
LIVER BIOLOGY AND PATHOBIOLOGY

Sympathetic Nervous System Inhibition Increases
Hepatic Progenitors and Reduces Liver Injury
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Recovery from liver damage might be enhanced by encouraging repopulation of the liver by
endogenous hepatic progenitor cells. Oval cells are resident hepatic stem cells that promote liver
regeneration and repair. Little is known about the mediators that regulate the accumulation of
these cells in the liver. Parasympathetic nervous system inhibition reduces the number of oval
cells in injured livers. The effect of sympathetic nervous system (SNS) inhibition on oval cell
number is not known. Adrenergic inhibition mobilizes hematopoietic precursors into the circu-
lation and has also been shown to promote liver regeneration. Thus, we hypothesized that SNS
inhibition would promote hepatic accumulation of oval cells and reduce liver damage in mice fed
antioxidant-depleted diets to induce liver injury. Our results confirm this hypothesis. Compared
with control mice that were fed only the antioxidant-depleted diets, mice fed the same diets with
prazosin (PRZ, an �-1 adrenoceptor antagonist) or 6-hydroxydopamine (6-OHDA, an agent
that induces chemical sympathectomy) had significantly increased numbers of oval cells. In-
creased oval cell accumulation was accompanied by less hepatic necrosis and steatosis, lower
serum aminotransferases, and greater liver and whole body weights. Neither PRZ nor 6-OHDA
affected the expression of cytokines, growth factors, or growth factor receptors that are known to
regulate progenitor cells. In conclusion, stress-related sympathetic activity modulates progenitor
cell accumulation in damaged livers and SNS blockade with �-adrenoceptor antagonists en-
hances hepatic progenitor cell accumulation. (HEPATOLOGY 2003;38:664-673.)

The liver’s progenitor cell compartment is activated
if mature hepatocytes reach a critically low num-
ber, such as after severe hepatic injury, or if the

mature hepatocytes are prevented from dividing by hep-
atotoxic drugs.1 One hepatic progenitor cell (HPC) com-

partment, the oval cells, is resident within the liver’s
canals of Herring, the terminal branches of the biliary
tree. The source of oval cells is debated. Because trans-
planted bone marrow cells can rescue experimental ani-
mals from liver failure by reconstituting lethally damaged
livers2,3 and oval cells express hematopoietic markers,4-6

some have argued that oval cells may be derived from
pluripotent progenitors that reside in the bone marrow.2,3

It is possible, however, that oval cells are a truly unique
population of HPC, and oval cell expression of hemato-
poietic markers4-6 may not be indicative of their lineage.
In any case, the factors involved in expanding HPC pop-
ulations within the liver are not well understood. The
identification of such factors is an important goal because
they may be useful to support patients with liver failure
until a suitable organ is found for transplantation. Indeed,
if successful, targeted expansion of endogenous HPC may
even obviate the need for orthotopic liver transplantation.

The autonomic nervous system (ANS) may regulate
the accumulation of HPC in the liver. The parasympa-
thetic nervous system promotes this process because va-
gotomy reduces HPC in rats with drug-induced hepatitis.
Similarly, after transplantation (which surgically dener-
vates the liver), human livers that develop hepatitis have
fewer HPC than native, fully innervated livers with simi-

Abbreviations: HPC, hepatic progenitor cell; ANS, autonomic nervous system;
SNS, sympathetic nervous system; PRZ, prazosin; 6-OHDA; 6-hydroxydopamine;
NK, natural killer; HMCDE, half methionine-choline deficient plus ethionine;
CMCD, control methionine choline diet; IP, intraperitoneal; ALT, alanine ami-
notransferase; RPA, ribonuclease protection assay; SCF, stem cell factor; HGF,
hepatocyte growth factor; IL, interleukin; LIF, leukemia inhibitory factor; GM-
CSF, granulocyte-macrophage colony stimulating factor; M-CSF, macrophage col-
ony stimulating factor; G-CSF, granulocyte colony stimulating factor; VEGF,
vascular endothelial growth factor; PH, partial hepatectomy; NE, norepinephrine;
TNF-�, tumor necrosis factor �.

From the 1Department of Medicine, Johns Hopkins University, Baltimore, MD;
2Department of Pathology, University Hospitals, University of Leuven, Leuven, Bel-
gium; and 3Department of Pathology, Johns Hopkins University, Baltimore, MD.

