
            

Role of nitric oxide in liver regeneration
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ABSTRACT

The liver has a remarkable ability to regenerate in response to surgical removal or chemical insult. The me-
chanisms regulating regenerative processes are complex, and incompletely understood. A large number ge-
nes, which are not normally expressed in the quiescent liver, are activated. Immediately after partial
hepatectomy (PH) (1-6 h), nitric oxide (NO) is synthesized by liver parenchymal and nonparenchymal cells
from L-arginine, via induction of the inducible form of nitric oxide synthase (iNOS). NO is a highly reactive
molecule, known to be involved in diverse biological processes in nearly all aspects of life. Liver regenera-
tion is a major area within the field of NO research. Our review describes several processes that have
been suggested to be modulated by the NO released following PH, including proliferation, apoptosis and
angiogenesis in the remnant tissue. Because iNOS up regulation has such profound physiologic effects, its
regulation is strictly controlled. The up regulation of iNOS after PH and the subsequent production of NO
induce positive effects on the regulation of early stages of the regenerative process. However, overpro-
duction (> 100%) can have detrimental effects, including apoptosis. Thus, the iNOS induction after PH is
necessary, and enough to allow for the normal regenerative process.
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CONCISE REVIEW

LIVER REGENERATION

Liver regeneration after the loss of hepatic tis-
sue is critical for the restoration of the homeostatic
role of the organ. Loss of liver mass can be induced
by administering hepatotoxic chemicals (e.g. car-
bon tetrachloride). This is followed by an inflam-
matory response, which removes tissue debris,
followed by the regenerative response. Most com-
monly, however, regeneration of the liver is studied
by performing a surgical procedure which removes
2/3 of the liver mass in rodents (rats and mice), a
technique known as 2/3 partial hepatectomy
(PH).1,2 Due to the multi-lobe structure of the ro-
dent liver, three of the five liver lobes (representing
2/3 of the liver mass) can be removed by an easy

surgical procedure, without causing any tissue da-
mage to the residual two lobes. The latter grow in
size to restore an aggregate equivalent to the mass
of the original five lobes. The process, in rats and
mice, is complete within 5-7 days after surgery.3

The reproducibility of PH in terms of mass remo-
ved and precision of timing of the sequence of en-
suing events has made PH the preferred approach
for experimental study of liver regeneration. In a
clinical setting, this procedure is also done in hu-
mans, in order to resect solitary liver metastases
or repair trauma, etc.4

After PH exist a rapid and synchronized compen-
satory regenerative response in the remaining tis-
sue that increases cell number and reinstates
organ function. PH triggers a sequence of events
that proceed in an orderly fashion and can be ob-
served from the first 5 min to 5-7 days. Hepato-
cytes are the first cells to enter into DNA
synthesis. A 2/3 PH leaves a residual 1/3 of hepato-
cytes. They undergo one round of DNA synthesis
(leading to 60% of hepatocytes) which peaks at 24 h
for the rat and at approximately 36 h for the
mouse. A second smaller percent of cells enter into
a second round of DNA synthesis and establish the
original number of hepatocytes. A small wave of
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apoptosis of hepatocytes seen at the end of DNA
synthesis suggests that this is a mechanism to
correct an over-shooting of the regenerative res-
ponse.3

One remarkable characteristic of the regenerative
process after PH is the capacity of the liver to grow
until the organ size and functionality are fully resto-
red. Therefore, it is widely accepted the existence of
a precise pattern of events (release and modulation
of growth factors and cytokines) controlling the suc-
cessive regenerative steps after PHx.1

PH induces rapid induction of more than 100 ge-
nes not expressed in normal liver.5 These genes rela-
te directly or indirectly to preparative events for the
entry of hepatocytes into the cell cycle. The precise
role of the many genes expressed early in liver rege-
neration is not always clear and the early changes
in gene expression should be viewed as serving both
the entry of hepatocytes into the cell cycle as well
the orchestration of specific adjustments that hepa-
tocytes have to make, so that they can carry all es-
sential hepatic functions while going through cell
proliferation.1,4,5

