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ABSTRACT. Previous studies have demonstrated that the nuclear 
factor κB (NF-κB) pathway is involved in promoting cell proliferation. 
To further explore the regulatory branches and their sequence in the 
NF-κB pathway in the promotion of hepatocyte proliferation at the 
transcriptional level during rat liver regeneration, Rat Genome 230 
2.0 array was used to detect the expression changes of the isolated 
hepatocytes. We found that many genes involved in the NF-κB pathway 
(including 73 known genes and 19 homologous genes) and cell 
proliferation (including 484 genes and 104 homologous genes) were 
associated with liver regeneration. Expression profile function (Ep) was 
used to analyze the biological processes. It was revealed that the NF-
κB pathway promoted hepatocyte proliferation through three branches. 
Several methods of integrated statistics were applied to extract and 
screen key genes in liver regeneration, and it indicated that eight genes 
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may play a vital role in rat liver regeneration. To confirm the above 
predicted results, Ccnd1, Jun and Myc were analyzed using qRT-PCR, 
and the results were generally consistent with that of microarray data. 
It is concluded that 3 branches and 8 key genes involved in the NF-κB 
pathway regulate hepatocyte proliferation during rat liver regeneration. 

Key words: Rat liver regeneration; NF-κB signaling pathway; Key genes; 
Hepatocyte proliferation; Gene expression profile

INTRODUCTION

The liver comprises hepatocytes, bile duct epithelial cells and many other types of 
cells. Hepatocytes are the major hepatic cell type which account for 70-80% of the hepatic 
mass and 65% of total hepatic cells (Li et al., 2014), and they have many physiological func-
tions including storage, metabolism, bile secretion, oxidation protection, detoxification, and 
production of many growth factors and cytokines (Fausto, 1995). Normally, only less than 
0.01% hepatocytes of adult rat liver undergo mitosis (Xu et al., 2004). But a large number 
of quiescent hepatocytes can enter the cell cycle and proliferate rapidly to compensate for 
lost liver tissues after liver injury or partial hepatectomy (PH). The process is called liver 
regeneration (Xu et al., 2012). It is well known that the liver has an outstanding capacity for 
regeneration, and this process involves various physiological and biochemical activities such 
as cell activation, de-differentiation, proliferation and its regulation, re-differentiation, and 
rebuilding of structure and function (Dabeva et al, 1998), where it is regulated by many signal-
ing pathways (Brenner, 1998).

Previous studies have indicated that signal molecules such as tumor necrosis factor 
alpha (TNF-α), growth factors, and chemotactic factors can promote cell proliferation 
through the NF-κB signaling pathway (Bassères and Baldwin, 2006). Among them, the 
TNF-α branch promotes cell proliferation through TNF-α→TNFR1→TRADD→TRAF6→ 
IKK→IKB→NF-κB (Jackson-Bernitsas et al., 2007), the growth factor branch through 
growth factors→RTK→Ras→PI3K→Akt →NF-κB (Gui et al., 2011), and the chemotactic 
factor branch through chemokine→CR→Gαi→PI3K→Akt→NF-κB (Van Sweringen et al., 
2011). Generally, the NF-κB signaling pathway includes 238 genes, and cell proliferation 
includes 1784 genes, among which 136 genes are regulated by the NF-κB signaling pathway. 
Because many genes are involved in the NF-κB signaling pathway and cell proliferation and 
because there are complex interactions between the genes, systems biology methods need 
to be applied to analyze the regulatory networks and the sequence of the NF-κB signaling 
pathway in modulating hepatocyte proliferation. The NF-κB signaling pathway includes many 
branches. Little is known as to which branches regulate the proliferation of hepatocytes during 
liver regeneration. In this study, we used Rat Genome 230 2.0 array to determine the gene 
expression profiles of isolated hepatocytes from 10 time points of rat liver regeneration. The 
synergy between the genes involved in NF-κB signal pathways and cell proliferation were 
calculated with a mathematical model of expression profile function (Ep). The key genes in 
NF-κB signaling pathways and cell proliferation during rat liver regeneration were extracted 
and screened using an integrated statistics method and the way and mechanism of the key 
genes were analyzed using Pathway Studio 8.0.
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MATERIAL AND METHODS

Isolation and identification of hepatocytes from rat regenerating liver

The experimental procedure has been described in our previous studies. Briefly, rats 
of partial hepatectomy {PH groups and operation control [also called sham operation (SO)]} 
groups were prepared, and the isolated hepatocytes were identified by immunocytochemical 
analysis of two marker proteins, ALB and G6P (Wang et al., 2008). The purity of hepatocytes 
was ≥95%. All experiments were carried out in accordance with the current Animal Protection 
Law of China.

