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ABSTRACT. We examined the gene expression profiles of the 
5-hydroxytryptamine signaling pathway in the regenerating liver and 8 
types of liver cells during rat liver regeneration, and explored expression 
differences in 5-hydroxytryptamine signaling pathway genes at the 
level of tissues and cells, as well as the role of the pathway on liver 
regeneration. Eight types of rat regenerating liver cells were isolated 
using Percoll density-gradient centrifugation and immunomagnetic 
bead methods. Rat Genome 230 2.0 Array was used to detect 
expression changes in 5-hydroxytryptamine signaling pathway genes. 
The results showed that 26, 47, 8, 21, 16, 19, 22, 27, and 20 genes 
changed significantly in hepatocytes, biliary epithelial cells, hepatic 
stellate cells, oval cells, sinusoidal endothelial cells, Kupffer cells, pit 
cells, dendritic cells, and the regenerating liver, respectively. Synthetic 
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effects of 5-hydroxytryptamine signaling pathway genes in 8 types 
of liver cells showed that 26 genes were expressed significantly; the 
expression trends of 10 genes were the same in the regenerating liver, 
while others were different. Based on the gene expression profiles of 
the 8 types of liver cells, 5-hydroxytryptamine promoted hepatocyte 
proliferation through the RAS and STAT3 signaling pathways, 
proliferation and differentiation of sinusoidal endothelial cells 
through the STAT3 signaling pathway, and proliferation and apoptosis 
of pit cells through the AKT3 signaling pathway. There were large 
differences in genes involved in 5-hydroxytryptamine signaling at the 
tissue and cellular levels; thus, liver regeneration should be studied in-
depth at the cellular level to reveal the molecular mechanism of liver 
regeneration.

Key words: 5-Hydroxytryptamine; Gene expression profiling analysis; 
Rat Genome 230 2.0 microarray; Rat liver regeneration

INTRODUCTION 

Liver regeneration (LR) is a very complex biological process (Lesurtel et al., 2006). 
After partial hepatectomy (PH), a large number of genes are involved in liver regeneration, in-
cluding cytokines, growth factors, and metabolism genes, which form 3 class networks (Faus-
to et al., 2006). Studies have shown that 5-hydroxytryptamine (5-HT) is a growth factor that 
plays a role in liver regeneration. After liver injury, the expression levels of the 5-HT receptors 
HTR2A and HTR2B increase in cells, stimulating cell growth and repairing the damaged liver 
after receptor binding in the blood (Fausto et al., 2006). However, the rat liver consists of 
many cell types, including hepatocytes (HCs), biliary epithelial cells (BECs), oval cells (OCs), 
hepatic stellate cells (HSCs), sinusoidal endothelial cells (SECs), Kupffer cells (KCs), pit cells 
(PCs), and dendritic cells (DCs), among others (Michalopoulos, 2007). Therefore, examining 
the effect of 5-HT on cells and tissues is important for revealing the molecular mechanism of 
LR at the cellular and transcriptional levels (Taub, 2004). Thus, we isolated 8 liver cell types 
using a combination of the Percoll density-gradient centrifugation and immunomagnetic bead 
methods, and the Rat Genome 230 2.0 Array was used to determine the gene expression pro-
files of 8 liver cell types and the regenerating liver (RL) during rat LR. The relevance of 5-HT 
signaling pathway genes and LR was analyzed using bioinformatic and system biology meth-
ods. Our results provide a basis to further examine the regulation of 5-HT signaling pathway 
genes on liver regeneration. 

MATERIAL AND METHODS 

2/3 hepatectomy in rats and liver regeneration

A total of 114 Sprague-Dawley rats, weighting 230 ± 20 g provided by the Animal 
Center of Henan Normal University, were randomly divided into 9 (PH) groups, 9 operation 
control groups, and 1 normal control group, with 6 rats in each group (male:female = 1:1). 
Rats in the PH groups underwent operation to remove 70% of their livers as previously de-
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scribed by Higgins and Anderson (1931). Briefly, the left and median lateral liver lobes were 
surgically removed, and the rats after hepatectomy were normally fed for 0, 2, 6, 12, 24, 30, 
36, 72, 120, and 168 h. The operation control group was subjected to the same procedure as 
the PH group but without liver removal.