The events occurring in the early period of 0-1 h
after PH have often been called “priming”.1 The
term is a useful one, in that it denotes not only
events associated for preparation for entry into
the cell cycle, but also events and strategies of he-
patocytes aimed at modifying patterns of gene ex-
pression so that they continue to deliver their
homeostatic functions. During this phase, the ini-
tial factors comprise interleukin-6 (IL-6) and tu-
mor necrosis factor alpha (TNF-α). Following
IL-6 binding to the gp130 receptor, activation of
STAT 3 and C/EBP beta/nuclear factor -IL-6 takes
place. Both cytokines TNF-α and IL-6 triggers the
transition G0/G1 in the cell cycle. IL-6 and
TNFR1 deficient animals fail to accomplish initia-
tion and regenerative response.1,6,7 Another chan-
ge in the immediate hours following PH is the
in vivo induction of nitric oxide synthase and
the release of nitric oxide (NO).2,8

Following to priming/initiation, several immedia-
te early-phase genes related to hepatocyte prolifera-
tion are induced within 2 h. They comprise c-fos,
c-jun and others. The progression of the priming/
competent hepatocytes through G1 and subsequent
replication depends on the signaling mediated by he-
patocyte growth factor (HGF), transforming growth
factor alpha (TGFα) and epidermal growth factor
(EGF) by another.4,7,9,10 Then, progression in the
cell cycle is regulated by the expression of cyclins
and cyclin-dependent kinase.11

NITRIC OXIDE

Nitric oxide molecule

Nitric oxide (NO), a short-lived, highly reactive
free radical, influences physiological processes in vir-
tually every organ and tissue. It exhibits a remarka-
bly broad spectrum of functions, including
neurotransmission and memory formation, regula-
tion of blood pressure, mediation of the bactericidal
and tumoricidal activity of macrophages, and liver
regeneration.

This small, unstable, gaseous, free radical perfor-
ms its complex tasks by acting as an intra- or extra-
cellular messenger molecule. Nitric oxide is
produced from the amino acid L-arginine through a
reaction catalysed by the enzymes nitric oxide syn-
thases (NOS). These enzymes catalyse the oxidation
by molecular oxygen of one of the guanidine nitro-
gens in L-arginine to form NO and citrulline12

(Figure 1A).

NO synthesis

• NO synthase isoforms and subcellular loca-
lization. Three main NOS isoforms have been
identified and cloned so far: nNOS (neuronal or
type I), iNOS (inducible or type II), and eNOS
(endothelial or type III). In addition, new isofor-
ms or mitochondrial variants of NOS (mtNOS)
have been described recently in rat liver, thymus,
and brain.13 eNOS and nNOS are constitutively
expressed, and produce relatively small amounts
of NO. These isoforms depend on Ca2+/calmodu-
lin, and account for a rapid increase of NO in
response to hormone receptor interaction.14,15

On the other hand, iNOS is up-regulated in liver
under a number of conditions, including endo-
toxemia, hemorrhagic shock, ischemia-reperfu-
sion, hepatitis and liver regeneration. This
isoform is Ca2+-independent, and synthesizes NO
for extended periods of time, at high concentra-
tions, serving as an important regulator and
effector during inflammation and infection.16 It is
expressed in different types of cells, including en-
dothelial cells, hepatocytes, Kupffer cells and
smooth-muscle cells.
NOS isoforms have differential localizations
within the cells: nNOS and iNOS are mainly
cytosolic, although recently, Stolz, et al. have es-
tablished the peroxisome as a site of iNOS locali-
zation in hepatocytes.17 On the other hand, eNOS
has been identified at the plasma membrane,
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rough endoplasmic reticulum and in the nuclei of
rat hepatocytes, and has been shown to be a
membrane associated protein.18 Finally, mtNOS
activity is modulated by Ca2+, and it is located at
the inner mitochondrial membrane, where conti-
nuously controls mitochondrial respiration.19

In liver, eNOS activity is normally detectable in
Kupffer cells and at the plasma membrane of rat
hepatocytes.7 In addition, functional eNOS has
been identified and characterized in sinusoidal
endothelial cells with the liver and may contribu-
te to local distribution of perfusion and portal
pressure.20

In addition, hepatocytes, Kupffer and stellate
cells are prompted to express an intense iNOS
activity once exposed to effective stimuli, such as
bacterial lipopolysaccharide (LPS) and cytokines1

(Figure 1B).

