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ABSTRACT. The death receptor and endoplasmic reticulum (ER) are
closely related to cell apoptosis, and it is worth studying whether the
apoptosis pathways mediated by them are involved in liver regeneration.
To understand the mechanism underlying death receptor- and ER-
mediated apoptosis during rat liver regeneration, we used the Rat
Genome 230 2.0 Array to determine the changes in gene expression.
We then searched the gene ontology (GO) and NCBI databases for
genes associated with cell apoptosis mediated by the death receptor and
ER. QIAGEN and KEGG databases were used for the related signaling
pathways. We used the expression profile function to calculate the
activity levels of the known apoptosis signaling pathways. The results
of our study showed that the initial gene expression numbers in
initiation, GO/GT1 transition, cell proliferation, and redifferentiation and
structural reconstruction phases were 32, 25, 44, and 29, respectively.
This demonstrates that liver regeneration-related genes primarily start
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their expression in the initiation phase and work differently in each
phase. By calculation and analysis using the gene synergy formula,
it was suggested that the apoptosis signaling pathways [FAS, death
receptor 3 (DR3), tumor necrosis factor receptor 1 (TNFR1), and ER]
induced cell apoptosis in whole liver regeneration and anti-apoptosis
pathways (DR3 and TNFR2) restrained apoptosis in the early phase of
liver regeneration. In summary, these apoptosis pathways coordinated
and regulated quality and quantity of the regenerating liver cells.

Key words: Partial hepatectomy; Liver regeneration; Death receptor;
Endoplasmic reticulum; Cell apoptosis

INTRODUCTION

Liver regeneration is an important process that allows the organ to recover from
various pathological conditions, as well as from surgery or transplantation. Hepatocytes
are parenchymal cells that are major contributors to liver regeneration. Under physiological
conditions, less than 0.01% of hepatocytes in adult rat livers undergo mitosis. However, when
the liver is injured by toxins, medication, and/or partial hepatectomy (PH), the remaining
hepatocytes can rapidly enter the cell cycle, together with other types of liver cells, to
compensate for the lost tissue and restore liver function in a process referred to as liver
regeneration. The liver regeneration process is usually divided into four stages: initiation (0.5-
4 h after PH), GO/G1 transition (4-6 h after PH), cell proliferation (6-66 h after PH), and
redifferentiation and structural reconstruction (66-144 h after PH) (Xu et al., 2005). Numerous
cellular events are involved in liver regeneration, including cell activation, de-differentiation,
proliferation, re-differentiation, and remodeling of tissue structures.

Apoptosis, also known as programmed cell death (Green and Kroemer, 2004), is
an initiative cell death process, which consumes energy and can be induced by a variety of
factors. Cell apoptosis signals can come from outside or within the cell. Among these signals,
the death receptor-mediated apoptosis pathway is the main pathway of cell apoptosis induced
by external signals. The ligands include lipoteichoic acid, FAS ligand (FASL), Apo 3 ligand
(APO3L), APO2L, tumor necrosis factor (TNF), TNF receptor 1 (TNFR1) (Neznanov et al.,
2005), TNFR2 (Ventura et al., 2011), FAS (Hosono-Nishiyama et al., 2006), death receptor 3
(DR3) (Nishito et al., 2006), DR4, and DRS5 (Tomasetti et al., 2006). These receptors are raised
by the intracellular adaptor protein to raise the cysteine aspartate-specific protease precursor
molecules, which are activated by the activation of the apoptotic cascade. The endoplasmic
reticulum (ER) cell apoptosis pathway, a recently discovered endogenous pathway (Galluzzi
et al., 2014), activates Caspase 12 (CASP12) through altered calcium ion concentration in the
ER or non-folding/accumulation of proteins, resulting in CASP3 activation and consequent
apoptosis (Liu and Baliga, 2005).

