
Abstract. Background: The restorative effect of hepatic
stimulator substance (HSS) against hepatic regeneration arrest
induced by 5-HT2 receptor blockade was investigated.
Materials and Methods: Male Wistar rats were subjected to 
60-70% partial hepatectomy and to 5-HT2 receptor blockade
at 16 h after partial hepatectomy by ketanserin administration
(6 mg/kg bodyweight intraperitoneally; group I). HSS at the
dose of 100 mg protein/kg bodyweight was administered at 10
or 17 h after partial hepatectomy in ketanserin-treated rats
(groups II and III). The mitotic index in hematoxylin-eosin-
stained liver sections, immunochemical detection of PCNA
and Ki 67 nuclear antigens and the rate of [3H]-thymidine
incorporation into hepatic DNA were used as indices of liver
regeneration. Results: Liver regeneration, as evaluated by [3H]-
thymidine incorporation into hepatic DNA, mitotic index,
PCNA and Ki67 nuclear antigens, peaked at 40 h in groups I,
II and III of rats and no significant differences were observed
between the studied groups. Conclusion: HSS administration
is not capable of reversing the liver regeneration arrest induced
by 5-HT2 receptor blockade.

Serotonin is implicated in a great variety of physiological

pathways and disease processes that by far outnumber those

of any other neurotransmitter (1) and mediates its actions

through at least seven distinct types of receptors (2). The

role of serotonin in liver regeneration after partial

hepatectomy has recently been studied in cultured rat

hepatocytes, where serotonin induced a dose-dependent

increase in DNA synthesis in the presence of endothelial

growth factor (EGF), which implied a role of serotonin as

a cofactor during DNA synthesis (3).

The 5-HT2 receptor is the most abundant receptor type

in the liver, which operates through the increase of

intracellular calcium levels by phosphatidyloinositol (PI)

hydrolysis (4, 5). This type of receptor is implicated in cell

proliferation in the central nervous system (1) and in the

periphery (6-8) where apoptosis (9, 10), neuronal toxicity

(11), cell survival (10) and many other actions are reversed

by specific inhibitors of the 5-HT2 receptor system (1).

Ketanserin is a 5-HT2 receptor antagonist with relatively

weaker ·1-adrenoreceptor and weaker ·1-adrenoreceptor

and H1-receptor blocking properties (12, 13), which has

been introduced as an antihypertensive agent, as well as for

the treatment of vasospastic disorders (14). Ketanserin has

the ability to reverse many of the physiological actions of

serotonin mediated through the 5-HT2 receptor type and,

in addition to its vasoactive properties, it also blocks platelet

aggregation and improves hemorrheological properties (14).

Hepatic stimulator substance (HSS) is a liver-specific,

species non-specific growth factor, which is present in the

liver of weanling rats and in the regenerating liver of adult

rats. The factor is a potent stimulator of liver regeneration

when administered intraperitoneally in partially

hepatectomized (30-34%) rats (15, 16). HSS also has the

capability of protecting the liver from chemical injury

induced by several poisons and drugs including cadmium

(17-19). The peptide has been renamed by other researchers

as the augmenter of liver regeneration (ALR) (20) and the

isolation and cloning of the molecule has been achieved

(21). The c-DNA for rat ALR encodes a protein of 198

amino acid residues and has a molecular weight of about 

22 kD. The molecule is highly conserved in humans and rats

and the genes are mapped in chromosomes 16 and 17,

respectively (22). The discrepancy between the two different

names still stands in the bibliography, although in the

present study the macromolecule is referred to as HSS.
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The purpose of this study was to examine the effect of

HSS administration on liver regeneration arrest induced by

5-HT2 receptor blockade.

Materials and Methods

Experimental animal model. Male Wistar rats (160-180 g), four to

five months old, obtained from the Hellenic Pasteur Institute

(Athens, Greece), were used in this study. The animals were kept

in a temperature-controlled room (22-24ÆC), under 12 h of light

(08.00-20.00 h) and 12 h of darkness (20.00-08.00 h). All

experiments were conducted between 07.00-09.00 h with the

animals under light ether anesthesia. Serotonin receptor 2 blockade

was achieved by intraperitoneal administration of ketanserin

(Janssen Biotech N.V., Olen, Belgium).

The experimental rats were randomly selected and assigned to

groups as follows:

Group I: rats submitted to 60-70% partial hepatectomy and

intraperitoneal administration of ketanserin (6 mg/kg bodyweight)

at 16 h after partial hepatectomy.

Group II: rats submitted to 60-70% partial hepatectomy,

intraperitoneal administration of ketanserin as in group I and

intraperitoneal administration of HSS (100 mg protein/kg

bodyweight) at 10 h after partial hepatectomy.

Group III: rats submitted to 60-70% partial hepatectomy,

intraperitoneal administration of ketanserin as in group I and

intraperitoneal administration of HSS (100 mg protein/kg

bodyweight) at 17 h after partial hepatectomy.