• NO and biological reaction. Reactive nitrogen
intermediates (RNI) are now also recognized as
important radicals. Under normal conditions, in-
teraction of NO with oxygen results in the forma-
tion of the relatively inactive end products nitrite
(NO2

-) and nitrate (NO3
-). NO can be also conver-

ted into different reactive chemical forms (NO_,
NO. and NO+), and this is the reason why it has a
wide range of chemical reactivity and regulatory
functions in a variety of biological targets (Figure
1C). These functions include regulation of the car-
diovascular system, smooth muscle relaxation,
neurotransmission, coagulation and immune re-
gulation. Despite these beneficial functions, the
molecule has also a pivotal role in cell death, by
having the ability to either induce or protect
against apoptosis depending on its levels and ce-
llular context. Furthermore, NO can turn an
apoptotic response into a necrotic one. NO can
also combine with O2- (superoxide anion) to form
peroxynitrite (ONOO–), which shares some pro-
perties with NO, such as its capability to freely di-
ffuse via the intra- and the intercellular pathway,
and also to act as a powerful oxidant.21

NO and apoptosis

Apoptosis, or programmed cell death, is essential
to the normal development of multicellular organisms
as well as to the physiologic cell turnover. NO is
one of the most potent regulators of apoptosis since,
as stated above, it has dual pro- and anti-apoptotic
effects. The cellular threshold for apoptosis is
highly regulated, especially by members of the Bcl-2
protein family. Members of this family are anti-apop-
totic proteins (Bcl-2, Bcl-xL, Bcl-w) while others
can promote programmed cell death (Bax, Bak, Bad,
BNIP3).22 The oligomerization of pro-apoptotic pro-
teins into the outer mitochondrial membrane leads
to the formation of pores, and results in mitochon-
drial release of cytocrhome c. The association of
cytochrome c with an adapter molecule, Apaf-1, and
caspase 9 in the cytoplasm activates the latter, which,
in turn, activates downstream caspases.23

In addition, apoptosis can be induces by the
TNF-induced death receptor pathway. They have
been identified two families of receptor: the receptor
of TNFα (TNFR1) and Fas receptor protein that in-
duce apoptosis in a similar way. Binding of TNFα to
TNFR1 results in receptor trimerization and the re-
cruitment of a series of intracellular proteins24 that
ultimate bind caspase-8, leading to its activation.25

Activated caspase-8 initiates a proteolytic cascade
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Figure 1. A. NO is synthesized endogenously by conversion
of L-arginine to L-citruline, using NADPH as an electron do-
nor. B. The reaction is catalyzed by a family of enzymes called
nitric oxide synthases (NOS). Distinct isoforms of NOS are pre-
sented. C. Under normal conditions, interaction of NO with
oxygen results in the formation of the relatively inactive end
products nitrite (NO2

-) and nitrate (NO3
-). NO can be also con-

verted into different reactive chemical forms as nitrosonium
(NO+) and nitroxyl (NO-) radicals, by gaining or losing elec-
trons, respectively. Finally, NO can combine with O2

- (supe-
roxide anion) to render ONOO- (peroxynitrite).
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that results in release of lysosomal cathepsin B,
cleavage of the pro-apoptotic Bcl-2 family member
Bid, initiation of the mitochondrial death pathway
with release of cytocrome c, and activation of do-
wnstream effectors caspases that ultimately induces
apoptosis26 (Figure 2).

NO induces apoptosis both in vivo27,28 and in se-
veral cell types in vitro, such as neuronal cells,23

macrophages,29 cardiac myocytes,30 endothelial
cells,31 lymphocytes, and thymocytes.32 The mecha-
nisms of NO-induced apoptosis are presently under
intensive investigation and several mechanisms un-

derlying the effects of NO on apoptosis have now
been elucidated. They include activation of the death
receptor Fas through upregulation of Fas ligand
expression, generation of the potent oxidant and
cytotoxic mediator peroxynitrite, inhibition of mito-
chondrial ATP synthesis, and inactivation of several
antioxidant enzymes.33,34

Another site of action of NO on mitochondria is
the mitochondrial permeability transition pore
(MPTP). There is now increasing evidence that su-
pport a redox regulation of cytochrome c release du-
ring apoptosis.35 The MPTP plays an essential role