Apoptosis pathways mediated by the death receptor and ER contain 128 and 48 genes,
respectively, and many interactions between genes and proteins. To understand the mechanism
underlying death receptor- and ER-mediated apoptosis during rat liver regeneration at the
gene transcription level, we used the Rat Genome 230 2.0 Array, which contains 113 and 47
genes related to the death receptor and ER apoptosis pathways, respectively, to determine
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the expression changes of genes at 0.5, 1, 2, 4, 6, 8, 12, 16, 24, 30, 36, 42, 54, 66, 96, and
144 h after PH (Calvano et al., 2005). We identified 40 and 15 death-receptor and ER genes,
respectively, related to liver regeneration. We also employed the gene synergy formula (Et)
(Xu et al., 2012) to analyze the interactions between the genes identified above in an effort
to determine the role of death receptor and ER apoptosis pathway-related genes in rat liver
regeneration (Durmus et al., 2015; Fair and Rivas, 2015).

MATERIAL AND METHODS

Rat PH model

Adult (6 weeks old) male Sprague-Dawley rats weighing 230 4+ 20 g were obtained
from Henan Normal University’s animal center. The rats were housed at a temperature of 21°
+ 2°C and relative humidity of 60 + 10%. They received 12 h of light per day (8:00-20:00) and
free access to food and water. A total of 114 rats were randomly divided into 19 groups with
Six rats per group: nine groups underwent a two-thirds hepatectomy (PH groups), nine groups
underwent a “sham” operation (SO groups), and one group had no operation (control group).
Rats in the PH groups had the left and median lateral liver lobes removed. The rats in the SO
groups underwent the same operation without removal of the liver lobes. Rats were sacrificed
0,2,6,12,24, 30,36, 72, 120, and 168 h after the operations. All study procedures complied
with Chinese animal protection laws.

Rat genome 230 2.0 microarray detection and analysis

Total RNA was extracted and purified following the same protocol as a previously
published study (Xuetal.,2012). Briefly, biotin-labeled cRNA was prepared using the GeneChip
IVT kit (Affymetrix Inc., USA) according to the manufacturer instructions. Hybridization was
conducted automatically using a GeneChip Fluidics Station 450 (Affymetrix Inc.). The results
were scanned and converted into signal values using a GeneChip scanner 3000 (Affymetrix
Inc.), then signal values were normalized according to the manufacturer instructions.

The P values were determined using the Affymetrix GCOS 2.0 software. If the P value
of a gene was <0.05, the gene was defined as present (P); P < 0.065 was defined as marginal
(M), and P> 0.065 was defined as absent (A). Any gene was considered significantly changed
if the ratio of its P value relative to that of the control was >3 or <0.33.

The significance of gene expression differences between PH and SO groups was
analyzed with the F-test. Genes found to change significantly for at least one time point
during liver regeneration (P < 0.05) were defined as genes associated with liver regeneration.
To minimize errors due to experimental operation and microarray, three repetitions were
performed at each time point and the average value of the three independent assays was used
for statistical analyses.

Et analysis

Xu etal. (2012) established the mathematical model E(t) to describe how physiological
activities are governed by gene synergy according to the expression levels of genes detected
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by the Rat Genome 230 2.0 Microarray. Based on the methods of multivariate statistics and
time series analysis and the fact that physical activity is regulated by the synergy of one lot of
genes to another, the following spectrum function was employed:

ZZI:(Xi(t)_'_Xk(t))*rik}
E =Lk Equation 1
' n(n+1) (Eq )

where the gene correlation coefficient (r, ) is defined by the Pearson correlation coefficient:
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where n is the number of all genes participating in a physiological activity at time point
t. The spectral function E(t) describes the effectiveness of the gene synergy dominating a
physiological activity at one point. By comparisons against a control, the strength of the
physiological activities at a certain time can be predicted. At time t, assuming that the reference
value is E(0), the corresponding physical activity is stronger than the control when E(t) - E(0)
> E(0), weaker when E(t) - E(0) <0, and similar when E(0) < E(t) < 2E(0).

RESULTS

Gene profiles related to death receptor- and ER-mediated apoptosis signaling
pathways

Accordingto data from NCBI and gene ontology (GO) databases and biological pathway
maps in QIAGEN and KEGG, there are 128 and 48 genes involved in the death receptor- and
ER-mediated apoptosis signaling pathways, respectively. Of these, 113 death receptor and 47
ER genes are present on the Rat Genome 230 2.0 Microarray. Our array analysis showed that
40 death receptor and 15 ER genes were significantly changed in regenerating hepatocytes,
which were identified as liver regeneration-related genes by comparing the differential
expression in PH and SO groups. Of these genes, 25 were upregulated; 20, downregulated;
and 4, upregulated at certain time points and downregulated at other time points (we called
these “up/downregulated”) during rat liver regeneration (Table 1).