Rat Genome 230 2.0 microarray detection and data analysis

Total RNA was extracted and purified following the protocols previously described 
(Xu et al., 2010). Briefly, biotin-labeled cRNA was obtained using GeneChip In Vitro Transcript 
Labeling kit (ENZO Biochemical, New York, NY, USA), and then digested into 35- to 200-bp 
cRNA fragments. The hybridized arrays were washed and stained in GeneChip fluidics station 
450 (Affymetrix Inc., Santa Clara, CA, USA). The arrays were then scanned and imaged with 
a GeneChip scanner 3000 (Affymetrix Inc.). The images reflecting gene expression abundance 
were converted into signal values and detection P values using the Affymetrix GCOS 2.0 soft-
ware. P < 0.05 indicated that the gene was present (P), P < 0.065 meant marginal (M), and when 
P > 0.065 meant totally absent (A). The signal values were normalized and used to calculate 
the relative value of every gene (ratio value), and their log ratio values were then calculated. 
To minimize the technical errors from microarray experiments, the average value of three inde-
pendent detections by Rat Genome 230 2.0 array was used for further analysis. Statistical and 
cluster analyses were conducted with these values using GeneMath, GeneSpring, Microsoft 
Excel and Pathway Studio 8.0 (Amon et al., 2003; Nikitin et al., 2003; Mulrane et al., 2008).

qRT-PCR

Total RNA was extracted and purified following the protocols previously reported 
(Wang and Xu, 2010). Briefly, total RNA was reverse-transcribed using random primers and 
reverse transcription kit (Promega Corporation). The primers of Ccnd1 (NM_171992), Myc 
(NM_012603), Jun (NM_021835) and one internal control β-actin (NM_031144) were de-
signed by the Primer Express 2.0 software. First-strand cDNA samples were subjected to 
quantitative PCR amplification by using SYBR® Green I on the Rotor-Gene 3000A (Corbett 
Robotics, Brisbane, Australia), and the copy numbers of target genes in each milliliter of the 
sample were calculated according to their corresponding standard curves. The quantitative 
PCR cycling conditions were 2 min at 95°C, followed by 40 cycles for 15 s at 95°C, 15 s at 
60°C, and 30 s at 72°C, and every sample was analyzed in triplicate. The controls included 
no template control (NTC), in which water replaced template, and no reverse transcription 
control (NRTC), in which reverse transcription enzyme AMV was omitted in the RT steps.

Identification of NF-κB signaling pathway- and cell proliferation-related genes

First, the nomenclatures of “NF-κB signaling pathway” and “cell proliferation” were 
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input into NCBI (www.ncbi.nlm.nih.gov) and RGD (rgd.mcw.edu) to collect rat, mouse and hu-
man genes associated with the NF-κB signaling pathway or cell proliferation. They were then 
collated and collected according to physiological pathway maps embodied by GENMAPP (www.
genmapp.org), KEGG (www.genome.jp/kegg/pathway.html), and QIAGEN (www.qiagen.com/
geneglobe/pathways.aspx) (Salomonis et al., 2007; Antonov et al., 2010). Moreover, NF-κB sig-
naling pathway-related genes, such as Nfkb, Nfkb2, Rela, Relb, Rel(c-Rel), were input into TRED 
(http://rulai.cshl.edu/cgi-bin/TRED/tred.cgi?process=searchTFGeneForm), lymph TFDB (http://
www.iupui.edu/~tfinterx/activity.php) and into NF-kB (http://www.bu.edu/nf-kb/gene-resources/
target-genes/) to find out their downstream target genes in rat (Childress et al., 2007; Jiang et al., 
2007), mouse and human, among which cell proliferation-related genes were identified with the 
NCBI database. In the end, the genes were reconfirmed through literature searches of pertinent 
articles. BLAST program was used to find out the homologous liver regeneration-related genes 
(Mojtaba et al., 2005), and the unknown genes homologous to NF-κB signaling pathway and/or 
cell proliferation-related genes were considered to possess the same function.