Figure 2. Schematic representation of the pro- and antiapoptotic effects exerted by NO. The NO production by up-regulation
of iNOS in both hepatocytes and Kupffer cells leads to Fas stimulation. This produces caspase 8 activation, followed by increase of
caspase 3 activity and, downstream, release of cytochrome c from mitochondria to cytosol, with further activation of the apop-
tosome. Caspase 8 activation may promote Bid processing, leading eventually to apoptosis. Once peroxynitrite is increased, it
produces increase of reactive nitrogen intermediaries (RNI) which may raise pro-apoptotic protein Bax levels, and downstream,
cytochrome c release and activation of the apoptosome. Peroxynitrite can open membrane transition pores (MTP), and lead to
cytochrome c release (red arrows).

The inhibition of apoptosis by NO is the result of S-nitrosylation of active caspase 9, which attenuates caspase activity and
thereby blocks substrate cleavage. Also, the induction of anti-apoptotic protein Bcl-xL by NO leads to inhibition of cytochrome c
release to cytosol, which in turn inhibits apoptosis (black arrows).
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in apoptosis; once opened, cytochrome c is released,
resulting in the formation of the apoptosome, acti-
vation of caspase-9 and execution of apoptosis.
Recently, inhibition of MPTP opening was identified
as a novel site of action for NO signaling in apopto-
sis.36 Inhibition of MPTP opening would result in
less cytochrome c available to initiate apoptosis.
This study suggests that a fine balance exists bet-
ween the pro- and anti-apoptotic properties of NO at
the level of the mitochondrion.

Apart from pro-apoptotic action, NO may protect
apotosis death under certain conditions, depending
on the cell type.

Several mechanisms have been proposed to elu-
cidate the ability of NO to confer protection
against apoptotic cell death. These can be divided
into cGMP-dependent and cGMP-independent
mechanisms:

• cGMP dependent mechanisms. It is known
that NO mediates many of its physiological func-
tions through the direct heme-dependent activa-
tion of soluble guanilate cyclase, and the
consequent increase in intracellular cGMP le-
vels.37 NO-dependent generation of intracellular
cGMP has been shown to protect against apopto-
sis in lymphocyte,38 eosinophils,39 embryonic mo-
tor neurons.40 Similarly, an increase of cGMP
suppresses apoptosis in hepatocytes through a
marked activation of serine/threonine kinase
Akt, suggesting a link between cGMP and the
PI3K/Akt signaling pathway.37,41 Activation of
Akt can promote cell survival through phos-
phorylation of the pro-apoptotic protein Bad and
caspase 9, which favors Bad proteosomal degra-
dation of Bad and caspase 9 inactivation, respec-
tively, and by preventing cytochrome c release
from mitochondria.42,43

Among the other genes regulated by NO is
BNIP3, a protein known to promote apoptosis,
which belongs to the Bcl-2 family. BNIP3 locali-
zes at the mitochondria and other cytoplasmic
membrane structures, and is found widely expre-
ssed several mouse and human tissues. BNIP3
expression is markedly suppressed following
iNOS up regulation and NO production in a
cGMP-dependent manner, suggesting that this is
another mechanism by which NO prevents apop-
tosis mediated by cGMP-dependent pathways.44

Ray, et al. demonstrated recently that BNIP3 he-
terodimerizes with Bcl-2/Bcl-xl and induces cell
death independent of a BH3 domain at both mito-
chondrial and non-mitochondrial sites.45

• cGMP-independent mechanisms. NO protects
apoptotic cell death in a cGMP-independent man-
ner by preventing  Bcl-2 cleavage, cytochrome c
release, and the induction of protective proteins
such as Hsp70 and Bcl-2.41 In addition, many of
the direct protective actions of NO are mediated
by S-nitrosylation of proteins. S-nitrosylation in-
volves the transfer of a nitric group to cysteine
sulfhydryls, leading to the formation of a nitro-
sothiol (RSNO). While the activity of NO is often
limited due to its very short half-life, nitroso-
thiols can be very stable compounds. Caspases
contain a highly conserved cysteine residue
within their active site, and therefore are a tar-
get for inactivation via S-nitrosylation. In line
with this, NO has been reported to protect
against Fas-induced liver injury by inhibiting
caspase activity. This caspase inhibition is rever-
ted by DTT, suggesting that cysteine S-nitrosyla-
tion is the underlying mechanism of caspase
regulation by NO in this study.46