At various time points, genes were upregulated and downregulated a total of 173 and
95 times, respectively. At the initiation phase (0.5-4 h after PH), 14 genes were upregulated;
17, downregulated; and 1, up/downregulated. At GO/G1 transition (4-6 h after PH), 14 genes
were upregulated; and 11, downregulated. At cell proliferation (6-66 h after PH), 24 genes
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were upregulated; 17, downregulated; and 2, up/downregulated. At the redifferentiation and
structural reconstruction phase (66-144 h after PH), 18 genes were upregulated; and 11,
downregulated (Figure 1).

Table 1. Expression profiles of genes related to death receptor- and endoplasmic reticulum-mediated apoptosis
signaling pathways.

Abbr Pathways Recovery time (h) after partial hepatectomy (PH)

0 0.5 1 2 4 6 8 12 16 24 30 36 42 54 66 96 144
bel2al 1 1.00 | 1.15 | 2.00 | 2.00 | 0.93 | 1.32 | 1.23 | 0.93 | 0.93 | 0.93 | 1.41 | 1.00 | 0.81 | 0.81 | 0.81 1.00 | 1.15
caspl 1 1.00 | 0.93 | 1.00 | 1.00 | 0.81 | 0.93 [ 1.00 | 0.93 | 4.52 | 1.00 | 0.76 | 0.93 | 1.00 | 2.30 | 1.62 0.87 0.87
casp8ap2 | 1 1.00 | 2.19 | 3.76 | 8.52 | 4.16 | 537 | 5.46 | 2.33 | 3.45 | 3.45 | 2.89 | 2.99 | 2.17 | 1.65 | 3.63 | 4.84 | 747
dap3 1 1.00 | 492 | 1.52 | 2.14 | 528 | 3.73 | 5.28 | 4.59 | 3.25 | 3.73 | 3.25 | 3.73 | 4.59 | 1.00 | 2.82 | 3.74 | 3.48
egr2 1 1.00 | 1.21 | 1.33 | 3.64 | 9.28 | 5.16 | 6.51 | 5.16 | 3.28 | 4.24 | 2.24 | 3.74 | 3.04 | 3.14 | 4.80 3.73 6.01
gadd45b | 1 1.00 | 2.14 | 246 | 1.62 | 2.64 | 2.00 | 4.00 | 1.41 | 1.87 | 230 | 1.52 | 1.74 | 3.25 | 1.41 | 2.64 | 599 | 3.48
ifnal 1 1.00 | 1.00 | 0.35 | 1.07 | 0.31 | 1.32 | 0.81 | 0.38 [ 0.62 | 0.81 | 1.00 | 1.41 | 0.81 | 1.07 | 0.87 1.07 0.87
il10 1 1.00 | 1.32 | 1.23 | 0.87 | 1.07 | 0.71 | 0.57 | 0.41 | 0.54 | 0.66 | 0.66 | 0.66 | 0.71 | 0.76 | 0.87 | 1.23 | 0.81
Ick 1 1.00 | 1.15 | 0.15 | 1.07 | 1.23 | 1.62 | 0.20 | 1.87 | 0.41 | 0.81 | 047 | 0.81 | 1.07 | 1.23 | 132 | 0.87 | 2.14
map3k5 1 1.00 | 1.23 [ 047 | 1.07 | 0.66 | 1.52 | 1.00 | 1.00 | 1.52 | 1.00 | 0.81 | 1.52 | 1.07 | 0.93 | 0.93 1.87 0.62
ncfl 1 1.00 | 0.93 | 1.07 | 1.74 | 1.41 | 2.14 | 5.66 | 1.41 | 3.73 | 1.52 | 0.87 | 492 | 1.07 | 1.00 | 1.62 1.32 | 8.00
smpdl 1 1.00 | 1.00 | 0.41 | 0.66 | 0.27 | 0.71 | 1.00 | 0.62 | 0.81 | 0.76 | 0.71 | 0.47 | 1.07 | 0.54 | 0.76 2.00 0.81
