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Abstract
Objective. This paper mainly explores the roles of hereditary liver disease-associated genes during liver regeneration 

(LR) at transcriptional level. Methods. The hereditary liver disease-associated genes were obtained by collecting and re-
ferring to the data of relevant databases, and the gene expression changes in the rat regenerating liver were checked by the 
GeneChip Rat Genome 230 2.0 Array. Results. 65 genes were found to be associated with LR. The numbers of initial and 
total expression of these genes occurring in initiation (0.5 – 4 hours after PH), G0/G1 transition (4 – 6 hours after PH), 
cell proliferation (6 – 66 hours after PH), redifferentiation and structure-function reconstruction phase (72 – 168 hours 
after PH) were 24, 7, 39, 2 and 46, 29, 236, 75, respectively, illustrating that the associated genes mainly were triggered 
at the initial stage of LR (0.5 – 4 hours after PH), and continue to develop at the different stages. Overall, 228 genes were 
found up-regulated and 129 were down-regulated, demonstrating that expression of the majority of genes was enhanced 
during LR, while that of the minority was weakened. Conclusion. Metabolisms of bilirubin, iron, copper, chlorine ion, 
lipids, carbohydrate and amino acids are active during LR. The resistance of regenerating liver to diseases and infection 
is increased. Among them, 65 genes associated with LR play an important role. [Life Science Journal. 2007; 4(2): 56 
– 63] (ISSN: 1097 – 8135).
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1 Introduction

Liver has strong regenerating capacity[1]. The remaining 
liver cells are activated and enter into cell cycle to com-
pensate for the lost liver mass after partial hepatectomy 
(PH)[2], and this process is called liver regeneration (LR)[3]. 
In addition to the protection mechanism of hepatocytes be-
ing activated after PH, the activities of removing damaged 
cells and repairing injured cells, cell proliferation, apop-
tosis, extracellular matrix formation and reconstruction 
of structure-function are enhanced[4]. Meanwhile, bioac-
tive ingredients synthesis and detoxification in hepatocyte

are still carried on[5].
The activities mentioned above are carried out under the 

control of genes, and gene mutation or expression disor-
der will influence the normal function of liver and lead 
to hereditary liver diseases[6]. For example, mutation of 
ireb2 can lead to hereditary hemochromatosis (HHC)[7]; 
mutation of atp7b to Wilson disease (WD)[8]; mutations 
of pfkm and phkg2 to glycogen storage disease (GSD)[9]; 
expression disorders of tcf1, muc1, hmox1 and prkaa2 to 
cystic fibrosis (CF)[10]; mutations of apoe, smpd1, pex14, 
abcc2, shbg, gale, psap, gstz1 and map2k5 to familial 
hypercholesterolemia (FH)[11], Niemann-Pick disease[12], 
Zellweger syndrome[13], Dubin-Johnson’s syndrome[14], 
intrahepatic cholestasis[15], galactosemia[16], Gaucher dis-
ease[17], tyrosinemia[18], Caroli’s disease[19] respectively.

To study the actions of the above genes during LR, 
the gene expression changes of the regenerating liver 
after 2/3 hepatectomy are checked by the Affymetrix 
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GeneChip Rat Genome 230 2.0 harboring 127 hereditary 
liver disease-associated genes, and 65 genes are identi-
fied to be associated with LR. The known gene functions, 
gene deficiency phenotypes and their expression changes 
during LR are compared to clarify the actions of these 
genes during LR.

2   Materials and Methods

2.1 Regenerating liver preparation
Healthy Sprague-Dawley rats weighing 200 – 250 g 

were obtained from the Animal Center of Henan Normal 
University. The rats were separated into 44 groups ran-
domly, 22 hepatectomized groups and 22 sham-operation 
(SO) groups (n = 6; male: female = 1:1). PH was per-
formed according to Higgins and Anderson[20], by which 
the left and middle lobes of liver were removed. The rats 
were sacrificed by cervical dislocation at 0.5, 1, 2, 4, 6, 
8, 12, 24, 36, 54, 66, 72, 120, 144 and 168 hours after 
PH and the regenerating livers were observed at the cor-
responding time point. The livers were immediately re-
moved and rinsed three times with 1 × PBS and the tissues 
were quickly dissected on ice. The liver tissues of each 
group were pooled from about 100 – 200 mg of the mid-
dle parts of right lobe of each liver and stored at –80ºC. 
The SO group was handled as the same as hepatectomized 
group except the liver lobes were not removed. The laws 
of animal protection of China were enforced strictly.

2.2 RNA isolation and purification 
Total RNA was isolated from the frozen livers accord-

ing to the manual of Trizol reagent (Invitrogen Corpora-
tion, Carlsbad, California, USA)[21] and then purified fol-
lowing the RNeasy mini protocol (Qiagen, Inc, Valencia, 
CA, USA)[22]. The quality of total RNA samples were as-
sessed by optical density measurement and agarose elec-
trophoresis (180 V, 0.5 hour) with a 260/280 nm ratio 1.8 
– 2.0 and 28S rRNA:18S rRNA ratio of 2.0[23].

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

cDNA synthesis. cDNA purification, biotinylated cRNA 
synthesis and purification were performed following the 
Affymetrix protocol[24]. The quality and concentration of 
cDNA, cRNA were examined using the same procedure 
described above.