NO and liver

Under normal conditions, only the constitutive
eNOS is present in the liver, and the low level of
NO produced by eNOS regulates hepatic perfusion,
among other functions. However, iNOS is readily
up-regulated in the liver under a number of condi-
tions, including endotoxemia, hemorrhagic shock,
ischemia-reperfusion, sepsis, infection, hepatitis,
ozone exposure, and liver regeneration.47 Once
iNOS is expressed, large amounts of NO are genera-
ted in the liver in a sustained fashion, which func-
tions as an important regulator and effector during
inflammation and infection.48 Because the liver
plays a crucial role in m any metabolic and immune
processes, physiological and pathophysiological
functions of the NO generated in the liver have
prompted numerous investigations in recent years.
Both cytoprotective and cytotoxic effects of NO have
been demonstrated in the liver.37,48,49

• Induction of hepatic iNOS after different
stimulus. In response to endotoxin or proinfla-
mmatory cytokines, such as tumor necrosis fac-
tor-α (TNF-α), interleukin (IL)-1 and
interferon-γ, as well as their combinations, iNOS
is rapidly up-regulated within hours in hepato-
cytes, and in resident hepatic macrophages
(Kupffer cells) as well.50 These stimuli often act
synergistically to induce iNOS expression; howe-
ver, IL-1β alone is an effective stimulator of
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iNOS in liver. The cytokine-mediated up-regula-
tion of iNOS gene transcription requires the
transcriptional factor nuclear factor-κB (NF-κB)
in both animals and humans.51 In addition, hepa-
tic endothelial cells and stellate cells can also
produce NO through iNOS up regulation. There-
fore, in liver inflammation, hepatocytes are si-
tuated in an environment where NO is generated
from surrounding cells, as well as from hepato-
cytes themselves. In cell cultures has been repor-
ted that the maximum production of NO, which
is calculated as the release of nitrite, after stimu-
lation with polysaccharides and/or cytokines in
hepatocytes is between 45 and 1,200 nmol NO2

-/106

cells per day, Kupffer cells between 50 and 100
nmol NO2

-/106cells per day, and endothelial cells
between 10 and 16 nmol per day NO2

-/106cells37,52

(Figure 2).
• NO and liver regeneration. One remarkable

characteristic of the regenerative process after
PH is the capacity of the liver to grow until the
organ size and functionality are fully restored.
Therefore, it is widely accepted the existence of a
precise pattern of events (release and modulation
of growth factors and cytokines) controlling the
successive regenerative steps after PH.1 Howe-
ver, the nature of the factors and early signals
involved in the recruitment of cells to entry in
the division cell cycle is far from been fully
understood. The current view is based on the
existence of a dynamic balance between positive
and negative control. Equilibrium between sti-
mulator and inhibitor gene of the cell cycle expre-
ssed after PH, may explain why liver
regeneration is tightly regulated growth process.
Within 30 min after PH, several genes are indu-
ced which contributes to regeneration. Among
these genes, signal transducer and activation of
transcription-3 (Stat-3), nuclear factor kB (NF-
kB), CCAAT/enhancer binding protein b (C/
EBPb), and activating protein 1 (AP-1) are
known to play a cooperative role in intracellular
signaling cascades leading to DNA synthesis.53-55

These transcription factors regulate the expres-
sion of many hepatocyte genes including
iNOS,53,56 which is up-regulated within the im-
mediate hours after PH. NO begins to be released
within 30 min after PH, reaching its maximal le-
vel at 5 h (progression phase of cell cycle) and re-
turns to basal levels at 18 h after surgery.1,33 In
this connection, our group has demonstrated a
marked decrease in the peak of DNA synthesis in
hepatectomised rats when they were pretreated