casp9 1,2,3 1.00 | 1.00 | 1.41 | 0.33 | 0.63 | 0.81 | 1.23 | 0.81 | 0.64 | 0.67 | 0.49 | 0.22 | 0.57 | 0.38 | 0.59 | 031 | 0.73
cad 1,2,3,4 1.00 | 250 | 129 | 1.39 | 1.84 | 2.02 | 1.54 | 1.99 | 1.81 | 1.74 | 2.18 | 2.48 | 2.32 | 2.22 | 2.09 0.46 1.88
casp6 1,2,3,4 1.00 | 1.32 | 0.81 | 0.76 | 0.19 | 0.44 | 0.57 | 1.32 | 0.38 | 0.81 | 0.76 | 0.76 | 0.66 | 0.50 | 0.23 | 2.80 | 1.71
casp’ 1,2,3,4 1.00 | 1.02 | 1.32 | 0.96 | 1.22 | 1.32 | 1.86 | 2.24 | 1.66 | 147 | 0.82 | 1.44 | 1.20 | 1.00 | 1.37 0.54 1.85
casp3 1,2,3,4,6 1.00 | 0.82 | 0.88 | 0.62 | 0.83 | 0.58 | 0.32 | 0.89 | 0.75 | 0.97 | 0.63 | 0.73 | 0.92 | 0.85 | 0.82 1.37 0.97
casp8 1,2,3,4,6 | 1.00 | 0.57 | 1.74 | 0.93 | 0.54 | 0.44 | 0.15 | 1.15 [ 1.52 | 1.52 | 1.15 | 0.54 | 1.32 | 1.41 | 1.62 | 0.74 1.23
tradd 1,2,4 1.00 | 2.14 | 1.00 | 0.93 | 0.87 | 2.64 | 2.83 | 1.52 | 1.15 | 0.93 | 0.87 | 0.93 | 0.93 | 0.87 | 3.73 1.15 1.32
tp53 1,3,4 1.00 | 0.89 | 0.93 | 1.09 | 0.95 | 0.91 | 3.55 | 1.24 | 0.91 | 1.05 | 0.76 | 0.98 | 0.83 | 0.85 | 444 | 2.64 | 3.68
nfkbl 1,3,5,6 1.00 | 0.47 | 1.07 | 0.44 | 0.66 | 0.23 | 041 | 0.71 | 0.50 | 0.66 | 0.38 | 0.44 | 0.50 | 0.71 | 0.47 | 2.01 | 0.38
casp2 1,4 1.00 | 0.91 [ 0.39 | 1.09 | 0.73 | 0.56 | 1.01 | 0.88 | 0.68 | 1.02 | 0.72 | 0.74 | 1.29 | 042 | 1.14 0.35 0.50
Imna 1,4 1.00 | 1.02 | 0.74 | 1.97 | 1.26 | 1.72 | 4.19 | 1.59 | 091 | 0.77 | 0.68 | 3.19 | 243 | 0.74 | 1.02 | 0.95 131
pbl 1,4 1.00 | 0.93 | 0.87 | 0.76 | 1.00 | 0.76 | 0.81 | 1.00 | 1.00 | 4.00 | 0.81 | 0.93 | 0.93 | 0.66 | 1.23 0.31 1.07
bak1 1,6 1.00 | 3.48 | 8.00 | 3.25 | 2.00 | 6.06 | 5.28 | 1.15 | 429 | 3.03 | 3.48 | 4.29 | 1.87 | 3.03 | 6.96 1.15 | 4.92
birc5 1,6 1.00 | 0.23 | 0.35 | 0.33 | 0.71 | 0.22 | 1.00 | 0.87 | 0.33 | 0.93 | 0.57 | 0.33 | 1.15 | 0.81 | 0.29 4.00 0.31
tnfsf12 2 1.00 | 0.31 | 1.00 | 1.15 | 0.76 | 0.76 | 1.41 | 1.52 | 1.07 | 1.00 | 1.32 | 0.25 | 1.41 | 1.15 | 1.15 | 022 | 0.41
cyct 2,3 1.00 | 0.84 | 1.07 | 0.95 | 1.49 | 1.16 | 3.46 | 0.76 | 1.42 | 1.21 | 0.79 | 1.20 | 0.92 | 0.79 | 1.83 0.33 1.57
bag4 2,4 1.00 | 0.93 | 0.66 | 0.81 | 0.66 | 1.07 | 1.07 | 1.23 | 0.93 | 0.87 | 1.23 | 0.57 | 0.81 | 1.00 | 0.41 1.18 | 0.38
cer5 3 1.00 | 0.71 | 1.07 | 0.71 [ 0.33 | 0.54 | 1.00 | 0.71 | 1.00 | 0.66 | 0.87 | 1.00 | 1.00 | 0.57 | 1.32 | 0.87 1.41