2.4 cRNA fragmentation and microarray detection
According to Affymetrix protocol, the 15 μl of the 

cRNA were incubated with 5 × fragmentation buffer at 
94ºC for 35 min to generate 35 – 200 bp fragments and 
hybridized to the Rat Genome 230 2.0 expression micro-
array at 45ºC for 16 hours on a rotary mixer at 60 rpm. 
The microarray was then washed and stained with an Af-
fymetrix GeneChip fluidics station 450 and scanned on 
GeneChip Scan 3000 (Affymetrix Inc, Santa Clara, CA, 
USA), and the signal values of gene expression were pro-
cessed to collect raw data with GeneChip Operating Soft-
ware (GCOS) 1.2[25].

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 
1.2[25]. 

2.6 Normalization of the microarray data
To minimize the technical error from the microarray 

analysis, each sample was hybridized three times to the 
GeneChips. The average value of three measurements 
was normalized, and statistics and cluster analysis were 
conducted on these values with GeneMath, GeneSpring 
(Silicon Genetics, San Carlos, CA) and Microsoft Excel 
Software (Microsoft, Redmond, WA)[25–27].

2.7 Identification of genes associated with LR
Firstly, the curated annotations describing hereditary 

liver diseases were adopted from the GENEONTOLOGY 
database (www.geneontology.org/), and input 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 above pathological process. 
Then, we collated the influential genes according to maps 
of biological pathways embodied by GENMAPP (www.
genmapp.org), KEGG (www.genome.jp/kegg/pathway.
html) and BIOCARTA (www.biocarta.com/genes/index.
asp). The associated-genes were cross-checked through 
literature searches of the pertinent articles. Besides the rat 
genes, the genes, which were now thought to only exist in 
mouse and/or human and which exhibited more than two-
fold change in the rat regenerating livers, were referred 
to as rat homologous genes. The genes that displayed re-
producible result with the three independent analysis with 
the Rat Genome 230 2.0 Array, that revealed more than 
two-fold change in expression at least at one time point, 
and that showed a significant difference (P ≤ 0.05) or an 
extremely significant difference (P ≤ 0.01) between PH 
and SO, were included as being associated with LR.
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3  Results

3.1 The changes in expression of the hereditary liver 
disease-associated genes during LR

According to the data of databases at NCBI, GEN-
MAPP, KEGG and BIOCARTA, 166 genes were associ-
ated with hereditary liver diseases. 127 genes were con-
tained in Rat Genome 230 2.0 Array. Among them, 65 
genes revealed meaningful expression changes at least at 
one time point after PH , showed significant difference 

or extremely significant difference in expression when 
comparing PH with SO and displayed reproducible re-
sults with three analysis with Rat Genome 230 2.0 Array 
detection. The result suggested that the genes were asso-
ciated with LR. The analysis indicated that 25 genes were 
up-regulated, 21 genes down-regulated, and 19 genes 
up/down-regulated in regenerating liver. The range of up-
regulation was from 2 to 9.2 times higher than control, 
and that of down-regulation was 2 – 13.9 folds (Table 1).
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Table 1.  Expression profiles of  65 hereditary liver disease-associated genes during LR

Name Gene
Abbr.

Invovled
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   Hypercholesterolemia
UDP glycosyltransferase 1 family polypeptide A1 Ugt1a1 1.0 0.9 1.4 1.3 1.2 1.1 1.0 0.7 2.1 ¹ 1.0 0.9 1.4 1.0 1.2 1.0 1.0 1.1 1.5 1.3 0.7 1.4 1.1 1.1
ATP-binding cassette sub-family B member 4 Abcb4 1.0 0.4 ² 0.7 0.8 0.7 1.1 0.8 0.9 1.1 0.9 1.7 1.2 0.9 0.7 0.7 1.1 1.0 1.9 1.1 1.1 0.9 0.7 0.8
ATPase class I type 8B member 1 Atp8b1 1.0 0.5 0.8 0.6 0.5 ² 0.8 0.6 0.7 1.4 1.0 1.1 1.1 0.5 ² 1.3 0.6 0.6 0.4 ² 1.1 0.9 1.4 1.1 1.0 1.1
ATP-binding cassette sub-family D member 2 Abcd2 12 1.0 0.6 0.4 ² 0.7 0.7 0.6 0.6 0.9 0.5 ² 0.4 ² 0.5 0.7 0.5 ² 0.8 0.3 ² 0.4 ² 0.6 0.8 0.7 1.5 0.5² 0.4 ² 0.5 ²
sex hormone binding globulin Shbg 1.0 1.7 0.7 1.3 1.6 0.9 1.3 1.5 1.0 0.5 ² 0.1 ² 2.8 ¹ 0.3 ² 0.8 0.2 ² 0.3 ² 0.3 ² 0.7 0.9 0.7 0.7 0.8 1.1
ATP-binding cassette sub-family B member 11 Abcb11 1.0 1.1 1.2 1.1 1.3 2.0 ¹ 1.4 1.0 2.1 ¹ 0.9 0.8 0.5 ² 0.6 0.9 0.4 ² 1.1 0.7 1.1 1.0 1.2 1.2 1.1 1.2
2   Hemochromatosis
transferrin receptor 2 Trfr2 1.0 1.2 1.1 1.0 1.1 1.1 1.2 1.1 1.2 1.3 1.3 2.2 ¹ 0.7 1.3 0.9 1.2 1.0 1.6 1.3 3.2 ¹ 1.9 1.7 1.6
iron responsive element binding protein 2 Ireb2 1.0 0.5 1.3 1.2 1.8 1.8 2.1 ¹ 2.9 ¹ 3.3 ¹ 1.0 0.8 2.0 ¹ 1.3 1.9 0.6 0.7 0.8 1.7 1.6 3.0 ¹ 2.3 ¹ 2.8 ¹ 2.6 ¹
transferrin receptor Tfrc 1.0 1.2 1.7 1.0 1.1 2.0 ¹ 1.7 1.0 0.9 1.9 1.7 1.1 1.7 1.4 1.6 1.7 2.1 ¹ 3.5 ¹ 1.8 1.2 2.7 ¹ 2.6 ¹ 2.9 ¹
aconitase 1 Aco1 1.0 0.7 0.9 0.8 0.6 0.5 0.5 0.5 ² 1.1 0.8 0.8 1.1 0.9 1.1 0.9 1.1 1.0 1.4 1.2 0.9 1.2 1.1 1.0
solute carrier family 40 member 1 Slc40a1 1.0 0.6 0.8 0.7 0.6 0.6 0.7 0.5 0.9 0.7 0.7 0.9 0.7 0.9 0.5 ² 0.7 0.8 1.1 0.9 0.9 1.5 1.2 1.4
ubiquitin-conjugating enzyme E2D 1 Ube2d1 1.0 1.3 1.9 0.3 ² 0.2 ² 0.7 1.0 0.8 4.6 ¹ 1.6 1.2 1.5 1.0 5.1 ¹ 2.0 ¹ 1.9 1.1 1.5 1.7 1.5 1.3 0.9 1.0