with two iNOS inhibitors (a specific inhibitor,
aminoguanidine, and a non-specific one, NG-mo-
nomethyl-L-arginine, L-NAME).8 Likewise, Rai,
et al. have shown impaired liver regeneration in
iNOS-deficient mice.57 These results suggest a
positive effect of NO in the regulation of the rege-
nerative process at early stages.
Interestingly, this NO seems to be delivered
exclusively in the liver, and apparently, the
molecule is completely consumed in the hepatic
tissue. This conclusion is supported by the ob-
servation of a total absence of NO in blood, as
measured through the formation of a nitroxyl-he-
moglobin complex, as well as by the absence of
changes in the nitrite concentration in plasma, a
NO-derived metabolite that is more stable than
NO itself.2 After PH, both hepatic iNOS activity
and levels of iNOS messenger RNA have been de-
tected exclusively in the liver, indicating that
this is a local effect.2,8,12 The relative contribution
of each liver cell type (Kupffer cells, and hepato-
cytes and, possibly, endothelial cells) to the total
iNOS activity and NO synthesis seems to be di-
fferent. However, because NO can easily diffuse
through the cells, the origin of this molecule is
not critical for the ability to promote intracellu-
lar changes in neighboring cells.2

Evidence shows the importance of cytokines du-
ring liver regeneration. When a large piece of li-
ver is removed by PH, increased local expression
of TNF-α triggers the production of another
cytokine, IL-6, and both cytokines are required
to initiate subsequent hepatocyte proliferation.58

In vivo analysis of murine iNOS genes indicate
that neither TNF-α nor IL-6 alone are sufficient
to activate iNOS transcription, but when these
two cytokines are combined, up-regulation oc-
curs.59,60

Ø Role of NO in apoptosis/proliferation ba-
lance. The determinants of hepatocytes proli-
feration during liver regeneration are highly
complex, and different mechanisms operate
between initiation of DNA synthesis and the
termination of proliferative process.61 The
control of liver regeneration and the events
involved in regulating the growth of the organ
remain unknown. It has become increasingly
apparent that apoptosis plays a key role in the
cell cycle.62,63 Many of the proteins that can
induce cell death are components of the cell di-
vision cycle.41 In previous studies by our
group, we analyzed the role of NO in the regu-
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lation of apoptosis/survival-related pro-
teins.48,63

The relative prevalence of Bax and Bcl-xL pro-
teins are critical factors influencing cell fate;
they promote either cell survival or death,
whose ultimate outcome largely depends on
the Bcl-xL/Bax ratio.63 Large increases of the
hepatic levels of NO (> 100%) (obtained ei-
ther by the iNOS inducer LPS or by the direct
NO donor sodium nitroprusiate (SNP, 2.5 mg/kg
body wt, administered 5 h after PH) induces
expression of the pro-apopoptotic protein Bax
in the mitochondrial fraction, without chan-
ges of the anti-apoptotic protein Bcl-xL as
compared with PH-alone.48 On the contrary,
when the increase of NO is moderate, e.g. a
35%, obtained by low doses of SNP (0.25 mg/kg
body wt), the pro-apoptotic protein Bax
remains unchanged with respect to PH-alone,
while the anti-apoptotic protein Bcl-xL is in-
creased (Ronco, et al., unpublished data).
The mechanism by which NO produces chan-
ges of Bax/Bcl-xL gene expression remain
unknown. Some investigators have focused on

p53 as a linkage between NO and Bax/Bcl-2
genes, since NO is known to induce p53 accu-
mulation, which is a direct transcriptional ac-
tivator of Bax gene and a transcriptional
inhibitor of Bcl-2 gene.64 p53 acts as a check-
point control of the cell cycle, permitting the
repair of damaged DNA. The blockage in G1/S
transition that results from p53 activation
has been suggested to cause apoptosis in the
case of severe DNA damage. Expression of
wild-type p53, a tumor suppressor gene, seems
to be closely linked with apoptosis caused by
most of DNA-damaging agents.65,66 Recent
data from our laboratory showed that a large
augmentation of NO in the liver after PH (as
those caused by LPS and SNP 2.5 mg/ kg
body wt.), increases p53 protein levels with a
correlation between cytosolic nitrate and p53
levels.48 On the other hand, a smaller increase
of NO (as that caused by SNP 0.25 mg/kg
body wt) does not show differences in p53 ex-
pression when compared with hepatectomized
rats (Ronco, et al., unpublished data) (Figure 4).
The apoptotic index revealed that a high