map2k1 3 1.00 | 4.76 | 444 | 2.47 | 3.26 | 2.44 | 3.22 | 2.13 [ 1.61 | 0.95 | 1.07 | 1.77 [ 7.60 | 7.17 | 0.86 0.66 2.40
mapk8 3,4 1.00 | 0.54 | 0.76 | 1.87 | 0.62 | 0.93 | 0.93 | 1.62 | 2.30 | 0.93 | 1.52 | 0.87 | 0.41 | 0.87 | 0.81 | 0.93 1.07
mapk1 3,5 1.00 | 1.96 | 1.71 | 1.71 | 1.55 | 1.62 [ 2.43 | 1.22 | 2.45 | 1.81 | 1.03 | 2.25 | 2.26 | 1.19 | 2.17 1.23 1.85
arhgdib 4 1.00 | 3.73 | 6.50 | 8.57 | 2.83 | 4.92 | 8.00 | 3.03 | 9.85 | 6.50 | 1.23 | 8.57 | 5.66 | 3.73 | 13.00 | 13.00 | 27.86
ripkl 4 1.00 | 1.09 | 0.43 | 0.92 | 0.83 | 1.21 | 1.54 | 0.88 | 1.31 | 1.07 | 0.70 | 0.79 | 0.58 | 0.88 | 1.38 | 0.80 | 1.38
rela 4,6 1.00 | 0.54 [ 0.50 | 1.15 | 0.71 | 0.93 | 1.74 | 1.23 | 1.41 | 1.23 | 0.57 | 0.87 | 0.81 | 0.54 | 1.62 1.07 1.41
chuk 5 1.00 | 0.25 | 0.31 | 0.12 | 0.41 | 047 | 0.57 | 0.38 | 1.32 | 0.31 | 0.31 | 0.81 | 1.23 | 1.32 | 022 | 047 | 0.4l
ikbkb 5 1.00 | 0.71 | 0.50 | 0.66 | 0.41 | 0.41 | 1.23 | 0.54 | 0.33 | 0.71 | 0.25 | 1.00 | 0.38 | 0.57 | 0.87 1.00 1.41
Ita 5 1.00 | 0.66 | 0.93 | 1.00 | 0.81 | 0.62 | 2.00 | 0.62 | 0.87 | 0.81 | 1.41 | 0.81 | 1.74 | 0.62 | 2.46 | 2.00 | 2.30
nfkbia 5 1.00 | 459 | 141 | 2.64 | 123 | 1.74 [ 1.23 | 2.64 | 1.74 | 141 | 6.06 | 1.07 | 1.74 | 1.00 | 1.23 0.87 1.41
ber 6 1.00 | 1.24 | 1.12 | 0.89 | 0.96 | 1.03 | 1.67 | 2.46 | 0.95 | 0.61 | 1.01 | 0.76 | 0.64 | 0.53 | 1.43 1.86 | 1.13
bmf 6 1.00 | 1.15 | 1.74 | 1.74 [ 230 | 1.62 [ 1.62 | 0.81 | 1.41 | 1.32 | 093 | 3.25 | 1.07 | 1.32 | 2.64 1.41 2.46
capnl 6 1.00 | 0.41 | 0.25 | 0.62 | 0.81 | 0.33 | 0.87 | 0.44 | 0.23 | 0.27 | 0.50 | 0.25 | 0.16 | 0.25 | 0.31 0.33 0.71
caspl2 6 1.00 | 0.33 | 0.54 | 0.54 | 0.50 | 0.54 | 0.54 | 0.38 | 1.32 | 2.14 | 0.35 | 0.29 | 0.93 | 0.54 | 1.32 1.87 1.74
erbb2 6 1.00 | 1.15 | 1.52 | 1.87 | 1.23 | 1.52 | 1.62 | 0.50 | 1.41 | 0.93 | 1.00 | 1.00 | 1.23 | 1.00 | 0.33 1.15 0.57
frapl 6 1.00 | 0.31 | 0.76 | 3.25 | 1.52 | 2.00 | 2.46 | 1.00 | 1.52 | 3.25 | 1.41 | 1.32 | 1.23 | 1.52 | 246 | 2.14 | 2.30
gjal 6 1.00 | 1.35 | 3.79 | 1.52 [ 2.44 | 2.94 | 2.80 | 1.71 | 1.84 | 1.76 | 0.72 | 1.83 | 0.94 | 1.75 | 3.05 1.96 | 4.50
rtn3 6 1.00 | 3.65 | 4.11 | 4.22 | 3.02 | 3.68 | 4.70 | 3.67 | 4.19 | 4.15 | 1.96 | 3.44 | 2.15 | 448 | 4.62 | 2.83 | 5.04
tlr2 6 1.00 | 1.07 | 0.76 | 0.66 | 0.81 | 1.07 | 0.87 | 1.74 | 1.74 | 2.00 | 2.30 | 1.52 | 1.74 | 1.52 | 132 | 1.15 1.15