3   Cystic fibrosis
transcription factor 1 Tcf1 1.0 1.0 6.1 ¹ 3.2 ¹ 2.1 ¹ 6.1 ¹ 6.2 ¹ 6.1 ¹ 2.6 ¹ 4.9 ¹ 2.7 ¹ 3.2 ¹ 4.6 ¹ 3.6 ¹ 6.5 ¹ 5.3 ¹ 3.2 ¹ 6.5 ¹ 6.8 ¹ 3.5 ¹ 3.7 ¹ 3.0 ¹ 3.0 ¹
S100 calcium binding protein A8 S100a8 1.0 1.2 1.3 3.5 ¹ 6.5 ¹ 4.0 ¹ 3.3 ¹ 4.0 ¹ 2.1 ¹ 3.0 ¹ 3.5 ¹ 4.5 ¹ 3.0 ¹ 3.4 ¹ 2.8 ¹ 3.7 ¹ 2.6 ¹ 4.9 ¹ 3.4 ¹ 1.7 2.1 ¹ 0.9 0.9
S100 calcium binding protein A9 S100a9 1.0 1.1 1.5 3.0 ¹ 4.9 ¹ 2.6 ¹ 2.0 ¹ 2.1 ¹ 0.8 1.0 1.1 1.3 1.3 1.0 2.6 ¹ 2.1 ¹ 1.0 1.1 2.6 ¹ 0.7 2.0 ¹ 0.7 0.8
transforming growth factor beta 1 Tgfb1 1.0 0.9 0.5 1.1 1.1 1.1 1.0 1.1 2.1 ¹ 3.7 ¹ 4.0 ¹ 1.8 1.2 2.7 ¹ 2.1 ¹ 0.9 1.1 1.6 0.7 1.4 0.9 0.8 0.9
STIP1 homology and U-box containing protein 1 Stub1 1.0 1.0 1.1 1.0 1.0 1.4 1.4 1.5 2.2 ¹ 1.5 1.3 0.9 1.2 1.0 0.9 1.2 1.0 1.4 1.2 1.0 0.9 0.9 0.9
transporter 1 ATP-binding cassette sub-family B Tap1 1.0 1.4 0.9 1.0 1.1 1.0 0.6 0.8 0.7 0.7 1.3 0.9 1.3 1.0 2.2 ¹ 0.7 0.7 1.5 1.4 1.0 1.0 1.1 1.2
chloride channel 2 Clcn2 1.0 1.1 1.2 0.6 0.7 1.6 1.0 1.5 2.8 ¹ 1.6 0.9 1.0 1.3 2.7 ¹ 1.6 1.1 2.1 ¹ 1.1 1.0 2.8 ¹ 1.1 2.0 ¹ 1.5
ATP-binding cassette sub-family B member 11 Abcb1 1.0 0.5 0.6 0.9 0.8 0.9 0.7 1.3 0.6 4.6 ¹ 3.7 ¹ 0.5 3.0 ¹ 0.6 1.4 1.6 1.3 4.0 ¹ 2.8 ¹ 0.5 1.2 0.7 0.9
chloride channel calcium activated family member 2 Clca2 1.0 1.0 1.8 1.3 1.1 0.9 0.8 0.7 1.1 0.5 ² 0.6 1.9 0.7 1.8 0.5 ² 0.7 0.8 0.9 0.9 1.0 0.8 1.1 0.9
chloride channel calcium activated 4 Clca4 1.0 0.5 ² 0.3 ² 0.7 2.3 ¹ 5.7 ¹ 0.6 0.8 0.8 0.5 ² 0.5 ² 0.6 0.8 0.3 ² 0.9 0.8 3.0 ¹ 0.7 1.1 0.7 0.7 0.9 0.3 ² 
sulfotransferase family cytosolic 2B member 1 Sult2b1 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.8 1.0 1.8 0.5 ² 1.0 1.3 1.0 3.1 ¹ 0.7 1.2 0.4 ² 0.8 1.1 0.4 ² 0.7 0.4 ² 
ubiquitin-conjugating enzyme E2D 1 Ube2d1 1.0 1.3 1.9 0.3 ² 0.2 ² 0.7 1.0 0.8 4.6 ¹ 1.6 1.2 1.5 1.0 5.1 ¹ 2.0 ¹ 1.9 1.1 1.5 1.7 1.5 1.3 0.9 1.0 