Isolation and identification of 8 liver cell types

Rats were subjected to abdominal skin disinfection with alcohol after anesthetization 
by diethyl ether inhalation. The abdominal cavity was opened to expose the liver, and the por-
tal vein was catheterized, the inferior vena cava tied, and the thoracic inferior vena cava sev-
ered. Next, a conventional 2-step method was applied for scattering the liver cell suspension 
(Kreamer et al., 1986). At termination, the suspension was filtered through nylon mesh (200-
mesh) to separate the mixed cell populations. Only the mixed cell populations with a separa-
tion efficiency of ≥5.0 x 108 cells/rat, cell viability ≥95%, and red cells ≤0.1% were used. The 
samples collected from 4 rats per group were mixed and adjusted to 1 x 108 cells/mL (Haber et 
al., 1993; Alpini et al., 1994; Jurima-Romet et al., 1991, 1996). Next, 6 mL mixed cell suspen-
sion was spread onto the surface of 4 mL 60% Percoll in a 10-mL tube for centrifugation at 
200 g for 5 min at 4°C. The centrifuged pellets and supernatant contained purified hepatocytes 
(Vondran et al., 2008) and nonparenchymal cell-enriched supernatant fractions (Duret et al., 
2007), respectively. The supernatant was then centrifuged at 400 g for 2 x 2 min at 4°C, and 
the harvested pellet contained nonparenchymal cells. The nonparenchymal cell populations 
were incubated with 10 mL/mL rat anti-PE-GFAP, -CD68, -CD31, -CK19, -CD161a, -CD11c, 
or -THY-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then with 10 mL/
mL rat anti-PE magnetic beads. The cell suspension was loaded onto the separation column. 
After the magnetic field was removed, the obtained solutions were washed with phosphate-
buffered saline at 4°C and used as the suspension for BECs, OCs, HSCs, SECs, KCs, PCs, and 
DCs (Gee et al., 1991; Chalmers et al., 1998; Joplin and Kachilele, 2009). Finally, anti-ALB 
and G6P, CK18 and GGT1, OC2 and OV6, DES and VIM, CD14 and ET-1, LYZ and ED2, 
CD8 and CD56, and CD86 and CD103 antibodies were used to identify HCs, BECs, OCs, 
HSCs, SECs, KCs, PCs, and DCs, respectively, as previously described (Figure S1). The pu-
rity of the 8 cell types after isolation was determined (Figure S2).

RNA isolation and purification

Total RNA was isolated from hepatic cell suspensions according to the Trizol re-
agent manual (Invitrogen, Carlsbad, CA, USA) and then purified following the RNeasy mini-
protocol (Qiagen, Hilden, Germany) (Norton, 1992). The purity of extracted total RNA was 
determined based on the A260/A280 ratio (Scott, 1995).

Rat Genome 230 2.0 microarray detection and data analysis

Transcription profiles of the 8 types of regenerating hepatic cells were determined 
using Rat Genome 230 2.0 chips according to previously described protocols for cDNA syn-
thesis, in vitro transcription to produce biotin-labeled cRNA, hybridization of cRNA to the 
chips, scanning of image output files, and microarray data analysis (Kube et al., 2007; Xiao 
et al., 2008). The genes showing greater than 3-fold changes in expression for at least 1 time 

http://www.geneticsmr.com/year2015/vol14-2/pdf/gmr4773_supplementary.pdf
http://www.geneticsmr.com/year2015/vol14-2/pdf/gmr4773_supplementary.pdf
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point during LR with a significant difference (0.01 ≤ P < 0.05) or an extremely significant 
difference (P ≤ 0.01) between PH and OC, were considered to be associated with LR. Finally, 
these values were analyzed using GeneMath, GeneSpring (Silicon Genetics, San Carlos, CA, 
USA), the Microsoft Excel Software (Microsoft, Redmond, WA, USA), and Pathwaystudio 
5.0 (Altschul et al., 1990; Eisen et al., 1998; Kim et al., 2008).