Received March 4, 2003; accepted June 4, 2003.
Supported by NIH NIAAA RO1-10154 (to A.M.D.), NIAAA RO1-12059 (to

A.M.D.), and F.W.O. Vlaanderen G.0139.00N (to T.R.).
Address reprint requests to: Anna Mae Diehl, M.D., Professor of Medicine,

Division of Gastroenterology, Johns Hopkins University School of Medicine, 912
Ross Research Building, 720 Rutland Avenue, Baltimore, MD 21205. E-mail:
adiehl1@jhmi.edu; fax: 410-955-9677.

Copyright © 2003 by the American Association for the Study of Liver Diseases.
0270-9139/03/3803-0017$30.00/0
doi:10.1053/jhep.2003.50371

664



lar degrees of injury.7 This may alter the graft’s regenera-
tive response because the rate of fibrosis is often
accelerated in liver transplant recipients with chronic hep-
atitis.8

Although the sympathetic nervous system (SNS) is
known to modulate both liver regeneration9 and hepatic
fibrogenesis,10,11 it is not known whether these effects
reflect its ability to influence HPC accumulation. Thus,
the present study tests the hypothesis that the SNS regu-
lates the expansion of HPC. We used established models
of HPC accumulation involving administration of anti-
oxidant-depleted diets plus ethionine to cause liver injury
and inhibit mature hepatocyte replication.12 We then
inhibited the SNS by adrenoceptor antagonism with Pra-
zosin (PRZ) or chemical sympathectomy with 6-hydroxy-
dopamine (6-OHDA) and used flow cytometry and
immunohistochemistry to compare HPC numbers in
control and SNS-inhibited livers.4,7 Because the SNS is
known to promote the hepatic accumulation of natural
killer (NK) T cells,13 liver NK T cells were evaluated
concurrently to monitor the physiologic efficacy of SNS
inhibition. Our results demonstrate that SNS inhibition
significantly enhances the accumulation of HPC and re-
duces net liver damage induced by chronic hepatotoxin
exposure.

Materials and Methods

Animals. C57BL/6 mice, 10 to 18 weeks old, were
from Jackson Laboratory (Bar Harbor, ME).

Diets and Drugs. The diet was a commercial, half-
choline-deficient diet (ICN, Aurora, OH) also 50% defi-
cient in methionine, administered with ethionine
(0.15%) in drinking water, to enhance oxidative injury to
the liver and cause hepatic accumulation of oval cells
within 2 weeks.12 The combination treatment is hereafter
referred to as half methionine choline-deficient diet plus
ethionine (HMCDE). The control methionine choline
diet (CMCD) was also from ICN. PRZ and DL-ethi-
onine (E) were from Sigma (St. Louis, MO).

Chemical Sympathectomy. Chemical sympathec-
tomy was achieved by intraperitoneal (IP) injection of
6-OHDA 100 mg/kg for 5 consecutive days.14 Thereaf-
ter, 6-OHDA was administered at 100 mg/kg IP, 3 times
per week to ensure continued sympathectomy.11 This reg-
imen of 6-OHDA treatment depletes norepinephrine in
rodent tissues.11,14

Experimental Design. Mice were divided into 4
groups (10 to 12 mice/group): control diet, HMCDE
plus saline IP, HMCDE plus PRZ in drinking water,
and HMCDE plus 6-OHDA IP. Experiments were per-

formed on 2 separate occasions. Therefore, final results
are derived from �100 mice (10-12 mice/group/experi-
ment � 2 experiments).

All mice were weighed at the beginning of the feeding
period and weekly thereafter. At death, sera were collected
from all animals and liver tissue from half the animals in
each group. These livers were fixed in buffered formalin,
preserved in OCT compound (Sakura, Torrance, CA),
and processed for histology or snap frozen in liquid nitro-
gen and stored at �80°C until RNA was isolated. Livers
from the remaining animals were prepared for flow cy-
tometry as described below. All experiments satisfied
NIH and our institutional guidelines for humane animal
care.

Histology. Wedges of liver were prepared for histol-
ogy and immunochemistry as described.7,15,16 Coded, he-
matoxylin-eosin–stained sections were examined by an
experienced liver pathologist blinded to treatment
groups. Hepatocellular fat accumulation was scored as the
following: no fat � 0, focal fat accumulation in �1% of
the hepatocytes � F, fat in 1% to 30% of the hepato-
cytes � 1�, fat in 31% to 60% of the hepatocytes � 2�,
and fat in 61% to 100% of the hepatocytes � 3�. To
evaluate the amount of hepatocyte necrosis, the number
of necrotic hepatocytes was counted in 10 randomly se-
lected fields with a 20� lens.