Figure 3. Schematic repre-
sentation of the effects of the
overproduction of NO after PH.
The induction of iNOS with lipo-
polisacaride (LPS, 2 mg/kg)
and the treatment with NO do-
nor SNP2 (2.50 mg/mL) produ-
ce an over-increase of 100% of
NO, leading to an increase of
pro-apoptotic proteins Bax and
p53, leading to apoptosis.
Treatment with a NO donor,
SNP1 (0.25 mg/mL), produces
an increase lower than 35% of
NO, thus leading to an increase
of anti-apoptotic protein Bcl-
xL, which improves liver rege-
neration (⊥ not difference, ↑
increase, ↓ decrease).
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Figure 4. Immnublottintg
analysis of VEGF protein expres-
sion in total liver lysates frac-
tion at 72 h post-surgery. A.
Line 1: Sh-Control, a midline la-
parotomy with liver manipula-
tion was carried out on surgical
sham control rats. Line 2: PH-
Control, two-thirds hepatec-
tomy was performed to control
rats. Line 3: PH-SNP1, two-
thirds hepatectomy was perfor-
med to rats that had received
sodium nitropruside 0.25 mg/kg
body weight, intravenously. B.
Line 1: Sh-Control. Line 2: PH-
Control. Line 3: PH-AG, two-
thirds hepatectomy was
performed to rats that had re-
ceived aminoguanidine (AG) 100
mg/kg body weight, intraperito-
neally. *p < 0.05 vs. Sh-Control.
#p < 0.05 vs. PH-Control (Ronco,
et al. 2007).

increase of NO induces cellular death by apop-
tosis, while a mild increase does not modify
this process. In agreement with other au-
thors,64,65 our results suggest that high levels
of NO induce apoptosis by accumulation of
p53, which induces Bax expression.48

What is the role of NO in the proliferative
process? To answer this question, we analy-
zed how modification of NO levels modulate
the proliferative process that takes place after
PH. The results obtained by immunohistoche-
mistry detection of proliferation cellular nu-
clear antigen (PCNA) indicate that no change
occurs in the proliferation of the remaining li-
ver under an increase of over 100% of NO.
Nevertheless, an increase of NO lower than
35% enhances the proliferation index (Ronco,
et al., unpublished data), suggesting that a
moderate increase of NO improve the prolife-
rative process at early stages of liver regene-
ration.
As we previously described, the specific role of
NO in the balance of apoptosis/proliferation
remains controversial considering the dual ac-
tion of NO in either promoting or impairing
programmed cell death. Analyzing our own re-
sults focusing on the action of NO in the re-
gulation of apoptosis/survival proteins in liver
regeneration, we observed an expression of
survival factors when NO is in “small concen-
trations”, and an expression of pro-apoptotic
proteins when NO is at “high concentrations”.

Figure 3 shows a schematic description of the
regulation of apoptosis/proliferation balance
after PH, mediated by the impact of increases
in NO on anti-apoptotic proteins Bcl-xL and
pro-apoptotic Bax.

Ø NO and Vascular Endothelial Growth
Factor (VEGF). One of the well-characterized
functions of NO is as a mediator of vascular
dilatation and permeability, as well as in
vascular remodeling.2,8 Angiogenesis, i.e. the
formation of new blood vessels, is a complex
process that involves proliferation and migra-
tion of endothelial cells. This phenomenon is
required for remodeling liver architecture
following liver resection.67-69 The initial wave
of hepatocyte proliferation is followed by endo-
thelial cell proliferation and penetration of
vascular hepatocellular islands leading to the
formation of newly-formed sinusoids.70

While angiogenesis has been extensively stu-
died in various diseases, particularly in carci-
nogenesis, its impact on physiological
processes is less well known. In particular, its
role in the physiological control of organ mass
is still not completely understood. Informa-
tion gathered from immunohistochemical stu-
dies points towards well-known angiogenic
factors such as vascular endothelial growth
factor (VEGF), one of the most potent angio-
genic factors, as a main mediator of endothe-
lial cell proliferation in the regenerating
liver.68,71,72
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After PH, both hepatocytes and nonparenchy-
mal cells express VEGF mRNA, suggesting
that VEGF plays a significant role in this pro-
cess. Hepatocellular production of VEGF
shows the maximal levels between 48 and 72 h
after PH.71,73 An increase of VEGF production
by hepatocytes correlates with an increase in
VEGF receptor expression on endothelial cells
after PH. Moreover, recent studies have
shown that inhibition of angiogenesis with
angiostatin impairs liver regeneration. Fur-
thermore, an increased expression of VEGF
and its receptors induce the proliferation of
endothelial cells.71,74