5-Hydroxytryptamine signaling pathway gene identification

According to the classification of physiological activity from the website Gene On-
tology database (www.geneontology.org), we input the terms in the National Center for Bio-
technology Information (www.ncbi.nlm.nih.gov) and Rat Genome Database (rgd.mcw.edu) 
to identify related genes in rat, mouse, and human. Influential genes were confirmed based 
on the biological pathway maps in GENMAPP (www.genmapp.org), KEGG (www.genome.
jp/kegg/pathway.html), and BIOCARTA (www.biocarta.com/genes/index.asp) (Osband and 
Cashon, 1990; Ogata et al., 1999; Doniger et al., 2003; Wang et al., 2007), and the 136 genes 
predicted to be 5-HT signaling pathway genes were reconfirmed. Sequentially, we compared 
the identified genes with genes in the Rat Genome 230 2.0 Array and found that the chip 
contained 113 genes.

Reliability of Rat Genome 230 2.0 chip results

Primer and probe sequences were designed using the Primer Express 2.0 software 
according to mRNA sequences of the 8 marker genes: g6pc, ggt1, oc2, gfap, cd14, lyz, cd56, 
cd86 (marker genes of HCs, BECs, OCs, HSCs, SECs, KCs, PCs, and DCs, respectively) 
and the housekeeping gene β-actin (GenBank number: U07993, NM_053840, BG671896, 
NM_017009, NM_021744, L12458, NM_031521, NM_020081, and NM_031144) and syn-
thesized by Shanghai GeneCore BioTechnologies Co., Ltd. (Shanghai, China) (Yoon et al., 
2002). Next, target genes were subjected to amplification and polymerase chain reaction 
(PCR) amplification using a PRISM 7900 Sequence Detector (Applied Biosystems, Foster 
City, CA, USA) according to the operational guideline manual for QuantiTect SYBR Green 
RT-PCR Kit (Qiagen). The copies of target genes in the sample (in %mL) were calculated 
according to standard curve, and the relative expression content was computed according to 
β-actin copy number (Fleige et al., 2006). 

RESULTS 

Reliability of Rat Genome 230 2.0 chip results

The marker genes of the 8 liver cell types detected by reverse transcription-PCR 
showed that the marker gene of BEC ggt1 and SEC cd14 were up-regulated, marker genes of 
HC g6pc, HSC gfap, and DC cd86 were down-regulated, and other cell marker genes were 
not expressed significantly. The gene expression profile in oligonucleotide arrays revealed 
no marked difference from reverse transcription-PCR for selected genes, indicating that the 
results of the chip were reliable (Figure 1).
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Figure 1. Dynamic changes in mRNA content of marker genes of 8 types of hepatic cells in LR. The solid line 
represents quantitative real-time PCR results; the broken line represents results of Rat Genome 230 2.0 microarray. 
Hepatocytes (HCs), biliary epithelial cells (BECs), oval cells (OCs), hepatic stellate cells (HSCs), sinusoidal 
endothelial cells (SECs), Kupffer cells (KCs), pit cells (PCs), and dendritic cells (DCs).

Expression changes in 5-HT signaling pathway genes in 8 types of liver cells and 
the regenerating liver

We investigated 136 genes involved in 5-HT signaling pathways, and identified 113 
of these genes in the Rat Genome 230 2.0 Array. The gene expression profiles of 8 types 
of liver cells and the RL tested using the chip showed that 77 genes were changed signifi-
cantly. Among these, 26, 47, 8, 21, 16, 19, 22, 27, and 20 genes changed significantly in 
HCs, BECs, OCs, HSCs, SECs, KCs, PCs, DCs, and the RL, respectively. The numbers of 
up-, down-, and up/down-regulated genes in these cells were 21, 5, and 0; 29, 10, and 8; 5, 
3, and 0; 8, 13, and 0; 11, 5, and 0; 8, 11, and 0; 19, 2, and 1; 16, 11, and 0; and 13, 7, and 0, 
respectively. Of these, mapk12 and dusp6 were specifically up-regulated in HCs; in BECs, 
htr3a, htr5a, pik3c2b, pik3r2, akt2, chuk, mras, and adrbk1 were specifically up-regulated, 
pdpk1, shc1, prkar1a, and creb3 were specifically down-regulated, and htr3b and gnao1 
were specifically up/down-regulated; in HSCs, prkce was specifically up-regulated, and 
camk2d and gnai2 were specifically down-regulated; in SECs, sos1 and grk4 were specifi-
cally up-regulated; in KCs, hras was specifically up-regulated and prkar2b was specifically 
down-regulated; in DCs, htr7 and rgs12 were specifically up-regulated and nfkbie was spe-
cifically down-regulated; the expression of other genes in the 8 liver cells showed varying 
differences. Typically, LR is divided into 3 stages, including the initiating stage (PH after 
2-6 h), progress stage (PH after 6-72 h), and termination stage (PH after 72-168 h) according 
to the process of LR and cell physiological activities (Taub, 2004). At various time points, 
genes associated with LR in HCs, HSCs, SECs, KCs, and PCs began to be expressed during 
the initiating stage in BECs and DCs during the progress stage. Based on the observed gene 
expression, 5-HT signaling pathway genes were up-regulated predominantly in HCs, BECs, 
SECs, and the RL during the progress stage, and were down-regulated predominantly in PCs 
and DCs during the termination stage (Figure 2).
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Figure 2. Expression comparison of 5-HT signaling pathway genes in 8 types of rat regenerating hepatic cells and 
the RL. A. Initial expression profiles. B. Total expression profiles. Empty bars, up-regulated gene; dotted bars, 
down-regulated genes. Hepatocytes (HCs), biliary epithelial cells (BECs), oval cells (OCs), hepatic stellate cells 
(HSCs), sinusoidal endothelial cells (SECs), Kupffer cells (KCs), pit cells (PCs), and dendritic cells (DCs).