Immunohistochemistry. Immunohistochemical analy-
sis of HPC was performed with a mouse monoclonal OV6-
type antibody (a gift from Dr. Stewart Sell, Albany
Medical College, Albany, NY) reacting with cytokeratins
14 and 19, a rabbit polyclonal antibody against 56 and 64
kd human callus cytokeratins (Dako, Denmark), and a rat
monoclonal antibody to cytokeratin 19.7,15,17

Details of the staining procedures are as we have de-
tailed.7,15 Incubation with the primary antibodies was
performed at room temperature for 30 minutes. Mouse
monoclonal OV6 antibody and rat anti-cytokeratin 19
were detected using the Dako Animal Research Kit per-
oxidase (Dako, Denmark). The rabbit polyclonal anti-
body against 56 and 64 kd human callus cytokeratins was
detected by anti-rabbit Envision (Dako) as described.15

Oval cells were defined as small cells with an oval nu-
cleus and little cytoplasm. These cells occur either singu-
larly or organized in arborizing, ductular structures. They
have strong reactivity for liver type cytokeratins, OV6,
and bile duct type cytokeratin 19.7,15,17

To evaluate the effect of treatments on the HPC com-
partment, coded samples were examined by an experi-
enced liver pathologist blinded to treatment groups. For
each liver section, the number of oval cells in 5, randomly
selected, nonoverlapping, high-power (40� objective)
fields was counted. Interlobular bile ducts were defined as
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bile ducts with a lumen, associated with a branch of the
hepatic artery. Interlobular bile ducts were not considered
progenitor cells and, thus, not counted as such.

The presence of �-1 adrenergic receptors on oval cells
was detected on frozen sections using a rabbit polyclonal
anti-�-1 adrenergic receptor antibody (sc10721, Santa
Cruz Biotech, Santa Cruz, CA, dilution 1:20), followed
by undiluted anti-rabbit Envision (Dako). For immuno-
fluorescence studies, the anti-�-1 adrenergic receptor an-
tibody was combined with a polyclonal antibody against
56 and 64 kd human callus cytokeratins (Dako; dilution
1:100). The primary antibodies were applied sequentially
and detected with swine-anti-rabbit FITC or TRITC
conjugates. In control sections, primary antibodies were
omitted. All stainings were performed on 4 representative
sections.

Serum Markers of Liver Injury. Sera were analyzed
for alanine aminotransferase (ALT) activity by the Johns
Hopkins Clinical Chemistry Laboratory.

RNA Isolation and Ribonuclease Protection Assay.
Total RNA was isolated from frozen liver samples as de-
scribed.16 RNA concentration was determined by optical
density and quality assessed by agarose gel electrophoresis
and ethidium bromide staining. Ribonuclease protection
assay (RPA) kits with probes for murine cytokines
(PharMingen, San Diego, CA) were used to evaluate fac-
tors that might be involved in the recruitment and expan-
sion of HPC after liver injury.16 The factors studied were
stem cell factor (SCF), hepatocyte growth factor (HGF),
interleukin 6 (IL-6), IL-7, IL-11, leukemia inhibitory fac-
tor (LIF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), macrophage colony stimulating factor
(M-CSF), granulocyte colony stimulating factor (G-
CSF), and vascular endothelial growth factor (VEGF) and
its receptors, VEGFR1 and VEGFR3.

Flow Cytometry. The hepatic nonparenchymal cell
fraction, containing the oval cell and NK T cell popula-
tions, were isolated by described techniques.4,18 Purified
mononuclear cells were incubated with normal mouse
serum (Sigma, St Louis, MO) and Fc-receptor block
(anti-CD16/CD32) to prevent nonspecific binding, plus
APC-conjugated anti-mouse Thy-1.2 (the C57BL/6
form of the Thy-1 antibody) and antibodies directed
against hematopoeitic lineage markers (LIN; a mix of
anti-mouse CD4, CD8, CD3, CD45, CD19, Mac-1,
Gr-1, Ter119). For NK T-cell labeling, the mononuclear
cells were incubated with FITC-conjugated anti-mouse
NK-1.1 and PE-conjugated anti-mouse CD3. Antibodies
were from Pharmingen except Ter119 (Cedarline Lab,
Canada). After incubation, washed pellets were fixed with
2% formaldehyde and evaluated by FACS (Becton Dick-
enson). As described,2,4 LIN�ve/Thy-1�ve cells were clas-

sified as oval cells. Data were analyzed by Cell Quest
software (Becton Dickenson).

Statistical Analysis. All values are expressed as
mean � SEM. Group means were compared by unpaired
t test or ANOVA using Graphpad Prism 3.03 (San Diego,
CA).