1, FAS signaling pathway; 2, DR3 signaling pathway; 3, DR4/5 signaling pathway; 4, TNFR1 signaling pathway;
S, TNFR2 signaling pathway; 6, endoplasmic reticulum signaling pathway; gray means upregulated, green means
downregulated.

According to the array data, at each liver regeneration time point, the upregulation and
downregulation numbers of initially and totally expressed genes are as follows: 10 and 7, 10
and 7at0.5h;8and 2,8 and 11 at1h;3and 1,9and4 at2h; 1and2, 10 and 7 at4 h; 1 and

Genetics and Molecular Research 15 (2): gmr.15028288 ©FUNPEC-RP www.funpecrp.com.br



X.K. Xing et al. 6

1,13and 7at6h;5and 1, 17and 3 at8h;2and 2,9 and 6 at 12 h; 1 and 0, 9 and 6 at 16 h; 3
and 0, 11 and 2 at 24 h; 0 and 0, 7and 7at 30 h; 0 and 0, 11 and 7 at 36 h; 0 and 1, 10 and 4 at
42h;1and 0, 7and 4 at 54 h; 0 and 1, 15 and 7 at 66 h; 0 and 0, 12 and 7 at 96 h; and 0 and
0, 15 and 6 at 144 h (Figure 2).
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Figure 1. Gene expression at different periods of liver regeneration.
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Figure 2. Starting expression and total expression of apoptosis-related genes in liver regeneration at each time
point.
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Similarity and temporal correlation between genes

According to the similarity of liver regeneration-related gene expression, the 40 death
receptor and 15 ER genes described above can be divided into 5 categories: all upregulated,
dominant upregulated, all downregulated, dominant downregulated, and similar up- or
downregulated, which involved 25, 1, 20, 2, and 1 gene(s), respectively. According to the time
correlation of gene expression during liver regeneration, these genes can be divided into 9
groups: 0.5h, 1and4 h,2and 6 h, 8 h, 12 and 30 h, 16 and 24 h, 36 h, 42 and 54 h, and 66-144
h, where the number of upregulated and downregulated genes were 10 and 7, 11 and 14, 14
and 8,17 and 3,12 and 10, 14 and 7, 11 and 7, 12 and 7, and 18 and 11, respectively (Figure 3).