Gene expression differences and similarities of 6 5-HT-mediated signaling pathways 
in 8 types of liver cells and regenerating liver

Studies have shown that the percentage of HCs, BECs, OCs, HSCs, SECs, KCs, PCs, 
and DCs accounting for the total number of liver cells were 75, 3-5, 1, 8-13, 2-3, 8-12, 0.8-1.2, 
and 0.3-0.6% (Luo et al., 1995; Hisama et al., 1996; Enomoto et al., 2004; Guo et al., 2006; 
Sumpter et al., 2007; Quante and Wang, 2009; Lu et al., 2009). According to expression abun-
dance of 5-HT signaling pathway genes and the proportion of cells in the liver to calculate 
synthetic effects of 8 types of liver cells in LR, 26 genes were changed significantly. In the RL, 
the gene expression trend of 10 genes such as maob and rgs2 were the same, and that of htr1f 
and htr2b were opposite. Eight genes, including htr4 and htr6, showed significant changes in 
the RL, and ddc, htr5b, as well as 14 other genes, showed significant expression changes in 
synthetic effects in the 8 types of liver cells (Table 1).

Table 1. Gene expression change comparison of the 5-HT signaling pathway at the level of tissue and cells. 

No. Gene Regenerating Liver cells Comparison No. Gene Regenerating Liver cells Comparison
 symbol liver    symbol liver

  2 Ddc  ↓    69 Camk4  ↑ 
  4 Maob ↓ ↓ √   83 Fyn  ↑ 
  5 Aldh2 ↓     91 Adcy3 ↑ ↑ √
10 Htr1f ↓ ↑ ×   92 Adcy4  ↑ 
12 Htr2b ↓ ↑ ×   94 Adcy8 ↑ ↑ √
19 Htr4 ↑   113 Mapk12  ↑ 
21 Htr5b  ↑  114 Mapk3 ↑  
22 Htr6 ↑   118 Dusp1  ↓ 
26 Rgs2 ↑ ↑ √ 119 Dusp4 ↓ ↓ √
27 Rgs4 ↑ ↑ √ 120 Dusp6  ↑ 
31 Ptk2b ↑   124 Creb1  ↑ 
34 Pik3c2g ↓ ↓ √ 126 Creb3l4  ↑ 
47 Akt3  ↑  128 Gnai1  ↑ 
52 Map3k8 ↑ ↑ √ 131 Rgs10 ↑ ↑ √
53 Bcl3  ↑  133 Rgs14 ↑  
54 Nfkbia ↑   135 Src ↑ ↑ √
62 Plcb2 ↓   136 Stat3  ↑ 