Identification of significantly changed genes and liver regeneration-related genes 
during rat liver regeneration 

The log ratio values of PH normalized to that of control were used to calculate the 
relative value of every gene (ratio values), and the gene was considered significantly changed 
when its ratio values were ≥3 or ≤0.33 and considered non-significantly changed gene when 
its ratio values were between 2.99 and 0.34 during liver regeneration (Vardhanabhuti et al., 
2006). At the same time, a t-test was used to analyze the significance of gene expression differ-
ence between PH and SO groups (de Menezes et al., 2004). The genes that were significantly 
changed in at least one time point during liver regeneration 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 liver regeneration.

Analysis of gene synergy

The model Ep was established by Xu and Jiang (2011), and used to analyze the synergy 
between NF-κB signaling pathway- and cell proliferation-related genes. In brief, Rat Genome 
230 2.0 could detect the expression changes of 20,489 genes of rat hepatocytes (Fukuhara et 
al., 2003), and the gene signal value in PH to that in SO groups was considered the ratio value 
for every gene. NF-κB signaling pathway- and hepatocyte proliferation-related genes were 
identified and collected from NCBI, RGD, GENMAPP, KEGG, and QIAGEN websites, and 
the log ratio values for these genes were calculated. In the end, the log ratio values for these 
genes were input into the Ep formula to determine gene synergy.

Exploring and screening of key genes during rat liver regeneration

The key genes in rat liver regeneration were explored and screened according to the 
methods of integrated statistics established by Liu et al. (2013). In brief, Rat Genome 230 2.0 
could detect the expression changes of 20,489 genes of rat hepatocytes, and the ratio value of 
every gene were input into every formula to calculate gene expression difference in hepato-
cytes of rat liver regeneration. The top 1000 genes with maximal expression difference were 
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then integrated for every formula. The top 1000 genes with highest frequency of occurrence 
from all algorithms were obtained. Only the genes belonging to the 1000 genes involved in 
the NF-κB signaling pathway and hepatocyte proliferation were considered as the key genes 
of hepatocytes in rat liver regeneration.

Analysis of interactions among key genes and other genes 

Pathway Studio 8.0 was used to analyze and establish the interaction network for the 
whole genomic genes and then for the key genes of rat hepatocytes (Nikitin et al., 2003). Af-
terwards, the key genes were input into the interaction network of the whole genomic genes 
to identify their location, nodes, relationships and effects. Finally, the above information was 
used to enrich and rebuild the interaction network of the NF-κB signal pathway- and hepatocyte 
proliferation-related genes, and then to identify the functions and pathways of the key genes.

RESULTS

Expression change of NF-κB signaling pathway genes related to hepatocyte 
proliferation

The data from NCBI, RGD, etc. and biological pathway maps in KEGG and QIAGEN 
etc. showed that 238 genes were involved in the NF-κB signaling pathway, among which 168 
known genes and 20 unknown homologous genes were contained in the Rat Genome 230 
2.0 array. The comparable analysis of PH and SO groups by a t-test indicated that 92 genes 
were significantly changed in hepatocytes of regenerating liver and were identified as liver 
regeneration-related genes, among which 63 known genes including Tnf and 15 unknown 
homologous genes were upregulated, 9 known genes including Egf and 2 unknown homolo-
gous genes were downregulated, 6 genes including Lifr, Bf563716 and Aw532142 were up-/
downregulated (Table S1).

The data from NCBI, RGD, etc. and biological pathway maps in KEGG and QIAGEN 
showed that 1784 genes were involved in cell proliferation, among which 1314 known genes 
and 108 unknown homologous genes were included in the Rat Genome 230 2.0 array. The 
comparable analysis of PH and SO groups by a t-test indicated that 588 genes were signifi-
cantly changed in hepatocytes of regenerating liver and were identified as liver regeneration-
related genes, among which 428 genes including Ccnd1 and 84 unknown homologous genes 
were upregulated, and 52 genes such as Dusp1 and 17 unknown homologous genes were 
downregulated, while 4 genes including DSN1 and 3 unknown homologous genes were up-/
downregulated (Table S2).