Figure 3. Similarity clustering and temporal correlation of gene expression related to death receptor- and endoplasmic
reticulum-mediated apoptosis signaling pathways during liver regeneration. Red represents upregulated genes;
green, downregulated genes; and black, no significant change in expression. Pink tree shows similarity clustering;
and black tree, temporal correlation clustering.

Correlation between genes

To analyze the correlation between the genes related to death receptor- and ER-
mediated apoptotic signaling pathways and liver regeneration, the spectrum function E(t) was
used to analyze the gene synergetic effects. The E(t) values of genes related to the FAS apoptosis
pathway were significantly higher than those of the control at 144 h after PH (Figure 4A). The
E(t) values of genes related to the DR3-mediated apoptosis pathway were significantly higher
than those of the control at 66 h after PH (Figure 4B). The E(t) values of genes related to the
DR3-mediated anti-apoptosis pathway were significantly higher than those of the control at
30 h after PH (Figure 4C). The E(t) values of genes related to the DR4/5 apoptosis pathway
were lower than those of the control at each time point after PH (Figure 4D). The E(t) values
of genes related to the TNFR1 apoptosis pathway were significantly higher than those of the
control at 2, 8, 16, 24, 36, and 66-144 h after PH (Figure 4E). The E(t) values of genes related
to the TNFRI1 anti-apoptosis pathway were lower than those of the control at each time point
after PH (Figure 4F). The E(t) values of genes related to the TNFR2 anti-apoptosis pathway
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were significantly higher than those of the control at 0.5 and 30 h after PH (Figure 4G). The
E(t) values of genes related to the ER apoptosis pathway were significantly higher than those
of the control at 8, 66, and 144 h after PH (Figure 4H).
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Figure 4. Role of apoptosis pathways in liver regeneration. A. FAS apoptosis pathway. B. DR3 apoptosis pathway.
C. DR3 anti-apoptosis pathway. D. DR4/5 apoptosis pathway. E. TNFR1 apoptosis pathway. F. TNFR1 anti-
apoptosis pathway. G. TNFR2 anti-apoptosis pathway. H. Endoplasmic reticulum apoptosis pathway. X-axis is
recovery time after partial hepatectomy (h) and y-axis is spectrum function E(t).

DISCUSSION

The primary focus of this study was to examine the role of expression changes in genes
related to apoptosis signaling pathways mediated by FAS, DR3, DR4/5, TNFR1, and TNFR2
during rat liver regeneration. Among them, mitogen-activated protein kinase kinase kinase 5
(MAP3KS5) can combine with thymoma viral proto-oncogene (AKT) and heat-shock protein
90 (HSP90) to form a complex that protects cells from stress-induced apoptosis (Zhang et al.,
2005). TNFR superfamily receptor-interacting serine-threonine kinase 1 (RIPK1) can interact
with TNFR superfamily member 1/6 (TNFRSF1/6) to induce cell apoptosis (Kurenova et al.,
2004). Both were upregulated 1 h after PH and might regulate cell apoptosis together.

Guanosine diphosphate dissociation inhibitor beta (ARHGDIB) is transferred to the
nucleus after being cleaved into 23-kDa pieces by CASP3 (Kwon et al., 2002). ARHGDIB was
upregulated during the entirety of liver regeneration and might play a key role in regulating
cell apoptosis. Caspase 8 associated protein 2 (CASP8AP2) is involved in cell activation
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mediated by nuclear factor kappa B (NFxB) (Jun et al., 2005) and cell survival. CASP8AP2
was upregulated during the entirety of liver regeneration and might inhibit cell apoptosis.