Results
To determine the gross effects of the diets, the weights

of the animals at the start and end of the experiments were
compared. Mice fed the control diet gained a mean of 3 g
(12% of starting body weight) during the study (Fig. 1).
In contrast, mice fed the HMCDE diet lost a mean of 3 g
(12% of starting body weight). Mice fed the HMCDE
diet in the presence of PRZ or 6-OHDA, however, only
lost a mean of 2 g (7% and 8% of starting body weight).
Therefore, SNS inhibition slightly, but significantly, at-
tenuates the weight loss that occurs during consumption
of antioxidant-depleted diets.

The treatments also influenced liver mass (Fig. 2A and
B). In mice with an intact SNS, as well as in those treated
with SNS inhibitors, the HMCDE diet caused an increase
in liver mass (Fig. 2A), as well as liver/body mass ratio
(Fig. 2B) above that of the control diet. Increases in both
parameters tended to be greater in mice treated with SNS
inhibitors, but the differences in liver mass achieved sta-
tistical significance only for the HMCDE � PRZ-treated
group. Thus, although SNS inhibition reduced diet-re-
lated loss of body mass, it tended to enhance diet-induced
hepatomegaly.

Liver histology confirms that, as expected, HMCDE
diets caused hepatic steatosis and necrosis (Fig. 3A-C).

Fig. 1. Effect of control and antioxidant-depleted diets on body
weight. Mean � SEM body weights of mice before and after 4 weeks of
feeding. Only mice fed the control diet (CMCD) gained weight (*P � .04
vs. baseline); all groups that were fed half methionine choline-deficient
diets (HMCDE) lost weight (*P � .001 for post- vs. pre-HMCDE, P �
.008 for post- vs. pre-HMCDE � PRZ, P � .03 for post- vs. pre-
HMCDE � 6-OHDA). However, HMCDE � PRZ and HMCDE � 6-OHDA
groups lost less weight than the HMCDE group (#P � .05).
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Histologic evidence of liver injury was accompanied by
significant increases in serum ALT values (Fig. 3D).
Treatment with 6-OHDA, but not PRZ, significantly
reduced the fat score (Fig. 3B). However, both SNS in-
hibitors significantly reduced hepatic necrosis (Fig. 3C)
and serum ALT values (Fig. 3D). These findings demon-
strate that PRZ and 6-OHDA-related increases in liver
mass occurred despite improvements in hepatic steatosis
(6-OHDA) and/or necrosis (PRZ and 6-OHDA). Diet-
induced liver injury itself elicits the accumulation of oval
cells in control mice that were fed the HMCDE diet. The
increased HPC were demonstrated immunohistochemi-
cally by an increase in the numbers of bile duct type cy-
tokeratin-positive oval cells (Fig. 4A and B) and by flow
cytometry quantification of bone marrow lineage marker
negative (LIN 8-) cells that expressed Thy 1.2 (Fig. 4C).

SNS inhibition with either PRZ or 6-OHDA signifi-
cantly augments diet-induced oval cell expansion by both
assays (Fig. 4A-C). The hepatic accumulation of oval cells
is a fairly specific consequence of SNS inhibition because,
as expected,13 the numbers of NK T cells in the livers of
HMCDE-treated mice (8% � 1% liver mononuclear
cells) decrease significantly after treatment with either
PRZ (3.5% � 0.5%, P � .05) or 6-OHDA (3.6% �
0.6%, P � .05). Given that SNS inhibition also reduces
HMCDE-induced liver injury (Fig. 3) and stabilizes body
weight (Fig. 1), the net effect of SNS inhibition is bene-
ficial in this model of chronic liver injury. Diverse mech-
anisms may contribute to the hepatoprotective actions of
SNS inhibitors.

Other groups have shown that the hepatocyte mitogen,
HGF, induces oval cell proliferation, promotes liver re-
generation, and protects the liver from hepatotoxicity.19

Given the similarities between the effects of SNS inhibi-
tion and HGF, it was important to determine whether
SNS inhibition increased hepatic HGF expression. Con-
sistent with other reports that liver injury induces com-
pensatory expression of HGF and other factors that
promote regeneration,20 we found that treatment with
HMCDE increased the hepatic expression of HGF about
2-fold above control (Table 1). However, SNS inhibition
with PRZ or 6-OHDA did not augment this response.
Therefore, the hepatoprotective effects of SNS inhibition
are not easily explained by HGF induction.