The data from TRED, lymph TF DB, etc. show that 903 genes are regulated by 
NF-κB signaling pathway. Among them, 469 genes are contained in Rat Genome 230 2.0 
Array, and only 125 known genes and 11 unknown homologous genes were cell prolifera-
tion-related target genes. The difference analysis of gene expression in PH and SO groups 
indicated that 70 genes were significantly changed in hepatocytes of regenerating liver and 
were considered as liver regeneration-related genes, among which 53 known genes including 
Ccnd1 etc. and 10 unknown homologous genes were upregulated and 5 known genes such 
as Dusp1 and 1 unknown homologous gene Bm390716 were downregulated, while Kdr was 
up-/downregulated (Table 1).

http://www.geneticsmr.com/year2015/vol14-3/pdf/gmr5402_supplementary.pdf
http://www.geneticsmr.com/year2015/vol14-3/pdf/gmr5402_supplementary.pdf
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Gene symbol				   Recovery time (h) after partial hepatectomy (PH)

	 0	 2	 6	 12	 24	 30	 36	 72	 120	 168

Ptpn1	 1.00	 3.37	 2.46	 1.89	 1.29	 1.39	 1.23	 1.52	 1.73	 1.53
Cdkn1a	 1.00	 3.40	 2.62	 1.58	 1.76	 2.96	 1.53	 0.70	 1.18	 1.04
Pim1	 1.00	 1.21	 1.13	 0.88	 1.30	 0.98	 0.90	 1.03	 1.01	 0.88
AI598401	 1.00	 4.26	 1.55	 0.58	 1.10	 1.21	 1.12	 1.46	 2.04	 1.36
Igfbp1	 1.00	 4.77	 1.04	 1.59	 2.38	 1.52	 1.15	 2.41	 1.89	 1.85
Gadd45a	 1.00	 6.92	 2.88	 0.91	 1.12	 1.10	 0.95	 1.23	 1.06	 0.78
Map3k8	 1.00	 14.44	 2.28	 2.21	 1.55	 1.18	 1.08	 1.89	 2.58	 1.90
Prl	 1.00	 0.99	 4.50	 0.82	 2.46	 2.40	 0.98	 1.05	 0.80	 2.48
Il11	 1.00	 1.08	 2.12	 4.32	 0.91	 1.03	 0.83	 1.47	 0.92	 1.05
Skp2	 1.00	 1.03	 0.62	 1.03	 3.71	 2.44	 2.66	 0.98	 0.84	 1.20
Fgf8	 1.00	 1.13	 2.89	 1.41	 1.33	 4.40	 1.53	 1.60	 1.56	 2.84
Il1b	 1.00	 1.32	 1.67	 0.98	 2.30	 1.71	 2.04	 3.28	 2.31	 2.78
Ets1	 1.00	 0.56	 0.71	 0.69	 1.29	 0.98	 1.29	 4.23	 1.85	 1.34
S100a6	 1.00	 1.18	 1.59	 1.16	 2.21	 1.51	 2.07	 7.68	 1.27	 0.93
Tert	 1.00	 0.96	 0.44	 0.63	 1.64	 1.25	 1.84	 2.80	 1.71	 3.35
Bcl3	 1.00	 4.35	 3.20	 2.54	 1.66	 1.07	 1.08	 1.77	 2.06	 1.82
Bmp2	 1.00	 0.37	 0.75	 0.51	 1.08	 0.73	 1.18	 6.60	 1.92	 1.10
BG376853	 1.00	 2.18	 6.94	 3.18	 4.81	 1.01	 1.18	 5.90	 2.98	 2.85
Ccnd2	 1.00	 0.77	 0.80	 0.68	 1.37	 2.01	 2.57	 7.29	 1.16	 1.38
BG380633	 1.00	 1.00	 1.27	 0.91	 2.56	 3.67	 4.50	 10.33	 2.60	 2.53
Hmox1	 1.00	 13.12	 7.99	 8.41	 2.04	 2.96	 3.54	 4.47	 6.75	 2.87
BF282029	 1.00	 1.45	 2.40	 5.59	 3.68	 4.12	 3.21	 3.42	 2.67	 1.98