It is known that NO plays an important role
in the processes of vascularization, angiogene-
sis and permeabilization of tissue. Although
there is a growing body of evidence that NO
has angiogenic effects, partly mediated by
VEGF, there is no unanimity of opinion on
this regard.75,76 The effects of NO are greatly
dependent upon cell type, cellular redox sta-
tus, and the amount and chemical nature of
NO donors.21 In previous studies, we showed
that treatment of PH-animals with low doses
of the direct NO donor SNP (0.25 mg/kg body
wt) increases VEGF levels compared with PH-
alone, and that the inhibition of NO synthesis
(with the selective inhibitor of iNOS amino-
guanidine) decreases VEGF protein levels, su-
ggesting that NO is implicated in VEGF
expression (Figure 4). Accordingly with ours
results, other authors have reported that the
exogenous addition of NO donors or increased
levels of endogenous NO enhanced VEGF syn-
thesis in rat vascular smooth muscle cells.58

Furthermore, in the rabbit cornea model of
angiogenesis, VEGF-induced angiogenesis is
blocked by L-NAME (non-selective NOS inhi-
bitor), demonstrating that neovascularization
is suppressed by the blockade of NO produc-
tion.77 Besides, Taniguchi, et al. have shown
that VEGF expression in regenerating rat li-
ver occurs predominantly in periportal hepato-
cytes.73 They also demonstrated that VEGF is
involved in proliferation of hepatocytes asso-
ciated with proliferation of sinusoidal endo-
thelial cells after PH in rats. Histological
studies revealed that NO donor treatment in-
creases the number of vascular structures in
portal areas in PH animals and that amino-
guanidine treatment reduces this rate,78 sug-
gesting that the augmentation of NO levels

increases periportal vascularization, probably
via VEGF. In agreement with other authors,
these studies provide further evidence that
VEGF production is regulated by NO, and
that this compound plays a central role in rat
liver regeneration after PH.75,76 In our stu-
dies, we showed that the modification of NO
levels at 5 h post-PH produces changes in
VEGF protein levels at 72 h after PH.78 These
results suggest that the NO increase during
early steps of liver regeneration initiates an
adaptive response leading to activation of
transcriptional factors that act as signal
transducers between cytoplasm and nucleus,
which results in the regulation of VEGF ex-
pression.

CONCLUSION

Data revised and presented in this review lead to
the assumption that NO activates, as a signaling mo-
lecule, different cellular mechanisms that can promo-
te either cell growth or cell death. NO plays an
important and diverse role during liver regeneration,
with the potential to be either anti- or pro-apoptotic.
Experimental evidence shows that the expression of
iNOS is induced at early stages of liver regeneration
after PH, provided a high amount of NO is present.
When conditions are right for peroxinitrite genera-
tion, NO, via the formation of peroxynitrite, can da-
mage cellular components such as mitochondria,
leading to the opening of the membrane transition po-
res (MTP) with the consequent release of cytochrome
c into the cytoplasm. In addition, NO can increase
the expression of the pro-apoptotic proteins Bax and
p53, resulting in cell death.

At early stages of liver regeneration, the small
amounts of NO produced appear to be necessary and
perhaps sufficient to produce an increase in anti-
apoptotic protein Bcl-xL, which results in protection
from apoptotic cell death. Also, this level of NO en-
sures a maximum increase of VEGF at 72 h post-he-
patectomy, which is necessary to maintain
sinusoidal perfusion and induce neovascularization.

This review highlights the regulating role of NO
at early stages of liver regeneration, where NO is
overproduced as a consequence of iNOS activation.
Interestingly, in our studies, we observed that an in-
crease of 35% of NO during the early stages of PH
leads to an improvement of liver regeneration.
Drugs that can modulate NO levels have been wide-
ly used as therapeutic agents in order to a favorable
adjustment of the vascular environment. This offers
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the possibility of using these drugs, or even the de-
signing new, hepatotropic drugs that regulate NO
levels with the aim of improving the process of liver
regeneration.
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