B-cell leukemia/lymphoma 2 modifying factor (BMF) promoted injured cell apoptosis
(Puthalakath etal., 2001). It was upregulated 4, 36, 66, and 144 h after PH, indicating promotion
of apoptosis in injured, defective, and excess cells. Carbamoyl phosphate synthetase 11 (CAD)
can bind with histone H1 to induce DNA fragmentation (Korn et al., 2005). It was upregulated
0.5, 6, and 30-96 h after PH and may promote apoptosis. CASP7 is often activated first
and then activates other hydrolytic enzymes to promote apoptosis (Borghetti et al., 2015).
CASP7 was upregulated 12 h after PH and it may promote the apoptosis of defective cells.
MAP2K1 can increase the expression of DR4 and DRS, and enhance the affinity of the TNF-
related apoptosis-inducing ligand (TRAIL) (Drosopoulos et al., 2005). TNFRSF member
1A-associated death domain (TRADD) together with TNFRSF member 6-associated death
domain protein (FADD) and CASP8 promote cell apoptosis (Bender et al., 2005). TRADD
was upregulated 0.5 and 6-8 h after PH and might promote injured cell apoptosis. TRADD
was also upregulated 66-96 h after PH and might promote the apoptosis of excess cells. B-cell
leukemia/lymphoma 2-associated athanogene 4 (BAG4) inhibits cell apoptosis (Antoku et
al., 2001). BAG4 was downregulated 66 and 144 h after PH and might promote apoptosis
of defective and excess cells. TNF ligand superfamily member 12 (TNFSF12) promotes
cell survival by inducing BCL-XL/BCL-W expression through NFxB (Tran et al., 2005).
TNFSF12 was downregulated 0.5, 36, 96, and 144 h after PH, and might promote apoptosis of
injured, defective, and excess cells.

Breakpoint cluster region (BCR) can inhibit the release of cytochrome C from
mitochondria and activation of cysteine-specific protease (Deming et al., 2004). BCR was
upregulated 16 h after PH and inhibited cell apoptosis. CASP12 can induce apoptosis during
calcium depletion of the ER (Diaz-Horta et al., 2003). CASP12 was downregulated at 0.5,
4, 12, and 30-36 h after PH and inhibited apoptosis in the early and middle stages of liver
regeneration.

Lamin A (LMNA) is associated with chromosome attachment and anchoring (Meaburn
et al., 2005). LMNA was upregulated 8, 36, and 42 h after PH and might play a key role in
maintaining the stability of chromosome structure in cell proliferation. CASP6 can induce
the degradation of the nucleus protein fiber layer A (MacLachlan and El-Deiry, 2002). CASP6
was downregulated 4, 6, 16, and 54-66 h after PH and might be involved in maintaining
the stability of chromosome structure. Conserved helix-loop-helix ubiquitous kinase (CHUK)
promotes the pro-protein p100 to become p52, which is part of the NFkB complex (Qing and
Xiao, 2005). CHUK was downregulated during the entirety of liver regeneration, indicating
the weak role of NFkB in liver regeneration. Growth arrest and DNA-damage-inducible 45
beta (GADD45B) is involved in increasing the cell volume during rat liver regeneration. This
is consistent with the reported results at most time points after PH (Columbano et al., 2005).
Interferon-alpha 1 (IFNA1) can induce apoptosis of hair cells by inhibitors of apoptosis (IAP)
(Baker et al., 2002). IFNA1 was downregulated 1, 4, and 12 h after PH, which indicates that it
also inhibits cell apoptosis in liver tissue regeneration. Neutrophil cytosolic factor 1 (NCF1) has
been shown to promote angiogenesis (Touyz et al., 2005). NCF1 was upregulated at multiple
time points in the stage of cell proliferation, tissue structural and function reconstruction in
liver regeneration, and might be related to the growth of the regenerated liver. Reticulon 3
(RTN3) is located in the ER and is involved in the survival and regeneration of nerve cells (Di
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Scala et al., 2005). RTN3 was upregulated during the entirety of liver regeneration and might
be related to nerve reconstruction in regenerating liver.

To analyze the correlation between the apoptosis signaling pathway-related genes
during rat liver regeneration, the spectrum function E(t) was used to analyze the gene synergetic
effects. The E(t) values indicated that FAS, DR3, TNFR1, and ER pathways promoted cell
apoptosis during the entire liver regeneration process. The anti-apoptosis pathways DR3 and
TNFR2 were involved in the early stages of liver regeneration.

In summary, the four death receptor- and ER-mediated apoptosis signaling pathways
did indeed promote apoptosis of damaged, defective, diseased, and excess cells throughout
the liver regeneration process in the rat model, working together to achieve proper regulation
of the quality and quantity of regenerating hepatocytes. In the future, we will further verify
these results at the cellular level by applying Northern blot, protein chip, RNA interference,
and other methods.
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