Jun	 1.00	 3.29	 2.68	 1.97	 3.97	 1.54	 1.91	 2.14	 1.75	 2.18
Myc	 1.00	 5.43	 1.77	 1.84	 5.10	 1.75	 1.14	 1.48	 1.27	 1.33
Pcna	 1.00	 1.19	 1.02	 1.25	 3.50	 3.83	 2.77	 0.81	 0.80	 0.82
Tgfb1	 1.00	 1.19	 1.14	 1.44	 1.88	 1.60	 1.74	 7.05	 5.16	 2.01
Ngf	 1.00	 4.81	 1.11	 2.62	 0.99	 1.26	 2.17	 2.38	 3.42	 4.68
Wt1	 1.00	 2.55	 3.19	 3.63	 2.04	 2.48	 1.65	 3.60	 1.96	 1.78
Ptprv	 1.00	 1.72	 4.37	 2.56	 1.20	 5.91	 1.75	 4.59	 1.18	 2.59
Tnf	 1.00	 1.71	 4.98	 2.26	 1.96	 2.80	 3.65	 3.40	 2.03	 1.39
Creb1	 1.00	 1.76	 6.02	 1.94	 1.55	 2.42	 4.55	 3.29	 1.15	 2.47
Birc5	 1.00	 1.14	 0.69	 0.77	 3.63	 5.08	 5.44	 2.27	 1.15	 0.74
Brca1	 1.00	 1.17	 1.19	 1.06	 5.29	 4.42	 4.00	 1.65	 1.27	 1.30
BF284903	 1.00	 0.83	 1.01	 0.62	 8.73	 4.72	 6.56	 2.90	 1.86	 1.22
Ccr5	 1.00	 1.57	 2.36	 1.27	 3.00	 7.14	 1.41	 3.53	 1.45	 2.95
Il2ra	 1.00	 1.34	 1.57	 1.79	 1.34	 3.32	 3.84	 2.62	 1.17	 3.29
Cd74	 1.00	 0.73	 1.57	 0.77	 1.82	 1.30	 1.27	 7.17	 3.08	 3.39
Hgf	 1.00	 1.37	 3.23	 2.73	 6.76	 3.91	 2.54	 18.65	 1.43	 2.77
Ccnd1	 1.00	 1.75	 1.24	 3.28	 4.14	 8.92	 6.57	 2.11	 2.61	 1.40
Il10	 1.00	 1.02	 0.83	 0.89	 5.76	 5.39	 4.45	 3.93	 1.91	 0.95
Brca2	 1.00	 1.80	 0.49	 1.79	 11.70	 11.30	 10.51	 7.80	 2.09	 1.23
Pla2g2a	 1.00	 0.68	 1.09	 0.70	 21.42	 1.73	 4.59	 151.14	 4.10	 1.13
Fyn	 1.00	 0.61	 2.53	 1.47	 2.95	 2.63	 3.16	 9.87	 4.19	 3.27
Junb	 1.00	 8.32	 4.32	 3.13	 3.05	 1.05	 0.85	 2.15	 3.31	 1.92
Lipg	 1.00	 8.83	 1.59	 1.20	 10.64	 8.62	 12.71	 1.60	 2.70	 7.77
Fos	 1.00	 5.02	 1.12	 4.73	 14.96	 2.31	 1.04	 5.21	 2.76	 4.23
Pten	 1.00	 0.97	 0.70	 0.93	 0.77	 1.20	 0.83	 0.94	 1.09	 1.20
BE103748	 1.00	 1.43	 0.57	 2.59	 5.95	 3.58	 4.86	 8.84	 3.07	 2.80
Tnfrsf9	 1.00	 3.80	 1.53	 9.55	 3.36	 2.51	 3.35	 4.25	 3.70	 2.42
Ppara	 1.00	 7.14	 0.68	 0.87	 2.81	 6.00	 6.63	 3.78	 3.35	 5.07
BM390716	 1.00	 1.23	 0.25	 0.24	 0.47	 0.89	 0.69	 1.53	 1.72	 2.00
Serpine1	 1.00	 16.12	 3.33	 22.52	 4.81	 4.34	 2.76	 7.52	 1.83	 1.63
Timp1	 1.00	 1.88	 4.32	 4.90	 14.94	 6.13	 8.45	 33.89	 2.66	 1.33
Myod1	 1.00	 1.90	 15.60	 11.59	 10.62	 2.51	 1.92	 15.49	 3.10	 11.00
S100a10	 1.00	 2.11	 2.08	 6.19	 3.14	 9.83	 5.40	 7.65	 3.60	 2.87
Cebpd	 1.00	 14.03	 5.71	 7.62	 3.23	 2.16	 2.24	 5.84	 6.59	 5.29
Cxcl1	 1.00	 47.47	 28.53	 15.40	 6.92	 0.59	 2.58	 6.94	 13.60	 4.33
S100a4	 1.00	 1.13	 3.98	 3.49	 13.84	 12.12	 17.77	 24.62	 6.43	 1.30
Rela	 1.00	 1.38	 1.21	 1.28	 1.14	 1.05	 1.00	 0.95	 1.11	 1.02