4   Familial hypercholesterolemia
amyloid beta precursor protein App 5 1.0 1.1 1.0 1.3 1.2 1.6 1.6 1.3 0.7 2.9 ¹ 2.5 ¹ 0.8 2.1 ¹ 0.7 1.7 2.4 ¹ 2.6 ¹ 5.8 ¹ 3.1 ¹ 0.9 5.0 ¹ 5.2 ¹ 6.4 ¹ 
ATP-binding cassette sub-family B member 1A Abcb1a 5 1.0 0.5 0.6 0.9 0.8 0.9 0.7 1.3 0.6 4.6 ¹ 3.7 ¹ 0.5 3.0 ¹ 0.6 1.4 1.6 1.3 4.0 ¹ 2.8 ¹ 0.5 1.2 0.7 0.9 
low density lipoprotein receptor Ldlr 1.0 0.7 1.2 1.1 0.8 4.4 ¹ 0.8 1.0 2.5 ¹ 3.1 ¹ 5.1 ¹ 5.8 ¹ 2.0 ¹ 1.2 2.2 ¹ 4.1 ¹ 1.0 1.7 0.8 1.5 1.1 1.1 1.8 
apolipoprotein E Apoe 5 1.0 0.9 1.2 0.9 0.9 1.1 1.0 0.8 0.2 ² 0.9 1.1 0.1 ² 0.9 0.2 ² 1.0 1.0 0.9 1.1 1.2 0.3 ² 1.4 1.2 1.1 
paraoxonase 1 Pon1 1.0 1.2 1.0 1.1 1.1 0.9 0.9 1.1 0.8 0.6 1.0 1.1 0.6 1.3 0.4 ² 0.6 0.5 ² 0.9 1.1 0.7 1.0 0.9 1.0 
arachidonate 12-lipoxygenase Alox12 1.0 1.2 0.3 ² 0.8 1.9 1.5 1.3 1.4 4.0 ¹ 1.1 0.7 4.8 ¹ 1.3 3.9 ¹ 0.7 0.9 1.1 1.0 0.5 ² 2.6 ¹ 0.5 ² 0.9 1.0 

5  Niemann-Pick disease
amyloid beta precursor protein App 4 1.0 1.1 1.0 1.3 1.2 1.6 1.6 1.3 0.7 2.9 ¹ 2.5 ¹ 0.8 2.1 ¹ 0.7 1.7 2.4 ¹ 2.6 ¹ 5.8 ¹ 3.1 ¹ 0.9 5.0 ¹ 5.2 ¹ 6.4 ¹ 
ATP-binding cassette sub-family B member 1A Abcb1a 4 1.0 0.5 0.6 0.9 0.8 0.9 0.7 1.3 0.6 4.6 ¹ 3.7 ¹ 0.5 3.0 ¹ 0.6 1.4 1.6 1.3 4.0 ¹ 2.8 ¹ 0.5 1.2 0.7 0.9 
tachykinin 1 Tac1 1.0 0.8 0.3 ² 1.0 0.8 0.8 0.5 0.8 1.0 0.3 ² 0.2 ² 0.4 ² 0.3 ² 0.5 0.7 0.6 1.0 0.2 ² 0.2 ² 0.8 0.2 ² 0.3 ² 0.2 ² 
chitinase 1 Chit1 11 1.0 0.8 0.7 1.4 1.9 0.9 1.0 0.9 1.3 0.2 ² 0.1 ² 1.3 0.5 ² 1.1 0.3 ² 0.1 ² 0.1 ² 0.1 ² 0.5 1.0 0.4 ² 1.0 0.7 
apolipoprotein E Apoe 4 1.0 0.9 1.2 0.9 0.9 1.1 1.0 0.8 0.2 ² 0.9 1.1 0.1 ² 0.9 0.2 ² 1.0 1.0 0.9 1.1 1.2 0.3 ² 1.4 1.2 1.1 
solute carrier family 6 member 1 Slc6a1 1.0 0.9 0.3 ² 1.1 6.1 ¹ 2.8 ¹ 2.0 ¹ 2.5 ¹ 2.3 ¹ 3.2 ¹ 0.6 1.5 0.8 1.6 1.1 1.2 1.9 6.5 ¹ 0.4 ² 1.7 0.4 ² 2.5 ¹ 1.4 

