(2): 127 – 35.
Nakamura K, Nonaka H, Saito H, et al. Hepatocyte proliferation and 
tissue remodeling is impaired after liver injury in oncostatin M recep-
tor knockout mice. Hepatology 2004; 39(3): 635 – 44.
Ebara S, Shimura S, Nasu Y, et al. Gene therapy for prostate cancer: 
toxicological profile of four HSV-tk transducing adenoviral vectors 
regulated by different promoters. Prostate Cancer Prostatic Dis 2002; 
5(4): 316 – 25.
Li L, Rao JN, Guo X, et al. Polyamine depletion stabilizes p53 result-
ing in inhibition of normal intestinal epithelial cell proliferation. Am 
J Physiol Cell Physiol 2001; 281(3): C941 – 53.
Nozato E, Shiraishi M, Nishimaki T. Up-regulation of hepatocyte 
growth factor caused by an over-expression of transforming growth 
factor beta, in the rat model of fulminant hepatic failure. J Surg Res 
2003; 115(2): 226 – 34.
Cheng YJ, Liu MY. Modulation of tumor necrosis factor-alpha 
and oxidative stress through protein kinase C and P42/44 mitogen-
activated protein kinase in lead increases lipopolysaccharide-induced 
liver damage in rats. Shock 2005; 24(2): 188 – 93.
Xu JW, Gong J, Chang XM, et al. Effects of estradiol on liver estro-
gen receptor-alpha and its mRNA expression in hepatic fibrosis in 
rats. World J Gastroenterol 2004; 10(2): 250 – 4.
Hua H, Munk S, Whiteside CI. Endothelin-1 activates mesangial cell 
ERK1/2 via EGF-receptor transactivation and caveolin-1 interaction. 
Am J Physiol Renal Physiol 2003; 284(2): F303 – 12.
Gao H, Zhou YW. Inhibitory effect of picroside II on hepatocyte 
apoptosis. Acta Pharmacol Sin 2005; 26(6): 729 – 36.
Goldberg JL, Espinosa JS, Xu Y, et al. Retinal ganglion cells do not 
extend axons by default: promotion by neurotrophic signaling and 
electrical activity. Neuron 2002; 33(5): 689 – 702.
Wang YQ, Luk JM, Ikeda K, et al. Regulatory role of VHL/HIF-
1alpha in hypoxia-induced VEGF production in hepatic stellate cells.    
Biochem Biophys Res Commun 2004; 317(2): 358 – 62.
Finis K, Sultmann H, Ruschhaupt M, et al. Analysis of pigmented vil-
lonodular synovitis with genome-wide complementary DNA micro-
array and tissue array technology reveals insight into potential novel 
therapeutic approaches. Arthritis Rheum 2006; 54(3): 1009 – 19.
Ishikawa H, Shinkai Y, Yagita H, et al. Molecular cloning of rat cyto-
lysin. J Immunol 1989; 143(9): 3069 – 73.
Lin SY, Sheu WH, Chen WY, et al. Stimulated resistin expression in 
white adipose of rats with bile duct ligation-induced liver cirrhosis: 
relationship to cirrhotic hyperinsulinemia and increased tumor necro-
sis factor-alpha. Mol Cell Endocrinol 2005; 232(1 – 2): 1 – 8.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.