Like certain hematopoeitic progenitor cells, oval cells
express c-kit, the receptor for SCF, and are responsive to
this growth factor.4,5,21 Other cytokines, such as IL-7 and
LIF, may also promote progenitor cell accumulation in
injured tissues because, after cardiac injury, these factors
help to recruit bone marrow-derived stem cells to the
injured heart.22 IL-6 is expressed by bone marrow-derived
cells in regenerating livers,23 and this cytokine has an im-
portant hepatoprotective effect because mice that are ge-
netically deficient in IL-6 exhibit inhibited liver
regeneration after partial hepatectomy (PH).24 Other cy-
tokines, such as G-CSF, that signal through gp-130 re-
ceptors may be able to compensate for IL-6 deficiency and
promote regeneration when the latter cytokine is defi-
cient.25 VEGF may also play some role in the expansion of
HPC because it is a growth factor for hematopoietic stem
cells, which express VEGF receptors.26 To begin to clarify
the mechanisms by which SNS inhibition enhances HPC
accumulation in injured livers, we evaluated the effects of
SNS inhibition on the hepatic expression of G-CSF, GM-
CSF, M-CSF, IL-6, IL-7, IL-11, LIF, SCF, and VEGF
and its receptors VEGFR1 and 3. RPA of whole liver
RNA was used to compare the expression of these factors
in control (CMCD) mice and mice treated with HM-

Fig. 2. Effect of SNS inhibition on liver mass in mice with diet-induced
liver damage. (A) Compared with mice fed control diets (CMCD), abso-
lute liver mass was greater in all groups fed HMCDE diets (*P � .01).
Absolute liver mass in the HMCDE � PRZ group was greater than the
group fed HMCDE alone (#P � .04). (B) Liver/body weight ratios also
increased on HMCDE diets (*P � .02 for all groups vs. CMCD) and
tended to be greater in HMCDE-treated mice that received SNS inhibitors,
although the difference between these groups and those fed HMCDE
diets alone did not achieve statistical significance.
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CDE plus or minus SNS inhibitors. No appreciable GM-
CSF, M-CSF, IL-6, IL-7, IL-11, SCF, or LIF expression
could be demonstrated by this assay (Fig. 5). HMCDE-
treatment, however, increased G-CSF expression about
2-fold, regardless of SNS inhibition (Table 1). VEGF and
its receptors were expressed in both control and all HM-
CDE-treated mice, but SNS inhibition did not alter the
expression of these factors (Table 1).

To determine whether the effects of SNS inhibition on
the HPC compartment might be mediated via direct in-
teraction between norepinephrine (NE) and adrenocep-
tors on HPC, we used immunohistochemistry to

determine whether oval cells express �-1 adrenoceptors.
Our results show that bile duct type cytokeratin-positive
oval cells do express �-1 adrenoceptors (Fig. 6A and B).
Therefore, direct regulation of HPC by NE is plausible.

Discussion
Shortages of donor livers for orthotopic liver transplan-

tation have become a major limiting factor in efforts to
reduce mortality of patients with end-stage liver disease.27

Therefore, alternative strategies to replace severely dam-
aged livers must be developed. Studies in mice with mas-

Fig. 3. Effect of SNS inhibition on diet-induced liver injury. (A) Liver Histology. Images were captured with a 25� lens. Hematoxylin and eosin-stained
sections of representative mice that were fed control diet (CMCD) (top left panel) showed no fat accumulation or necrosis. A section from a representative
HMCDE fed animal showed 2� fat accumulation and areas of hepatocyte death (arrows, top right panel), whereas one from an HMCDE � PRZ-fed mouse
showed 1� fat accumulation and reduced liver cell death (bottom left panel). The liver section from a representative HMCDE � 6-OHDA-fed animal showed
focal (F�) fat accumulation and minimal necrosis (bottom right panel). (B) Fat score. Compared with mice fed control diets (CMCD), the HMCDE and
HMCDE � PRZ groups had more fat (*P � .0004). The HMCDE �6OHDA treated group had significantly less fat than the HMCDE alone group (#P � .0001).
(C) Necrosis score. Compared with controls (CMCD), all HMCDE-fed groups had more necrotic hepatocytes (*P � .01), but, compared with mice that were
fed the HMCDE diet alone, the numbers of necrotic hepatocytes were reduced in HMCDE � PRZ (#P � .05) or HMCDE � 6-OHDA (#P � .05). (D) Serum
ALT. Serum levels of ALT, a marker of liver injury, were increased in all HMCDE-fed groups compared with CMCD controls (*P � .01). Compared with
HMCDE-fed mice, mice treated with HMCDE �PRZ or HMCDE �6-OHDA had lower ALT levels (#P � .03).
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sive toxin-induced liver injury have demonstrated that
liver cell transplantation can effectively regenerate the
liver (reviewed in Forbes et al.28). Hence, many groups are
working to optimize cell transplantation strategies. An
alternative, but complementary, approach that might be
used to improve the outcome of liver injury involves treat-
ment to encourage repopulation of the liver by endoge-
nous hepatic progenitors. The general feasibility of this
strategy is supported by recent evidence that the admin-
istration of cytokine mixtures to mobilize native, bone
marrow-derived progenitor cells heals experimentally in-
duced myocardial infarcts in mice.22 Although trans-
planted bone marrow cells can also reconstitute lethally
damaged livers,2,3 the relative importance of native bone
marrow-derived progenitors, or resident hepatic progen-
itors (i.e., oval cells) and mature hepatocytes, for liver