6  Wilson disease
copper metabolism domain containing 1 Commd1 1.0 1.1 1.8 1.0 0.8 0.8 0.7 0.7 4.9 ¹ 4.8 ¹ 2.0 ¹ 3.9 ¹ 1.4 5.5 ¹ 1.5 2.0 ¹ 2.0 ¹ 2.1 ¹ 1.7 9.2 ¹ 1.1 0.8 0.9 
prepronociceptin Pnoc 1.0 0.9 1.6 1.7 1.1 1.0 1.0 4.9 ¹ 1.9 1.1 0.5 0.7 1.2 1.5 0.8 2.5 ¹ 1.7 0.7 2.6 ¹ 1.0 2.6 ¹ 2.0 ¹ 3.5 ¹ 
solute carrier family 31 member 1 Slc31a1 1.0 1.0 1.3 1.3 1.0 0.8 0.8 0.9 1.4 1.1 1.0 1.4 1.1 1.2 0.8 1.0 1.0 1.7 1.3 1.2 2.0 2.2 ¹ 2.0 ¹ 
tumor necrosis factor receptor superfamily member 11b Tnfrsf11b 1.0 3.7 ¹ 8.7 ¹ 3.2 ¹ 3.0 ¹ 6.5 ¹ 3.8 ¹ 3.7 ¹ 5.5 ¹ 6.1 ¹ 7.5 ¹ 0.4 ² 3.7 ¹ 1.0 5.7 ¹ 6.1 ¹ 5.3 ¹ 8.0 ¹ 7.3 ¹ 0.3 ² 6.1 ¹ 4.9 ¹ 3.7 ¹ 

7   Glycogen storage disease
glucose-6-phosphatase catalytic G6pc 1.0 7.6 ¹ 11.2 ¹ 4.6 ¹ 3.7 ¹ 3.4 ¹ 3.9 ¹ 4.2 ¹ 3.7 ¹ 3.0 ¹ 4.0 ¹ 1.4 1.8 1.5 2.0 ¹ 3.2 ¹ 2.9 ¹ 4.0 ¹ 6.0 ¹ 0.6 5.5 ¹ 7.0 ¹ 7.3 ¹ 
phosphofructokinase muscle Pfkm 1.0 0.9 0.7 1.3 1.3 1.4 1.1 1.3 0.8 1.3 1.7 9.6 ¹ 0.9 6.9 ¹ 1.3 1.4 2.1 ¹ 0.9 0.7 1.4 0.6 0.7 0.7 
solute carrier family 37 member 4 Slc37a4 1.0 1.9 1.3 1.3 1.1 0.9 0.6 0.5 ² 1.0 0.8 1.0 1.1 0.5 ² 1.0 0.5 ² 0.6 0.4 ² 1.2 1.0 0.9 1.0 1.4 1.3 
glucosidase alpha acid Gaa 1.0 0.9 0.9 1.0 0.7 0.8 0.9 0.8 1.2 0.7 0.5 ² 1.3 0.6 1.4 0.6 0.6 0.8 1.1 1.0 1.2 1.4 1.3 1.5 
phosphorylase kinase alpha 2 Phka2 1.0 0.9 0.8 1.2 1.3 1.2 0.9 1.2 1.4 0.5 0.6 1.8 0.7 1.5 0.4 ² 0.7 0.8 0.8 0.7 1.1 0.7 0.7 0.7 
liver glycogen phosphorylase Pygl 1.0 1.7 2.0 ¹ 1.4 1.3 0.8 0.5 0.4 ² 1.2 0.8 1.2 1.0 1.3 0.8 1.2 1.6 1.3 1.6 1.4 0.8 1.6 1.5 1.4 
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3.2 Initial expression time of the hereditary liver dis-
ease-associated genes during LR 

At each time point of LR, the numbers of initial up-, 
down-regulated and total up-, down-regulated genes were 
shown as Table 2.  In the respect of the initial expressions 
of the above 65 genes, 32 and 33 genes were initially up-
regulated and down-regulated during LR, respectively. A 
detailed introduction is as follows: at the initiation stage 
(0.5 – 4 hours after PH), the G0/G1 transition phase (4 
– 6 hours after PH), cell proliferation period (6 – 66 hours 
after PH), redifferentiation and the structure-function re-
organization stage of LR (72 – 168 hours after PH), the 
number of initially up and down-regulated genes were 11 
and 13, 3 and 4, 19 and 20, and 2 and 0. The whole situa-

tion of the genes expression was that total frequencies of 
up and down-regulated expression were respectively 228 
and 129. Specifically, at the above-mentioned four phases 
of LR, the number of times of up-regulation and down-
regulation was separately 29 and 17, 20 and 9, 148 and 88, 
51 and 24 (Figure 1).

