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Recent studies show CXC chemokine elevations after
hepatic resection; blockade of epithelial neutrophil-
activating protein (ENA-78), a CXC chemokine, re-
tards hepatic regeneration after resection. Additional
studies demonstrate that exogenous macrophage in-
flammatory protein (MIP)-2, another CXC chemo-
kine, is therapeutic in a murine acetaminophen tox-
icity model when other therapies fail. The current
investigations study MIP-2’s effects on the cellular
mechanisms involved in liver regeneration in mice
after 70% hepatectomy. Administration of exogenous
MIP-2 after 70% hepatectomy dramatically increased
hepatocyte proliferation as measured by 5-bromo-2�-
deoxyuridine staining. Signal transducer and activa-
tor of transcription-3 (stat-3) was also detected in
greater abundance and persisted in hepatic nuclear
extracts from MIP-2-treated mice compared with con-
trol mice after hepatic resection. Further, inhibition
of the MIP-2 receptor, CXCR2, decreased baseline he-
patocyte proliferation and stat-3 expression in the
setting of partial hepatectomy. These data show that
MIP-2 is important for hepatocyte proliferation after
partial hepatectomy and that pharmacological MIP-2
doses after hepatic injury accelerate hepatic regener-
ation. (Am J Pathol 2003, 163:563–570)

The liver is the only vital organ, aside from the brain, for
which we have no pharmacological, mechanical, or extra
corporeal means of support for a failing organ. In con-
trast, we have mechanical ventilation to support patients
with pulmonary failure, dialysis to support failing kidneys,
and a variety of mechanical and pharmacological inter-
ventions to maintain the failing heart. The liver is also
unique in that it is the only mammalian organ that can
regenerate its biologically functional parenchymal mass
after resection or injury, instead of healing with biologi-
cally nonfunctional scar. A patient’s ability to restore his
or her preoperative hepatic mass after major liver resec-
tion is well known.1 A multitude of mediators that are
hepatic mitogens, both in vitro and in vivo, have been

identified, but the precise mechanisms involved in liver
regeneration remain to be defined.2

In the quest to elucidate the mechanisms responsible
for this unique feature of the liver, extensive studies have
been conducted in various clinically relevant models of
hepatic injury, including partial hepatectomy, ischemia-
reperfusion injury, pathogenic infection, and drug toxic-
ity. Novel treatments for liver injury because of hepatic
resection may stem from recent studies demonstrating
that cytokines, such as interleukin (IL)-6 and tumor ne-
crosis factor (TNF)-�, and CXC chemokines, such as
IL-8, epithelial neutrophil activating protein (ENA-78), and
macrophage inflammatory protein-2 (MIP-2), are impor-
tant priming factors for hepatocyte proliferation and he-
patic regeneration.3–5 It is now well established that TNF
and IL-6, important inflammatory cytokines, have mito-
genic effects on the liver.3,6–8 Recent studies illustrate
that at least some of TNF’s proliferative effects are medi-
ated via TNF-induced IL-6 up-regulation and/or TNF-in-
duced up-regulation of MIP-2 and ENA-78, emphasizing
the overlapping and complex regulatory system that is in-
volved in this process.4,5,9 In the case of IL-6, hepatocyte
proliferation is initiated through the nuclear translocation of
signal transducer and activator of transcription-3 (stat-3),3

whereas TNF regulates nuclear levels of at least two families
of transcription factors in proliferating hepatocytes.10 Nu-
clear translocation of stat-3 is impaired in IL-6 knockout
mice, in which hepatocyte proliferation and liver regenera-
tion is delayed.3 Further, Mellado and colleagues11 have
recently demonstrated that CXC chemokine receptors also
signal through the JAK/stat pathway.

The CXC chemokines are a group of molecules that have
both inflammatory and reparative properties.12,13 These are
basic heparin-binding proteins that have four conserved
cysteine amino acids, with the first two cysteines separated
by one nonconserved amino acid, hence the designation
CXC.12,13 These molecules are best known for their neutro-
phil chemotactic properties.12,13 Many members of this
family have been described and include ENA-78, MIP-2,
IL-8, interferon-�-inducible protein (IP-10), monokine in-
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duced by interferon-� (MIG), and platelet factor (PF)-4.12,13

IL-8 is the most well-studied CXC chemokine and is pro-
duced by many cell types in response to TNF and IL-1,
including monocytes, neutrophils, keratinocytes, mesangial
cells, epithelial cells, hepatocytes, fibroblasts, and endo-
thelial cells.12–16 ENA-78 and MIP-2 are also produced
by many cell types including hepatocytes, in response to
TNF.16–19