regeneration remains uncertain.28 Moreover, even if cer-
tain progenitor cell populations do contribute to recovery
from liver injury, little is known about the mediators that
regulate their accumulation within the liver. Therefore,
the identification of these factors is an important first step
in the development of treatments that seek to expand
hepatic progenitor cell populations.

Presumably, endogenously produced factors that in-
duce the hepatic accumulation of liver progenitors are
increased, to some extent, during liver damage because
this response is evident in most injured livers.20 However,
unless the compensatory increase in proliferative activity
of mature hepatocytes or their progenitors can keep pace
with liver cell death, recovery is incomplete and damage
persists. Therefore, when factors that increase during in-
jury inhibit both mature hepatocyte proliferation and

Fig. 4. Effect of SNS inhibition on
the numbers of hepatic progenitors
in livers with diet-induced damage.
(A) Immunohistochemistry for oval
cells, in representative mice that
were fed control diet (CMCD) (top
left panel), HMCDE (top right
panel), HMCDE diet � PRZ (bottom
left panel), or HMCDE � 6-OHDA
(bottom right panel). Oval cells are
stained brown. (B) The numbers of
oval cells were increased in all HM-
CDE-fed groups compared with
CMCD controls (*P � .0001). Both
groups treated with SNS inhibitors
had more oval cells than mice that
were fed HMCDE diets alone (#P �
.001). (C) When putative bone mar-
row-derived hepatic progenitors
(i.e., LIN�ve/Thy-1�ve) are quantified
by flow cytometry, livers from groups
treated with HMCDE � PRZ or HM-
CDE � 6-OHDA contain more of
these cells than CMCD controls (*P
� .01), although HMCDE feeding
alone did not expand this compart-
ment. Compared with mice fed HM-
CDE diets alone, mice fed HMCDE
�PRZ or HMCDE � 6-OHDA had
more LIN�ve/Thy-1�ve cells (#P �
.03 and P � .05, respectively).
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progenitor cell expansion, reconstruction of a healthy or-
gan becomes compromised. One way to enhance recovery
in this situation might be to neutralize the actions of
endogenous factors that limit the expansion of native
HPC populations. To explore the validity of this concept,
we studied mice that were treated with HMCDE because

this model of liver injury is known to inhibit replication in
mature hepatocytes1 and increase hepatic oval cells.12 Our
results show that stress-related SNS activity is one of the
endogenous factors that limits HPC accumulation in
HMCDE-damaged livers because inhibiting SNS activity
magnifies the compensatory expansion of oval cell popu-
lations that normally occurs in this model. However, the
mechanisms for this remain uncertain.

In rats pretreated with PRZ immediately before PH,
the subsequent, compensatory induction of hepatocyte
DNA synthesis is inhibited.29 Because liver regeneration
after PH results from the replication of mature hepato-

Table 1. Total Liver RNA Obtained From 4 Mice per
Treatment Group and Analyzed by RPA

Treatment Gene Expression Statistical Significance

HGF
CMCD 1.0 � 0.1
HMCDE 1.7 � 0.24 P � .05 vs. CMCD
HMCDE � PRZ 2.1 � 0.30 P � .05 vs. CMCD; NS vs. HMCDE
HMCDE � 6-OHDA 2.4 � 0.75 P � .05 vs. CMCD; NS vs. HMCDE

G-CSF
CMCD 0.5 � 0.04
HMCDE 0.8 � 0.1 P � .05 vs. CMCD
HMCDE � PRZ 1.0 � 0.3 P � .05 vs. CMCD; NS vs. HMCDE
HMCDE � 6-OHDA 1.4 � 0.3 P � .05 vs. CMCD; NS vs. HMCDE

VEGF
CMCD 1.7 � 0.2
HMCDE 1.2 � 0.2 NS vs. CMCD
HMCDE � PRZ 1.4 � 0.4 NS vs. HMCDE
HMCDE � 6-OHDA 2.3 � 0.5 NS vs. HMCDE

VEGFR1
CMCD 0.3 � 0.04
HMCDE 0.3 � 0.5 NS vs. CMCD
HMCDE � PRZ 0.2 � 0.2 NS vs. HMCDE
HMCDE � 6-OHDA 0.4 � 0.1 NS vs. HMCDE

VEGFR3
CMCD 1.1 � 0.1
HMCDE 1.4 � 0.4 NS vs. CMCD
HMCDE � PRZ 1.7 � 0.4 NS vs. HMCDE
HMCDE � 6-OHDA 2.1 � 1.0 NS vs. HMCDE

NOTE. Twenty �g RNA sample from each mouse was evaluated. Results are
normalized to concurrently assessed expression of GAPDH in the same RNA
samples. Data shown are the mean � SEM results of 4 mice per treatment group.
Similar results were obtained in a second experiment.