Table 1. Expression changes of hepatocyte proliferation-related genes regulated by NF-κB signaling pathway 
during rat liver regeneration.

Continued on next page
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The expression trends of 4 target genes including Ccnd1, MYC and JUN were detected 
by real-time RT-PCR and were compared to the results by gene chip detection, which showed 
that their expression trends detected by the above two methods were generally consistent (Fig-
ure 1). Other genes detected by real-time RT-PCR in our previous papers also gave the same 
results (Xu and Zhang, 2009), indicating that the array results were reliable for further analysis.

Gene symbol				   Recovery time (h) after partial hepatectomy (PH)

	 0	 2	 6	 12	 24	 30	 36	 72	 120	 168

BF419700	 1.00	 1.94	 1.34	 5.47	 6.20	 3.70	 7.14	 5.62	 3.69	 9.35
Cyld	 1.00	 0.93	 1.00	 1.01	 1.00	 1.08	 0.95	 1.10	 1.08	 1.04
BF284574	 1.00	 2.53	 3.94	 4.47	 5.27	 5.07	 4.62	 6.51	 3.21	 5.13
Bcl2	 1.00	 3.07	 1.85	 4.39	 3.60	 5.06	 4.98	 6.04	 3.06	 3.15
BE109363	 1.00	 1.72	 1.79	 3.19	 2.66	 2.07	 2.98	 3.30	 3.46	 3.58
BF398185	 1.00	 13.63	 22.68	 2.63	 17.98	 16.62	 30.78	 2.94	 22.32	 13.56
Csf3	 1.00	 3.07	 4.05	 5.68	 1.46	 5.89	 3.47	 4.21	 3.66	 3.81
Gadd45b	 1.00	 148.86	 34.04	 17.96	 21.46	 29.10	 10.87	 42.88	 25.52	 11.86
Ppard	 1.00	 0.70	 0.24	 0.63	 0.49	 0.35	 1.11	 0.78	 0.48	 1.11
Tbxa2r	 1.00	 1.41	 1.04	 0.64	 0.89	 0.64	 0.25	 1.16	 0.77	 0.93
Il5	 1.00	 1.19	 1.33	 0.48	 1.29	 0.69	 0.32	 0.96	 1.29	 0.79
Met	 1.00	 1.43	 0.36	 0.58	 0.64	 0.75	 0.51	 0.23	 0.36	 0.70
Dusp1	 1.00	 0.33	 0.50	 0.23	 0.72	 0.36	 0.19	 0.47	 0.53	 0.96
Kdr	 1.00	 0.22	 0.33	 0.12	 1.18	 0.77	 1.16	 5.35	 2.33	 1.57

Table 1. Continued.

*Values in bold represent the expression abundance of upregulated genes, those in light gray that of the 
downregulated. The symbols in black ground indicate the unknown genes homologous to the above known genes.

Figure 1. mRNA expression of four selected genes measured by microarrays and RT-PCR. Solid line presented the 
results of RT-PCR and dotted line that of Rat Genome 230 2.0 Array.