We have recently documented that hepatic MIP-2 and
ENA-78 levels are increased after partial hepatectomy in
rats and that ENA-78 blockade after hepatic resection
retards hepatic regrowth after this injury, as measured by
liver weight to total body weight ratios.5 These investiga-
tions also illustrated that ENA-78 and MIP-2 induced
hepatocyte proliferation in vitro in a dose-dependent
manner, with MIP-2 being the more potent agent.5 These
early studies did not investigate the cellular mechanisms
involved in MIP-2’s effects; the current study expands on
our previous knowledge of MIP-2’s effects in the setting of
partial hepatectomy in that it outlines the kinetics involved
in MIP-2-initiated hepatocyte proliferation in vivo, docu-
ments that this is mediated at least in part by the CXCR2
receptor, and suggests that MIP-2 functions in this sys-
tem via a stat-3-mediated signal transduction pathway.
The CXCR2 receptor is the cell surface receptor for the
majority of the CXC chemokines; CXCR1 is specific for
IL-8, whereas CXCR2 is responsive to most of the CXC
chemokines, including MIP-2. In addition, this study also
illustrates that pharmacological MIP-2 administration ac-
celerates hepatocyte proliferation after 70% hepatectomy
in vivo, suggesting a possible clinical application for this
molecule.

Materials and Methods

Mouse Model of 70% Hepatectomy

Female CBAJ mice (6 to 8 weeks of age) were purchased
from Charles River Laboratories (Portage, MI) and main-
tained under specific pathogen-free conditions with free
access to water and food before each experiment. Addi-
tional experiments were performed in genetically altered
CXCR2 knockout mice and the appropriate wild-type
controls. These animals were a generous gift from Dr.
Peter Henke, University of Michigan Department of Sur-
gery. All experiments were performed in compliance with
the standards for animal use and care set by the Univer-
sity of Michigan’s Committee for the Use and Care of
Animals. These standards are in compliance with the
criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” prepared by the National Academy
of Sciences and published by the National Institutes of
Health.

For the hepatectomy experiments, animals were anes-
thetized with subcutaneous ketamine hydrochloride (100
mg/kg) and inhalation of isoflurane. All animals received
intraperitoneal lactated Ringer’s solution (40 ml/kg) to re-
place operative fluid and blood losses. Partial (70%) hepa-
tectomy was performed as previously described.20 Briefly,
3-0 silk suture ligatures were secured around the base of

the median and left lateral hepatic lobes and the lobes
resected. Sham-operated control animals were treated in
an identical manner with the omission of hepatectomy. Pre-
vious studies have demonstrated that the mouse liver will
regenerate within �7 days of 70% hepatectomy.20

MIP-2, vehicle, anti-CXCR2, or control antibodies were
administered by intraperitoneal (IP) injection before 70%
hepatectomy or sham laparotomy as follows. Murine re-
combinant MIP-2 (Peprotech, Rocky Hill, NJ) was recon-
stituted in sterile phosphate-buffered saline (PBS) and
administered 2 hours before hepatectomy or sham lapa-
rotomy in a dose of 1 or 10 �g/kg. An identical volume of
sterile PBS was used as a vehicle control. For the anti-
body experiments, mice were injected with 0.5 mg/
mouse anti-CXCR2 or control IgG antibodies 10 hours
before hepatectomy and again immediately after hepa-
tectomy. Control antibodies consisted of polyclonal rab-
bit serum without CXCR2-blocking properties.

For the liver regeneration studies, antibodies, MIP-2, or
vehicle were administered as described above, animals
were sacrificed at 12, 24, 36, 48, 60, 72, and 96 hours
after hepatectomy, and liver weight/total body weight
ratios determined. Additional investigations at these
same time points measured hepatocyte proliferation via
5-bromo-2�-deoxyuridine (BrdU) staining for proliferating
hepatocytes; these methods are further described below.

For the investigations involving Western blot analysis,
animals were treated as described above with MIP-2,
vehicle, or antibodies and were sacrificed at 1, 2, or 3
hours after hepatectomy or sham laparotomy. Liver sam-
ples were obtained, snap-frozen in liquid nitrogen, and
stored for later preparation of whole cell lysates or nu-
clear extraction and subsequent Western blot analysis.

BrdU Staining and Analysis

Three hours before sacrifice, animals were injected intra-
peritoneally with 30 �g BrdU per gram of body weight.
Animals were then sacrificed and liver specimens ob-
tained. Liver tissues were fixed in 4% paraformaldehyde
for 24 hours, processed for histological analysis, and
stained using the Amersham cell proliferation kit (Amer-
sham Pharmacia Biotech Limited, United Kingdom); his-
tological processing and staining is further described
below.