Abbreviations: NS, not statistically significant; P � .05.

Fig. 5. Effect of SNS inhibition on hepatic expression of growth-regulatory
factors. Total liver RNA (20 �g per mouse per lane) was evaluated by RPA.
Results from 4 mice per treatment group are demonstrated on this repre-
sentative phosphoimage. Similar findings were obtained in a duplicate
experiment. Ingestion of the hepatotoxic diet (HMCDE) increased the expres-
sion of HGF and G-CSF relative to that of mice fed the control diet (CMCD).
These differences are detailed in Table 1.

Fig. 6. Oval cells express �-1 adrenoceptors. (A) Immunohistochem-
istry for �-1 adrenoceptors on bile duct type cytokeratin-positive oval
cells in a liver section from representative mice fed HMCDE. Oval cells
expressing �-1 adrenoceptors are stained brown. (B) Immunofluores-
cence studies confirm the colocalization of �-1 adrenoceptors on bile
duct type cytokeratin-positive oval cells. Without the primary antibodies,
binding of the secondary antibodies was negligible (not shown). �-1
Adrenoceptors (red), cytokeratins (green), colocalization, (yellow).
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cytes,30 this raises the possibility that SNS inhibitors may
have compounded the antiproliferative effects of ethi-
onine and further suppressed mature hepatocyte replica-
tion in our model of liver injury. If so, then SNS
inhibition might have promoted oval cell accumulation
by amplifying poorly understood signals that trigger ex-
pansion of HPC when the replication of mature hepato-
cytes is inhibited. However, other data argue against this
mechanism. For example, the same group who showed
that PRZ inhibits hepatocyte DNA synthesis also re-
ported that chronic treatment with SNS inhibitors did
not inhibit post-PH liver regeneration in rats.29 More-
over, Kato and Shimazu found that subjecting rats to
surgical sympathectomy before PH actually enhanced
posthepatectomy DNA synthesis in the liver.9 Another
group31 also reported that rats with reduced SNS activity
because of ventral median hypothalamic lesions exhibit
significantly greater hepatic DNA synthesis at 24 hours
post-PH and a higher hepatic DNA content from 36
hours through 7 days following PH than sham-operated
controls. Thus, the effects of SNS inhibition on the rep-
licative activity of mature hepatocytes appear to be incon-
sistent. Given this, the massive oval cell expansion that
accompanied SNS inhibition in our model may have been
mediated by mechanisms other than those that are trig-
gered when the replication of mature hepatocytes is
blocked.

As mentioned earlier, liver injury increases the death
rate of liver cells, and the latter provides a strong stimulus
for liver regeneration.20,30 We observed many more oval
cells in the livers of mice that were treated with SNS
inhibitors, although these groups reproducibly exhibited
less severe liver injury than controls, 4 weeks after begin-
ning the hepatotoxic diets. We did not study the mice at
earlier time points and, therefore, cannot directly exclude
the possibility that SNS inhibition might have transiently
exacerbated diet-induced liver injury, evoking more po-
tent injury signals to induce compensatory hyperplasia.
However, the latter possibility seems very unlikely be-
cause Dubuisson et al.11 showed that liver weight, body
weight, and liver weight to body weight ratios increased
significantly without any associated increase in serum
ALT values in healthy rats treated chronically with
6-OHDA to induce chemical sympathectomy.11 In addi-
tion, several groups have demonstrated that NE exacer-
bates cytokine-mediated hepatotoxicity, whereas agents
that block NE typically inhibit this and are hepatoprotec-
tive.32,33 Therefore, it is unlikely that oval cells increased
to compensate for an earlier exacerbation of diet-induced
liver injury in the mice that received SNS inhibitors.