Relationships between the signal transduction action of three branches of NF-κB 
signaling pathway and hepatocyte proliferation

Ep was used to analyze the synergy between NF-κB signaling pathway-related genes 
in hepatocytes, and it demonstrated that the signal transduction activity of NF-κB signaling 
pathway was increased during liver regeneration. EP values of genes related to three main 
branches of the NF-κB signaling pathway were also higher than those in normal control and 
SO groups (Figure 2).
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Figure 2. Relationships between the roles of NF-κB signaling pathway branches and that of their regulated 
hepatocyte proliferation.
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Ep values of hepatocyte proliferation-related genes were greater than those in normal 
control and SO groups, and peaked at 30 h after PH. Furthermore, Ep values of TNF-α, growth 
factor and chemotactic factor branch-regulated hepatocyte proliferation-related genes were 
also higher than those in normal control and SO groups, and were all significantly higher than 
those at 72 h (Figure 2).

The relationships between the signal transduction activity of NF-kB signaling path-
way and cell proliferation were analyzed by EP, and EP values of NF-kB signaling pathway-he-
patocyte proliferation-related genes were higher than those in normal control and SO groups.

In detail, EP of TNF-α branch-related genes was higher than those in normal control 
and SO groups since all the time after PH, and EP of its regulatory hepatocyte proliferation-
related genes was higher since 12 h. EP of growth factor branch-related genes was higher than 
those in normal control and SO groups except at 2 h, while its regulatory hepatocyte prolifer-
ation-related genes was higher since 12 h. EP of chemotactic factor branch-related genes were 
higher than those in normal control and SO groups except at 2, 6, and 120 h, and its regulatory 
hepatocyte proliferation-related genes were higher since 12 h.

Key genes in both NF-κB signaling pathway and hepatocyte proliferation, and 
their functions during rat liver regeneration

Several methods of integrated statistics were applied to analyze the difference in gene 
expression between PH and SO groups, and they indicated that the differences in eight genes 
including Tnfrsf12a, Cxcl12, Pik3r1, Lifr, Ccnd1, Dusp1, Myc, and Timp1 were maximal, 
demonstrating that the eight genes may play important roles in rat liver regeneration. TNF-α 
and its receptor TNFRSF12A together activate the NF-kB/TNFa branch, and they were both 
upregulated. Growth factor combined with its receptor gene Lifr activates Pik3r1, while 
Cxcl12 can also activate Pik3r1 through the NF-kB/chemotactic factor branch. Among the 
above genes, Cxcl12 was downregulated, Pik3r1 upregulated, and Lifr up-/downregulated. 
Bf419700, homologous to one member of the NF-kB family, Rela, was upregulated by the 
above three branches, and then Bf419700 promoted the expression of three cell proliferation-
stimulatory genes, Ccnd1, Myc and Timp1 and suppressed the expression of one cell prolifer-
ation-inhibitory gene Dusp1 (Figure 3).

Figure 3. Regulatory effect of the three branches of NF-κB signaling pathway on hepatocyte proliferation. Symbols 
in red represent meaningful upregulated genes, green means downregulated, blue denotes up/downregulated and 
black is insignificantly changed. Symbols in red bold indicate the genes homologous to the upper gene. The 
symbols in black bold shows the activity studied in this paper. Symbols with yellow ground represent the key genes. 
Numbers in circle are consistent with the ordinal numbers of proteins in Table S1.
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DISCUSSION

In this study, the expression profile of TNF-α branch-related genes was detected us-
ing Rat Genome 230 2.0 array at the transcriptional level during rat liver regeneration. It was 
found that TNF-α was upregulated at 36-72 h and its receptor Tnfrsf12a upregulated at 2-36 
h, and that Bf419700 (homologue of transcription factor NF-κB family member Rela) showed 
increased mRNA levels at 12-168 h. Key gene Ccnd1 was found upregulated at 12-36 h during 
rat liver regeneration, Timp1 showed enhanced expression at 72 h, while Dusp1 was down-
regulated at 2, 12, and 36 h (Table S1). Systems biology methods were applied to analyze the 
physiological processes indicated by gene expression changes, and it revealed that the TNF-α 
branch and its regulation of hepatocyte proliferation activity were enhanced during rat liver 
regeneration (Figure 1). The results above were consistent with those of Jackson-Bernitsas et 
al. (2007) and Gallucci et al. (2000), who found a correlation between the signal transduction 
activity of the TNF-α branch of the NF-κB signaling pathway and hepatocyte proliferation 
activity. On the basis of the above results, the possible relationship between the TNF-α branch 
and hepatocyte proliferation was deduced as follows. The overexpression of TNF-α and its 
receptor Tnfrsf12a activates transcription factor NF-κB family member Rela’s homologous 
gene AA998997, which augments hepatocyte proliferation activity by upregulating the expres-
sion of the cell proliferation-promoting genes Ccnd1, Myc, and Timp1 and downregulating the 
expression of the cell proliferation-inhibiting gene Dusp1, resulting in enhanced hepatocyte 
proliferation.