*The serial number of the vertical list corresponds to the numbers in Figure 3. ↑ represents meaningful up-regulated 
genes; ↓ represents meaningful down-regulated genes; √ represents the same trend in gene expression at the level 
of tissue and cells; x represents an opposite trend in gene expression.
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Gene expression analysis of 6 5-HT-mediated signaling pathways in 8 types of liver 
cells and the RL showed that htr4, htr6, adcy3, adcy8, and mapk3 were up-regulated in the 
HTR4-, HTR6-, and HTR7-mediated signaling pathways of the RL (Figure 3). htr1d, htr1f, 
htr5b, gnai1, and scr were up-regulated in the HTR1- and HTR5-mediated signaling pathways 
of HCs (Figure 4), and htr2b, camk2b, camk4, mapk12, creb1, and creb3l4 were up-regulated 
in the HTR2-mediated signaling pathway. htr1d, src, and stat3 were up-regulated in the 
HTR1-mediated signaling pathway of SECs (Figure 5). htr2c, ptk2b, pik3c2g, pik3cb, akt3, 
ikbkb, and ntkbia were up-regulated in the HTR2-mediated signaling pathway of PCs (Figure 
6). In addition, expression of htr2a and htr2b was increased at 168 h after PH, but gnaq, which 
interacts with htr2a and htr2b, was only expressed at 2 h. htr6 was down-regulated only at 
168 h in KCs and 5-HT receptor genes in oval cells were not significantly expressed. 5-HT 
receptor genes of BECs and DCs, which regulate cell proliferation and apoptosis, were up- and 
down-regulated (Table 2).

Figure 3. Gene expression changes in the 5-HT signaling pathway at the level of tissues and cells. A. mRNA 
temporal changes in 5-HT signaling pathway genes in the RL. B. mRNA temporal changes of 5-HT signaling 
pathway genes in 8 types of liver cells. C. 5-HT receptor pathways. Empty boxes indicate significantly expressed 
genes in the RL, Filled boxes indicate significantly expressed genes in liver cells. Red text denotes meaningful 
up-regulated genes; green text denotes meaningful down-regulated genes. The bold red and green text denotes the 
same trend in gene expression in the RL and cells, the bold pink text denotes the opposite trend of gene expression, 
and the black text represents meaninglessly expressed genes.



3416

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (2): 3409-3420 (2015)

C.F. Chang et al.

Figure 4. 5-HT signaling pathways of hepatocytes during LR. A. mRNA temporal changes in 5-HT signaling 
pathway genes in HC. B. 5-HT receptor pathways. Red, green, and black denote meaningful up-regulated genes, 
down-regulated genes, and meaninglessly expressed genes, respectively.

Figure 5. 5-HT signaling pathways in sinusoidal endothelial cells during LR. A. mRNA temporal changes in 
5-HT signaling pathway genes in SECs. B. 5-HT receptor pathways. Red, green, and black denote meaningful up-
regulated genes, down-regulated genes, and meaninglessly expressed genes, respectively.

Figure 6. 5-HT signaling pathways of pit cells during LR. A. mRNA temporal changes in 5-HT signaling pathway 
genes in PCs. B. 5-HT receptor pathways. Red, green, and black denote meaningful up-regulated genes, down-
regulated genes, and meaninglessly expressed genes, respectively.
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Table 2. Gene expression differences and similarities of 6 5-HT-mediated signaling pathways in 8 types of liver 
cells and the RL. 