Animals from all groups were killed at 20, 24, 32, 40, 48 and 

60 h after partial hepatectomy. One hour prior to sacrifice, the

animals of all groups were injected with [3H]-thymidine at the dose

of 250 ÌCi/kg bodyweight intraperitoneally. A standard portion of

the median liver lobe was used for histological evaluation and the

rest of the liver was rapidly frozen in liquid nitrogen for further

determinations.

Histological evaluation. A standard portion of the liver was fixed in

4% buffered-formalin for 24 h. Sections, 5 Ìm thick, were

processed routinely, hematoxylin-eosin (HE)-stained and analyzed

for mitoses. Mitoses were counted in 10 randomly selected high-

power fields (HPF) and expressed as the mean number of

mitoses/1000 liver cells.

The mitotic index was also evaluated by the immunochemical

detection of PCNA (monoclonal mouse anti-proliferating cell

nuclear antigen, PC 10 clone, 1:200; DakoCytomation, Glostrup,

Denmark) and Ki 67 nuclear antigens (MIB 5 clone, 1:50 with

microwave pre-treatment; DakoCytomation) and expressed per

1000 liver cells.

Liver regeneration. The rate of liver regeneration was evaluated by

the rate of [3H]-thymidine incorporation into hepatic DNA, by the

mitotic index in HE sections and the immunochemical detection of

PCNA and Ki 67 nuclear antigens.

Rate of [3H]-thymidine incorporation into hepatic DNA. The animals

of all groups were injected intraperitoneally with 25 ÌCi/100 g

bodyweight of [3H]-thymidine 1 h prior to sacrifice. DNA was

extracted from the tissue according to the method of Munro and

Fleck (23). The content of tissue DNA was estimated by the

method of Richards (24). The rate of [3H]-thymidine incorporation

into hepatic DNA was calculated from the radioactivity measured

in a liquid scintillation counter (Wallac LKB 1211, Rackbeta,

Sweden) and the results were expressed as counts/min/Ìg of DNA.

Preparation of HSS. HSS was extracted and partially purified

following the method of LaBrecque et al. (25) and Fleig et al. (26).

Briefly, · 35% (w/v) homogenate of 1 g of liver in 0.9% NaCl was

prepared using a Tri-R Stir-R Model S63C variable speed

homogenizer fitted with a Teflon pestle. The homogenate was

incubated at 65ÆC in a water bath for 15 min and centrifuged at

27,000 x g for 20 min at 4ÆC. Six volumes of ice-cold absolute

ethanol were added to the supernatant and stirred for 2 h at 4ÆC.

After centrifugation at 27,000 x g for 20 min, the precipitate was

dissolved in water followed by another centrifugation at 27,000 x g

for 20 min. The supernatant was lyophilized and stored at –30ÆC and

its biological activity was tested using the bioassay described below.

Bioassay of HSS activity. The determination of HSS activity was

performed using male Wistar rats weighing 80-100 g. The animals

were subjected to partial hepatectomy (30-34%) by resection of the

left lateral lobe of the liver. The animals were injected

intraperitoneally with 100 mg/kg bodyweight of HSS (lyophilized HSS

was dissolved in 0.9% NaCl) 12 h after partial hepatectomy. The

animals were sacrificed 12 h after the HSS administration and 1 h

prior to sacrifice they were injected with [3H]-thymidine (250 ÌCi/kg

bodyweight) and the livers were excised and rapidly frozen at –80ÆC.

The HSS biological activity was estimated by [3H]-thymidine

incorporation into hepatic DNA. The administration of HSS at the

dose of 100 mg/kg bodyweight resulted in doubling the [3H]-

thymidine incorporation into hepatic DNA in relation to the control

group of 30-34% partially hepatectomized rats.

Statistical analysis. The data are expressed as mean±SE. All

observations were obtained from at least six animals, and the assays

were done in duplicates. The statistical analysis of the results was

performed by one-way analysis of variance and unpaired Student’s

t-test.

Results

In group I rats, ketanserin administration at 16 h after

partial hepatectomy arrested liver regeneration at 20 and

24 h after partial hepatectomy as evaluated by [3H]-

thymidine incorporation into hepatic DNA (Figure 1).

Liver regeneration in ketanserin-treated rats started

increasing at 24 h and remained at relatively high levels

between 32 and 60 h (Figure 1). HSS administration at 10

and 17 h after partial hepatectomy did not alter the time-

pattern of liver regeneration and the regenerative activity

was almost identical for groups I, II and III (Figure 1),

without statistically significant differences between the

three groups of rats.