The expression of growth factor branch-related genes showed that hepatocyte growth 
factor (HGF) was upregulated at 6, 24-30, and 72 h in rat liver regeneration, epidermal growth 
factor (EGF) at 12 and 30 h, and nerve growth factor (NGF) at 2 and 120-168 h. Several 
members of fibroblast growth factor (FGF) family were upregulated during liver regeneration, 
with Fgf1 at 30 h, Fgf4 at 72 h, Fgf5 at 2, 12-24 and 36 h, Fgf7 at 6 h, Fgf8 at 30 h, Fgf12 
at 6, 24-73 and 168 h, Fgf13 at 24-30 and 72-168 h, Fgf14 during the whole process of liver 
regeneration, and Fgf21 at 12 h. Rtk/Lifr, the growth factor receptor, was increased at 2 h. 
Rtk-activated Bf389527 (the homologous gene of Kras) was elevated at the mRNA level at 6 h 
(Table S1). The activities of physiological processes reflected by the expression changes were 
analyzed then by systems biology methods, and both growth factor branches and its regula-
tion of hepatocyte proliferation activity were elevated in rat liver regeneration (Figure 1). The 
above results were consistent with those of other authors (Gezginci-Oktayoglu et al., 2010; 
Paranjpe et al., 2010; Gui et al., 2011; Tsai and Wang, 2011; Wu et al., 2011), who demon-
strated the correlation between the signal transduction activity of the growth factor branch of 
the NF-κB signaling pathway and hepatocyte proliferation activity. The above results helped 
deduce the following possible connection between the growth factor branch and hepatocyte 
proliferation activity. Upregulation of the above four kinds of growth factors and their recep-
tor gene Lifr promotes the overexpression of the Kras homologous gene Bf389527, which 
activates Bf419700 (the homologous gene of transcription factor NF-κB family member Rela), 
Bf419700 then enhances hepatocyte proliferation by upregulating cell proliferation-promoting 
genes Ccnd1, Myc, and Timp1 and downregulating cell proliferation-inhibiting gene Dusp1.

Microarray analysis of chemotactic factor branch-related genes pointed out that 
Cxcl12 was downregulated at 6-24 h, while its receptor-activated gene Gnail was upregu-
lated at 6-30 and 72-168 h, and its homologous gene Bf289002 at 6, 12, and 72 h during rat 
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liver regeneration (Table S1). The activities of physiological processes reflected by expres-
sion changes were analyzed by systems biology methods, and both the chemotactic factor 
branches and its regulation of hepatocyte proliferation activity were found increased in rat 
liver regeneration (Figure 1). This result was consistent with the conclusion of Van Sweringen 
et al. (2011), who demonstrated the correlation between the signal transduction activity of the 
chemotactic factor branch of the NF-κB signaling pathway and hepatocyte proliferation activ-
ity (Clarke et al., 2011; Van Sweringen et al., 2011). The above results led to the speculation 
that the downregulation of Cxcl12 and upregulation of its receptor-activated gene Gnail and 
its homologous genes Bf289002 together activate transcription factor NF-κB family member 
Rela’s homologous gene Bf419700, which augment hepatocyte proliferation activity by up-
regulating the expression of cell proliferation-promoting genes Ccnd1, Myc, and Timp1 and 
downregulating the expression of cell proliferation-inhibiting gene Dusp1, ultimately enhanc-
ing hepatocyte proliferation.

This study confirmed that 3 branches and 8 key genes involved in the NF-κB signaling 
pathway regulate the proliferation of hepatocytes during rat liver regeneration. In the future, 
gene knockout, overexpression, RNA interference, and some other methods will be used to 
further study the mechanisms about how every branch of the NF-κB signaling pathway regu-
lates hepatocyte proliferation in rat liver regeneration.
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