4  Discussion

The roles of hereditary liver disease-associated genes 
are analyzed during rat LR. Among genes associated with 
hereditary bilirubinemia, ABC family is associated with 
transport of bile salts[28]. ATP8B1 and SHBG are involved 
in transport of bile acid, and their mutations could lead 

Table 2.  The numbers of initially and totally expressed genes at every recovery time point after PH

Expression  Change
Recover time (h)

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

Initial 
expression

up regulation 4 5 2 0 3 2 1 6 3 0 3 0 0 2 0 0 0 0 0 1 1 0

down regulation 4 6 1 2 2 0 4 1 7 2 0 1 0 3 0 0 0 0 0 0 0 0

Total 
expression

up regulation 4 9 7 9 11 9 8 16 13 12 15 8 12 10 10 11 13 11 7 12 11 10

down regulation 4 7 1 5 4 4 11 2 12 11 4 10 3 11 5 7 4 4 3 7 4 6

amylo-1, 6-glucosidase Agl 1.0 0.5 ² 1.1 1.1 0.4 ² 0.3 ² 0.3 ² 0.4 ² 1.0 1.2 0.6 2.2 ¹ 0.9 0.8 0.5 1.1 0.6 1.4 1.0 1.2 1.6 1.3 1.5 
muscle glycogen phosphorylase Pygm 1.0 1.2 2.0 ¹ 1.4 2.0 1.7 1.3 1.3 0.8 0.4 ² 0.5 ² 0.8 0.5 ² 1.1 0.7 0.5 0.6 0.8 0.7 1.1 1.2 0.8 0.9 
glucan branching enzyme 1 Gbe1 1.0 2.0 ¹ 2.5 ¹ 1.5 1.5 0.9 0.8 0.5 ² 1.0 1.0 1.2 2.6 ¹ 1.0 4.2 ¹ 0.8 1.2 0.9 1.1 1.3 2.8 ¹ 1.2 1.6 1.6 

8   Galactosemia
galactose-4-epimerase Gale 1.0 0.7 0.9 0.9 0.8 0.9 0.7 1.4 2.1 ¹ 1.6 1.3 1.2 1.4 1.2 0.9 1.1 1.2 2.3 ¹ 1.5 0.9 1.2 0.9 0.9 
UDP-glucuronosyltransferase 8 Ugt8 1.0 1.0 0.4 ² 1.2 1.2 1.2 1.0 1.3 1.8 0.4 ² 0.4 ² 1.1 0.5 1.6 0.8 0.9 1.6 0.7 1.9 1.8 0.5 ² 0.5 ² 0.5 ² 
galactokinase 1 Galk1 1.0 0.6 0.9 0.5 0.5 ² 0.5 0.5 ² 0.5 ² 0.9 0.9 1.3 0.6 1.1 0.8 0.9 1.1 1.1 1.5 1.1 0.6 0.8 0.8 0.8 
galactose-1-phosphate uridyl transferase Galt 1.0 1.0 1.1 0.7 0.6 0.4 ² 0.4 ² 0.4 ² 1.3 0.8 0.9 1.0 0.8 0.8 0.7 1.1 0.8 1.1 1.0 1.4 0.7 0.7 0.8 

9   Tyrosinemia
fumarylacetoacetate hydrolase Tat 1.0 1.7 2.3 ¹ 2.0 ¹ 2.3 ¹ 2.8 ¹ 2.7 ¹ 1.0 1.9 0.9 0.8 1.3 0.6 1.6 0.8 0.8 0.8 1.1 1.4 1.5 1.9 1.9 1.9 
fumarylacetoacetate hydrolase Fah 1.0 1.1 1.4 1.0 0.9 0.9 0.7 0.4 ² 0.8 0.6 0.6 1.0 0.7 1.0 0.9 1.0 1.0 1.4 1.4 0.8 1.2 1.1 1.1 
glutathione transferase zeta 1 Gstz1 1.0 1.1 1.9 1.1 1.1 0.9 1.1 0.6 0.8 0.7 0.5 0.7 0.4 ² 1.0 0.6 1.1 0.9 1.4 1.5 0.7 1.4 1.5 1.6 

10    Congenital cyst of liver
tumor necrosis factor receptor superfamily member 11b Tnf 11 1.0 0.9 0.6 1.2 1.4 1.1 1.2 0.9 0.9 0.7 0.7 0.8 1.4 0.8 1.6 1.1 1.1 0.9 0.5 1.2 3.2 ¹ 0.8 0.7 
endothelin 1 Edn1 1.0 1.2 0.6 1.6 1.1 1.3 1.1 1.2 0.7 0.4 ² 0.4 ² 2.6 ¹ 1.0 1.5 1.0 0.7 1.3 0.8 0.7 1.3 0.8 0.7 0.7 

11   Gaucher disease
tumor necrosis factor receptor superfamily member 11b Tnf 10 1.0 0.9 0.6 1.2 1.4 1.1 1.2 0.9 0.9 0.7 0.7 0.8 1.4 0.8 1.6 1.1 1.1 0.9 0.5 1.2 3.2 ¹ 0.8 0.7 
B-cell leukemia/lymphoma 2 *Bcl2 1.0 0.8 0.6 1.1 1.0 1.2 1.2 1.2 0.8 0.3 ² 0.4 ² 1.8 0.3 ² 0.8 0.4 ² 0.4 ² 0.5 ² 0.8 0.4 ² 0.8 0.5 0.7 0.6 
chitinase 1 Chit1 5 1.0 0.8 0.7 1.4 1.9 0.9 1.0 0.9 1.3 0.2 ² 0.1 ² 1.3 0.5 ² 1.1 0.3 ² 0.1 ² 0.1 ² 0.1 ² 0.5 1.0 0.4 ² 1.0 0.7 