No. Gene symbol RL HC BEC OC HSC SEC KC PC DC

1 Htr1a/Htr1b/Htr1d/Htr1f/Htr5a/Htr5b ↓ ↑ ↑↓  ↑ ↑  ↑ ↑
 ↓
 Gnai1/Gnai2/Gnao1  ↑ ↑ ↑ ↓  ↑  ↑
 ↓
 Adcy2/Adcy3/Adcy4/Adcy8/Adcy9 ↑ ↑ ↑↓  ↑ ↓ ↑ ↑ ↑
 ↓
 Prkaca/Prkacb/Prkag1/Prkag2/Prkar1a/Prkar2a/Prkar2b   ↓  ↓ ↑ ↓  ↓
 ↓
 Raf1/Rap1a/Rap1gap
 ↓      
 Map2k1/Map2k2
 ↓      
 Mapk1/Mapk12/Mapk3/Mapk6/Mapk7 ↑ ↑ ↑  ↓  ↑ ↑ ↑
 ↓
 Creb1/Creb3/Creb3l4  ↑ ↑  ↑ ↑  ↑ ↓
2 Htr1a/Htr1b/Htr1d/Htr1f/Htr5a/Htr5b ↓ ↑ ↑↓  ↑ ↑  ↑ ↑
 ↓
 Gnai1/Gnai2/Gnao1  ↑ ↑ ↑ ↓  ↑  ↑
 ↓
 Src ↑ ↑   ↑  
 ↓
 Stat3   ↑ ↑ ↑ ↑   ↑
3 Htr2a/Htr2b/Htr2c ↓ ↑ ↑  ↑    
 ↓
 Gnaq/Gna11   ↑↓  ↓    
 ↓-
 Ptk2b/Pik3c2a/Pik3c2b/Pik3c2g/Pik3c3/Pik3ca/Pik3cb/Pik3cd/Pik3r1/Pik3r2/Pik3r3 ↑ ↓ ↑  ↓  ↓ ↓  ↑
 ↓
 Pdpk1   ↓   
 ↓      
 Akt1/Akt2/Akt3  ↑ ↑ ↑     
 ↓
 Chuk/Ikbkb  ↑ ↑ ↑     ↑
 ↓
 Bcl3/Nfkbia/Nfkbib/Nfkbie   ↓   ↑ ↑  ↑
 ↓
 Nfkb1/Nfkb2         
4 Htr2a/Htr2b/Htr2c ↓ ↑ ↑  ↑    
 ↓
 Gnaq/Gna11   ↑↓  ↓    
 ↓
 Plcb1/Plcb2/Plcb3/Plcb4 ↓  ↑ ↓ ↓ ↓   
 ↓
 Camk2a/Camk2b/Camk2d/Camk2g/Camk4/Prkca/Prkce  ↑ ↑  ↓  ↑  ↑
 ↓
 Syngap1/Rasa1/Rasgrp1   ↑  ↓ ↑ ↓  ↑
 ↓
 Hras/Kras/Mras/Nras/Rras/Rras2   ↑    ↑  
 ↓
 Raf1/Rap1a/Rap1gap
 ↓         
 Map2k1/Map2k2
 ↓         
 Mapk1/Mapk12/Mapk3/Mapk6/Mapk7 ↑ ↑ ↑  ↓  ↑ ↑ ↑
 ↓
 Creb1/Creb3/Creb3l4  ↑ ↑  ↑ ↑  ↑ ↓
5 Htr4/Htr6/Htr7 ↑  ↑    ↓  ↑
 ↓
 Gnas
 ↓         
 Adcy2/Adcy3/Adcy4/Adcy8/Adcy9 ↑ ↑ ↑↓  ↑ ↓ ↑ ↑ ↑
 ↓
 Prkaca/Prkacb/Prkag1/Prkag2/Prkar1a/Prkar2a/Prkar2b   ↓  ↓ ↑ ↓  ↓
 ↓
 Raf1/Rap1a/Rap1gap
 ↓         
 Map2k1/Map2k2
 ↓         
 Mapk1/Mapk12/Mapk3/Mapk6/Mapk7 ↑ ↑ ↑  ↓  ↑ ↑ ↑
 ↓
 Creb1/Creb3/Creb3l4  ↑ ↑  ↑ ↑  ↑ ↓
6 Htr3a/Htr3b   ↑      
*↑ represents meaningful up-regulated genes; ↓ represents meaningful down-regulated genes.
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DISCUSSION 