The mitotic index in HE-stained sections peaked at 40 h

for all groups of rats, with high levels being observed at 32

and 48 h (Figure 2). The immunochemical detection of

PCNA started to increase gradually from 20 h to 40 h,

where it peaked. Subsequently, it decreased at 48 h and

starting increasing again at 60 h for all groups of rats
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Figure 1. Rate of 3H-thymidine incorporation into hepatic DNA in 60-70% partially hepatectomized rats having received ketanserin at 16 h (6 mg/kg
bodyweight) (group I), or ketanserin at 16 h and HSS (100 mg protein/kg bodyweight) 10 h after partial hepatectomy (group II), or ketanserin at 16 h
and HSS (100 mg protein/kg bodyweight) 17 h after partial hepatectomy (group III). Results represent the findings of six rats killed at all time-points
examined. Values are expressed as means±SE.

(Figures 3, 4a and 4b). No statistically significant differences

were observed between the three groups of rats. The

number of Ki67 nuclear antigen-positive cells also showed

the same time-pattern for all three groups of rats and it was

similar to the time-pattern of PCNA-positive cells for all

time-points examined (data not shown).

Discussion

Liver regeneration has been a field of intense scientific

research in recent decades, but the mechanisms that control

it are still obscure (27, 28). Numerous chemically diverse

endocrine, paracrine and autocrine factors influence liver

regeneration and their numbers are still increasing. Among

these, the role of neurotransmitters has been investigated

thoroughly only in the case of catecholamines, especially

norepinephrine, while less is known about the others (29, 30).

The role of serotonin on liver regeneration has recently

started to emerge and it is still poorly understood. The

monoamine has been found to induce a dose-dependent

increase in DNA synthesis in cultured rat hepatocytes, but

the presence of EGF was an absolute prerequisite for this

effect (3). From previous results of our research group on

the possible role of serotonin in liver regeneration after

partial hepatectomy in the rat liver, it was clear that the

activation of 5-HT2 receptors is an important event since

blockade of this receptor type close to the G1/S transition

point arrested liver regeneration (work submitted for

publication). Liver serotonin levels do not appear to

increase substantially during hepatic DNA synthesis, but it

seems that the susceptibility of hepatocytes to the action of

serotonin is increased (work submitted for publication).

However, the role of the other serotoninergic receptor types

on liver regeneration is still unknown.

In recent years, scientific interest has been focused on the

cell-cycle progression of liver cells in the regenerating liver

and on the various checkpoints that operate at the molecular

level. The role of growth factors has been intensively

investigated and, according to current knowledge, they seem

to control the G1/S transition checkpoint, which is the most

important checkpoint in the G1-phase. The various growth

factors appear to operate in a convergent pathway at the

G1/S transition through the activation of Ras/mitogen-

activated protein kinase (MAPK). Following the activation

of MAPK, cyclin D1 protein is expressed, which drives

hepatocytes in the S-phase of the cell-cycle (31, 32).

HSS has been found to protect the liver against the toxic

effects of various poisons and to restore the hepatic



regenerative capacity when administered intraperitoneally.

The levels of HSS biological activity have also been found

to increase around the G1/S transition point (33, 34), which

hints at a possible participation of this factor among the

network of factors that control the G1/S transition point.

In the present study, HSS administration was found

ineffective in restoring the suppressed hepatic regenerative

activity induced by serotonin receptor blockade. Serotonin,

through activation of 5-HT2 receptors, may act as a cofactor

of DNA synthesis or participate in the G1/S transition

checkpoint. Therefore, it seems that the activation of the

serotoninergic receptors constitutes another necessary subset

of required factors which are totally distinct from those

dependent on HSS, or possibly on the other growth factors.

The role of neurotransmitters in liver regeneration has

been thoroughly studied only in the case of catecholamines,

especially norepinephrine, although not fully elucidated. It

has been previously shown that norepineprhine stimulates

DNA synthesis only when EGF is present (through the 

a1-adrenergic receptor) and the mechanism of action is

related to the regulation of EGF receptors, and/or EGF

protein levels (29, 30), as well as the offsetting of

mitoinhibitory stimuli such as TGF-‚1 (30). Catecholamine

levels also increase in the first few hours after partial

hepatectomy and this temporal pattern is quite distinct from

that observed by our research group for serotonin.

Therefore, it seems that another pattern for peripheral

neurotransmitting action emerges for serotonin in relation

to liver regeneration, that may be quite distinct from that

reported in the literature. Possible interactions in vivo
between serotoninergic activity and growth factors cannot

be excluded, since serotonin acted as a cofactor for DNA

synthesis, in the presence of EGF, in experiments with

cultured hepatocytes (3). Further research is needed in

order to fully elucidate this pathway.
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Figure 4. a. PCNA-positive cells at 40 h (x400) in 60-70% partially hepatectomized rats having received ketanserin (6 mg/kg bodyweight) at 16 h (group I).
b. PCNA-positive cells at 40 h (x400) in 60-70% partially hepatectomized rats having received ketanserin at 16 h (6 mg/kg bodyweight) and HSS (100 mg
protein/kg bodyweight) at 10 h after partial hepatectomy (group II).
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