12   Zellweger syndrome
isopentenyl-diphosphate delta isomerase Idi1 1.0 0.3 ² 0.7 0.7 0.4 ² 0.3 ² 0.4 ² 0.5 ² 1.1 0.6 0.2 ² 1.3 0.6 1.2 0.2 ² 0.6 0.8 1.1 0.6 1.0 0.5 0.4 ² 0.4 ² 
ATP-binding cassette sub-family D member 2 Abcd2 1 1.0 0.6 0.4 ² 0.7 0.7 0.6 0.6 0.9 0.5 ² 0.4 ² 0.5 0.7 0.5 ² 0.8 0.3 ² 0.4 ² 0.6 0.8 0.7 1.5 0.5 ² 0.4 ² 0.5 ² 
peroxisomal biogenesis factor 14 Pex14 1.0 1.1 0.7 0.7 1.0 0.8 0.8 0.6 1.3 0.4 ² 0.5 2.5 ¹ 0.5 2.3 ¹ 0.5 0.7 0.4 ² 0.7 0.7 1.1 0.6 1.2 1.0 
peroxisome biogenesis factor 26 Pex26 1.0 0.7 0.4 ² 0.7 0.7 0.6 1.8 0.8 0.8 4.3 ¹ 1.4 1.0 0.9 1.1 1.5 4.9 ¹ 1.7 0.5 ² 0.8 1.1 2.1 ¹ 0.7 2.3 ¹ 
acyl-coenzyme A oxidase 2 Acox2 1.0 4.3 ¹ 4.0 ¹ 2.6 ¹ 2.5 ¹ 1.6 1.1 0.9 1.3 4.6 ¹ 2.7 ¹ 0.8 2.8 ¹ 0.2 ² 1.7 1.4 2.6 ¹ 2.1 ¹ 3.0 ¹ 0.2 ² 4.6 ¹ 7.5 ¹ 6.5 ¹ 

13   Hereditary fructose intolerance
aldolase B Aldob 1.0 1.0 1.2 0.9 0.8 0.8 0.6 0.7 1.2 0.9 1.1 2.4 ¹ 0.9 1.9 0.9 0.9 0.8 1.1 1.2 1.5 1.1 1.1 0.9 

14   Essential fructosuria
ketohexokinase Khk 1.0 1.3 1.6 1.1 1.1 0.7 0.5 0.5 ² 0.5 0.6 0.8 3.6 ¹ 0.6 2.1 ¹ 0.6 1.0 0.8 1.5 1.2 1.0 1.1 1.2 1.2 

15   Acute intermittent porphyria
hydroxymethylbilane synthase Hmbs 1.0 1.0 1.1 0.9 0.6 0.5 ² 0.8 1.0 1.2 1.1 1.5 0.9 1.2 1.3 1.1 1.3 1.1 1.9 1.4 1.6 0.9 1.1 0.9 

16    Congenital hyperammonemia
ornithine transcarbamylase Otc 1.0 1.3 2.0 ¹ 1.2 1.1 1.0 0.8 0.4 ² 0.6 0.7 0.7 0.9 0.5 ² 1.0 0.7 0.8 0.9 1.2 1.3 1.0 1.1 1.3 1.3 

17    Caroli’s disease
mitogen activated protein kinase kinase 5 Map2k5 1.0 1.1 0.8 0.9 0.9 0.9 1.0 1.3 1.9 0.5 ² 0.9 1.6 0.9 2.2 ¹ 0.7 0.4 ² 0.8 1.4 0.7 1.6 0.9 0.9 0.8 

Asterisk represents the reported genes associated with liver regeneration;  ¹: indicate genes with expression larger than or equal to 2-fold; ²: represent genes with 
expression less than or equal to 2-fold
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to familial intrahepatic cholestasis[29,30]. UGT1A1 associ-
ated with bilirubin degradation in vivo, whose inactivity 
could lead to hereditary bilirubinemia[31]. The expression 
changes of the genes mentioned above were same or simi-
lar at some time points and different at other time points 
during LR, demonstrating they regulate bilirubin metabo-
lism together. 

Of HHC-associated genes, ACO1 regulates iron stor-
age and transport[32]. SLC40A1 is responsible for iron 
absorption[33]. Both IREB2 and TFR are involved in iron 
transport[7,34]. The expression changes of the genes men-
tioned above showed the same or similar level at some 
time points, while different at other time points during 
LR, demonstrating that these genes adjust metabolism 
and utilization of iron during LR simultaneously.