Recent studies have indicated that 5-HT plays an important role in LR. A study by 
Papadimas et al. (2006) showed that 5-HT was synchronized to DNA synthesis after PH; Bala-
subramanian and Paulose (1998) showed that 5-HT promoted hepatocyte proliferation through 
its receptor. However, the current research of 5-HT effects on LR examined only a few genes 
involved in metabolism or related to receptors. To better gain insight into the role of 5-HT in 
LR, 8 types of high-purity and active liver cells were isolated using the combination of the 
Percoll density-gradient centrifugation and immunomagnetic bead methods. The Rat Genome 
230 2.0 Array contains 85% of the genes in the total rat genome and was used to detect gene 
expression profiles of 8 types of liver cells and the RL at 0, 2, 6, 12, 24, 30, 36, 72, 120, and 
168 h after PH. We found that 77 5-HT signaling pathway genes were involved in LR at the 
level of cells and tissues. Studies have shown that 5-HT regulates downstream physiologi-
cal and biochemical activities mainly by binding its receptor with small G proteins (Hoyer 
et al., 1994). The liver is composed of HCs, BECs, OCs, HSCs, SECs, KCs, PCs, and DCs, 
among others. The comparison of the expression of 5-HT signaling pathway gene changes 
between 8 types of liver cells and the RL showed that htr4 and htr6 were up-regulated dur-
ing the progress stage in RL; both genes promote cell differentiation or apoptosis through the 
GNAS and ERK signaling pathways. However, the synthetic effects of 8 types of liver cells 
showed that htr1f, htr2b, and htr5b were up-regulated during the termination stage of LR, in 
which HTR2B regulates cell differentiation and development through the GNAQ and AKT 
signaling pathways and HTR1F and HTR5B regulate apoptosis through GNAI by inhibiting 
adenylyl cyclase genes (Figure 3). These results indicate that the physiological activity of LR 
differs on the tissue and cellular levels, and examining single cell types is essential for LR re-
search. Expression pattern analysis of 5-HT signaling pathway genes in HC indicated that the 
5-HT receptors htr2b (1.44-fold), htr1d (1.02-fold), htr1f (2.42-fold), and htr5b (2.08-fold), 
and their downstream signaling pathway genes mapk12 (1.72-fold), creb1 (1.08-fold), creb3l4 
(1.57-fold), and src (1.42-fold) were up-regulated at 72 h after PH (Figure 4A). Lesurtel et al. 
(2008) showed that mRNA expression of the 5-HT receptors htr2a and htr2b were increased 
after PH, which is consistent with our results. According to the temporal dynamics of these 
genes, the 5-HT signaling pathway may promote cell differentiation or apoptosis through the 
RAS and STAT3 signaling pathways, and thus participate in regulating LR during the termina-
tion stage (Figure 4B). Expression pattern analysis of 5-HT signaling pathway genes in SEC 
indicated that the 5-HT type I receptor htr1d (1.39-fold) and its downstream signaling path-
way genes src (1.26-fold) and stat3 (1.41-fold) were up-regulated at 36, 168, and 6 h after PH, 
respectively (Figure 5A). The results showed that the 5-HT signaling pathway may regulate 
sinus endothelial cell proliferation and differentiation through the STAT3 signaling pathway 
during LR (Figure 5B). Expression pattern analysis of 5-HT signaling pathway genes in PCs 
indicated that htr2c (2.15-fold) was up-regulated at 6 h after PH, and its downstream signal-
ing pathway genes ptk2b (1.36-fold), pik3c2g (1.72-fold), pik3cb (1.27-fold), akt3 (2.37-fold), 
ikbkb (1.61-fold), and ntkbia (1.25-fold) were up-regulated at 72, 6, 72, 30, 30-36, and 72 h, 
respectively (Figure 6A). The results showed that the 5-HT signaling pathway can regulate 
PC proliferation and apoptosis through the AKT3 signaling pathway in LR (Figure 6B). In 
addition, htr2a and htr2b were up-regulated at 168 h after PH in HSCs, and their interaction 
with the small G protein gene gnaq was down-regulated only at 2 h, suggesting that 5-HT may 
promote HSC apoptosis during the termination stage of LR through its type II receptor. The 
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5-HT receptor htr6 was down-regulated only at 168 h after PH in KCs and no 5-HT receptor 
was significantly expressed in OCs, suggesting that 5-HT signaling pathways may not be im-
portant in KCs and OCs. A variety of 5-HT receptors with positive and negative roles in cell 
proliferation or apoptosis were up- or down-regulated significantly in BECs and DCs, indicat-
ing the presence of a more complex synergistic pathway that regulates the changes in BECs 
and DCs during LR. In summary, we examined the gene expression profiles of 5-HT signaling 
pathways at the mRNA level during LR by microarray analysis and screened 77 5-HT signal-
ing pathway genes related to LR in the RL and 8 types of liver cells. We found that the LR 
regulation of the complicated 5-HT signaling pathways differed in the RL and in the 8 types 
of liver cells. There are 4 possible 5-HT pathways regulating cell proliferation or apoptosis of 
HCs, SECs, and PCs. Our results provide a theoretical basis for further studies of the role of 
5-HT during LR. However, the Rat Genome 230 2.0 chip mainly detects gene transcription, 
but not the expression and activity of proteins or enzymes, and thus may not represent the role 
of 5-HT on the RL and the 8 types of liver cells. We will verify the role of 5-HT on LR using a 
variety of qualitative and quantitative methods such as gene addition, gene silencing, Western 
blotting, and in situ hybridization to improve the understanding of LR.
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