HGF, IL-6, VEGF, and other factors play important
roles in liver and other organ regeneration after

injury.19,23,34 Because SNS inhibitors enhanced HPC ac-
cumulation and improved the outcomes of mice that were
exposed to hepatotoxic diets, we expected that SNS inhib-
itors would increase 1 or more of these factors, but we
were unable to demonstrate this. However, our analysis of
whole liver RNA may not have been sufficiently sensitive
to detect increased expression of these molecules in small
subpopulations of liver cells. Moreover, we cannot ex-
clude the possibility that SNS inhibitors might have sen-
sitized liver cells to the trophic actions of these or other
factors. Therefore, whether or not SNS inhibitors interact
with other growth factors to enhance hepatic accumula-
tion of oval cells remains an open question.

The latter possibility merits further investigation be-
cause Knight et al. showed that tumor necrosis factor �
(TNF-�) increases in mice that are fed choline-deficient
diets and demonstrated that proliferating hepatic oval
cells produce this cytokine.35 Moreover, they found that
TNF-� is required for oval cell expansion because this
response is abrogated by genetic disruption of TNFR1.
Their observations are particularly intriguing because
TNF-� and TNFR1 are necessary for liver regeneration
after PH and other types of liver injury.36,37 There is
strong evidence for cross talk between signaling mecha-
nisms that are activated by TNF-� and those that are
modulated by sympathetic neurotransmitters, such as NE
(reviewed in Elenkov et al.38). In addition, NE regulates
TNF production and vice versa.38-42 Thus, SNS inhibi-
tion may promote HPC accumulation and decrease liver
injury indirectly by effecting TNF-� activity. We have
begun to explore this possibility by comparing hepatic
expression of TNF-� mRNA in HMCDE-treated con-
trols and mice treated with HMCDE � PRZ. No differ-
ences in TNF-� gene expression were detected in whole
liver RNA samples from 3 controls and 3 PRZ-treated
mice. However, before firm conclusions can be drawn,
these studies must be extended to include more animals,
and assays for TNF-� protein and activity will be neces-
sary.

Finally, NE may inhibit HPC expansion by directly
interacting with its receptors on oval cells or their precur-
sors. Another SNS neurotransmitter, NPY, interacts with
its receptors on neuronal progenitors to regulate their pro-
liferation.43 Although we have shown here that oval cells
express �-1 adrenoceptors, it is unknown whether their
precursors also express these receptors. However the bone
marrow receives SNS innervation, adrenoceptors have
been demonstrated on certain types of bone marrow pro-
genitor cells,44,45 and treatment with PRZ or 6-OHDA
mobilizes murine bone marrow-derived hematopoietic
progenitors into the circulation.44,45 These findings sug-
gest that injury/inflammation-related increases in NE
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might normally limit accumulation of HPC. If so, then
SNS inhibition would be expected to disinhibit this pro-
cess, permitting expansion of HPC populations within
damaged livers. The observation that treatment with PRZ
or 6-OHDA increased hepatic accumulation of Thy-1
expressing cells that lack appreciable surface markers for
the hematopoietic lineage is consistent with this hypoth-
esis.

Controversy rages about the mechanisms that permit
hepatic reconstitution of massively damaged livers from
bone marrow progenitors, as well as the relative impor-
tance of the bone marrow compartment for hepatic regen-
eration under less extreme circumstances. Our studies
were not designed to address either question. Neverthe-
less, our findings open important new areas for investiga-
tion in light of new evidence that donor bone marrow
cells can fuse with residual recipient liver cells to generate
functional hepatocytes.46,47 Bone marrow cells can also
differentiate into pancreatic cells.5,48 Pancreatic and liver
cells are derived from a common progenitor during em-
bryogenesis,49 and, in adult rodents, the pancreas may be
a source of oval cells.50 Whether or not SNS inhibition
mobilizes bone marrow cells to the pancreas, where they
give rise to progenitors that ultimately migrate into the
liver and become oval cells, merits further study. Of
course, because hepatic oval cells themselves express adre-
noceptors, extrahepatic compartments need not be impli-
cated at all to account for the fact that SNS inhibition
increases oval cells in the liver. Adrenoceptor inhibition
may directly enhance oval cell survival, and more work is
also needed to delineate cellular mechanisms that might
be involved.

Despite the remaining uncertainties about the mecha-
nism(s) through which SNS inhibition promotes expan-
sion of the endogenous HPC compartment, the
observation that this process can be induced by PRZ, a
widely available, relatively safe, oral agent, has potential
therapeutic implications. In our study, PRZ was well tol-
erated, none of the PRZ-treated mice died, and most
developed less cachexia as well as less liver damage overall
than the liver disease controls. These findings comple-
ment those of an earlier study, which demonstrated that
PRZ prevents the development of cirrhosis in carbon tet-
rachloride-treated rats.11 Taken together, these results
suggest that � adrenoceptor blockade might be an effec-
tive strategy to reduce the progression of chronic liver
disease.
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