Of CF-associated genes, abcb1 promotes intracellular 
toxic substance excretion, and its mutation could lead to 
CF[35]. Up-regulation of the gene in the metaphase of LR 
indicates to detoxification of liver is enhanced in the cor-
responding period. ube2d1 is involved in protein ubiqui-
tination[36]. It is down regulated at 2 – 4 hours after PH 
and up at 16 and 42 – 48 hours, demonstrating that ubiq-
uitination is rather simple during LR. clcn2, clca2, clca4, 
tcf1 and stub1 can promote chlorine ions transmembrane 
transport[37–40]. The expression changes of the genes were 
same or similar at some time points and different at others 
during LR, demonstrating they together regulate chloride 

balance in cell.
Of FH-associated genes, ABCB1A and APOE promote 

cholesterol transport[11,41]. APP is involved in cholesterol 
metabolism[42]. LDLR is responsible for cholesterol trans-
port, and its mutation could lead to FH[11]. PON1 is associ-
ated with cholesterol release[43]. ALOX12 relating to FH 
is involved in low density lipoprotein absorption[44]. The 
expression changes of the genes mentioned above were 
same or similar at some time points and different at other 
time points during LR, demonstrating they modulate the 
metabolism of cholesterol together.

SLC6A1 and CHIT1, as Niemann-Pick disease-associ-
ated genes, the former is responsible for pain[45] and the 
latter is marker of Niemann-Pick disease[46]. slc6a1 is up-
regulated at 4 – 18 hours after PH, indicating an increase 
in pain response. chit1 is down-regulated at 18 – 24, 36, 
48 – 66 and 120 hours after PH indicating there is no ex-
pression of related protein.

Of WD-associated genes, COMMD1 regulates copper 
metabolism, and its mutation could cause copper poison-
ing[47]. SLC31A1 is response for transmembrane transport 
of copper[48]. Both of them separately are up-regulated 
at the metaphase and anaphase during LR, demonstrat-
ing copper metabolism and utilization are enhanced in 
the corresponding period. PNOC mediate immune re-
sponse[49] and TNFRSF11B can prevent arterial calcifica-
tion[50]. Of up-regulation of them during LR are possibly 

Figure 1. The initial and total expression profiles of 65 hereditary liver disease-associated genes at each time point of LR. Blank bars: Initially expressing gene 
number; Dotted bars: Total expressing gene number; Grey-background bars: Up-regulated genes; White-background bars: Down-regulated genes. Expression 
change of the genes spans the whole live regeneration. Initially up-regulated genes are predominate at 2 – 8, 16, 30 and 120 – 144 hours after PH; initially 
down-regulated genes are overwhelm at 1, 4, 12, 18 – 24, 36 and 48 hours; there are no genes initially expressed at 42, 54 – 96 and 168 hours.
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associated with maintenance of normal structure of the 
blood vessel. 

Of GSD-associated genes, G6PC may have to do with 
gluconeogenesis. GBE1 promotes glycogen synthesis. 
GAA, AGL, PHKA2, PFKM, PYGL and PYGM play 
the roles in glycogen degradation[9,51]. SLC37A4 hastens 
glucose transport[52], and mutation, deletion or abnormal 
expression of these genes can lead to GSD. The expres-
sion changes of the above genes were same or similar at 
some time points and different at other time points during 
LR, demonstrating that they together regulate glycogen 
metabolism and maintain glycogen balance in the corre-
sponding period.

Of galactosemia-associated genes, GALE, GALK1 and 
GALT are all involved in galactose metabolism[16]. UGT8 
facilitates biotransformation[53]. The expression changes 
of the genes mentioned above tend to be same or similar 
at some time points and different at other time points dur-
ing LR, demonstrating that they regulate galactose me-
tabolism in the corresponding period together.

TAT, GSTZ1 and FAH, associated with tyrosinemia, 
are all involved in tyrosine catabolic pathway[54–56]. Up-
regulation of tat appears at 1 – 8 hours after PH, down of 
fah and gstz1 take place respectively at 12 hours and 30 
hours, demonstrating that they regulate tyrosine metabo-
lism in the corresponding period together.

EDN1 and TNF relate to congenital cyst of liver and 
Gaucher disease, and the former promotes cell prolifera-
tion and prevents apoptosis[57], the latter suppresses tu-
morigenesis and triggers apoptosis[58]. They tend to be up-
regulated at 30 hours and 120 hours after PH, suggesting 
they together hamper cell transformation and maintain 
quality and quantity of the regenerating liver.

Of Zellweger syndrome-associated genes, PHYH and 
ACOX2 are involved in fatty acid oxidation[59]. According 
to their up-regulation during LR, it can be conferred fatty 
acid metabolism maybe speed up in the corresponding 
period. PEX14 and PEX16 are involved in peroxisomal 
biogenesis, and could bring on Zellweger syndrome if 
mutation[60]. Both of them are up-regulated at some time 
points, and down at others, demonstrating they co-regu-
late peroxisome formation.

In addition, fructose metabolism-associated genes 
products ALDOB and KHK promote fructose degrada-
tion. HMBS, OTC and MAP2K5, which are separately 
products of acute intermittent porphyria-, congenital 
hyperammonemia- and Caroli disease-associated gene, 
involved in heme biosynthesis[61], urea formation[62] and 
regulation formation of bile[19] in sequence. The expres-

sion changes of the genes mentioned above were same 
or similar at some time points and different at other time 
points during LR, demonstrating they regulate cell me-
tabolism of the corresponding period together.

In summary, 65 hereditary liver disease-associated 
genes are associated with LR and closely associated with 
many physiological and biochemical processes of the re-
generating liver. For the future, we will use Northern blot-
ting, protein array, and RNA interference etc. to confirm 
the above result at the cell level. 
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