Immunohistochemical Staining

Slides containing unstained liver sections were used for
immunohistochemical analysis. These slides were first
deparaffinized by sequential treatment with xylene, 100%
ethanol (EtOH), 90% EtOH, 70% EtOH, 50% EtOH, dis-
tilled water, and PBS. To reveal BrdU labeling, these
slides were then incubated in 1 N HCl at 37°C for 1 hour,
washed three times in PBS, and incubated for 20 minutes
in 1% H2O2 in methanol and washed. All slides were then
blocked using a 1:2 dilution of normal rabbit serum for 1
hour. Tissue sections were treated with monoclonal anti-
BrdU antibody at 1:100 with PBS containing blocking
solution for 2 hours at 37°C in a humidified chamber. After
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incubation, each slide was washed three times with PBS.
A 1:300 dilution of horseradish peroxidase-labeled goat
anti-mouse antibody (Pierce, Rockford, IL) was placed on
the slides for 2 hours at 37°C in a humidified chamber.
Slides were again washed twice in PBS. Slides were
developed using a diaminobenzidine kit (Vector, Burling-
ton, CA) and counterstained with Mayer’s hematoxylin
(0.1%; Sigma Chemical Co., St. Louis, MO). For analysis
of proliferation in hepatectomized or sham-operated an-
imals, three animals were used per treatment group per
time point and three separate low-power fields were as-
sessed per animal. The number of cells staining posi-
tively for BrdU per low-power field were counted and
expressed as the mean � the SEM for each group.

Preparation of Whole Cell Lysates

Frozen liver samples were thawed in prechilled lysis
buffer (100 mmol/L Tris, 0.1% sodium dodecyl sulfate,
0.1% Triton X-100, and 15% glycerol), minced, homoge-
nized, and sonicated. All tubes were maintained at 4°C
and gently rotated on a rotator for 30 minutes and sub-
sequently clarified through centrifugation at 14,000 � g
for 15 minutes at 4°C. The supernatants were removed
and centrifuged again at 14,000 � g for 15 minutes at
4°C. The resulting supernatants contained the total cell
lysate proteins. Protein quantification was performed us-
ing the BCA protein assay kit (Pierce, Rockford, IL).

Preparation of Nuclear Extracts

Preparation of hepatic nuclear extracts was conducted
as follows. Liver samples were rapidly homogenized in
PBS containing Complete protease inhibitor (10 mg/ml;
Boehringer Mannheim, Mannheim, Germany) on ice and
washed with fresh PBS. Homogenates were suspended
in buffer A (10 mmol/L Hepes, 10 mmol/L KCl, 0.5 mmol/L
dithiothreitol, 1% Nonidet P-40) and mixed for 10 minutes
on a rotator, followed by centrifugation for 10 minutes at
14,000 � g at 4°C. The resulting supernatant containing
the cytoplasmic components was removed. The pellets,
containing the cell nuclei, were suspended in buffer C (20
mmol/L Hepes, 20% glycerol, 500 mmol/L KCl, 0.2
mmol/L ethylenediaminetetraacetic acid, 0.5 mmol/L
phenylmethyl sulfonyl fluoride, 0.5 mmol/L dithiothreitol,
1.5 mmol/L MgCl2), mixed for 15 minutes on a rotator,
and centrifuged at 7000 � g for 10 minutes at 4°C. The
resulting supernatants containing the nuclear proteins
were removed for Western blot analysis. Nuclear protein
concentrations were measured using a Bradford assay
(Bio-Rad Laboratories, Inc., Hercules, CA).

Western Blot Analysis

Fifty �g of hepatic nuclear protein or total cell lysate protein
were electrophoresed on a 12% polyacrylamide gel and
then transferred to polyvinylidene difluoride membranes
(Bio-Rad Laboratories Inc., Hercules, CA). Equal protein
loading was confirmed by Coomassie blue staining of the
gel after transfer. Membranes were blocked for 1 hour at

room temperature in 5% dry milk and were then incubated
with primary antibodies at the following dilutions (all re-
agents were purchased from Santa Cruz Biotechnology,
Inc., Santa Cruz, CA): phosphotyrosine stat-3 (p-stat-3),
1:100 and stat-3, 1:1000. The antibodies were diluted in 5%
dry milk in Tris-buffered saline with 0.1% Tween 20 and the
membranes were incubated with the antibodies overnight at
4°C. The horseradish peroxidase-linked secondary anti-
body (Pierce) was then added at a 1:3000 dilution for 2
hours at room temperature, and protein bands were visual-
ized by chemiluminescence (Bio-Rad). Some blots were
also stripped and reanalyzed using anti-GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) monoclonal antibod-
ies (Chemicon International, Inc., Temecula, CA) as an in-
ternal protein loading control.

Statistical Analysis

For all investigations, five mice were used per group per
time point, unless otherwise noted. For Western blot anal-
ysis, each experiment was repeated a minimum of three
times and representative gels are illustrated; the densi-
tometry that accompanies the gel represents the mean
densitometry values for three gels from three separate
animal groups. Groups of data were evaluated by anal-
ysis of variance by the methods of Student-Newman-
Keuls to indicate groups with significant differences. Dif-
ferences were considered significant if P values were
less than 0.05. Results are presented as means � SEM.
Data were analyzed using a PowerPC 7100 computer
using the Statview II statistical software package (Abacus
Concepts, Inc., Berkley, CA).

Results

The CXCR2 Receptor Is Required for Hepatic
Recovery after Partial Hepatectomy

Neutralization of MIP-2 through the use of anti-MIP-2
antibodies in the setting of partial hepatectomy did not
significantly decrease liver weight/body weight ratios
(data not shown). Previous studies have shown that more
than one chemokine is up-regulated after partial hepa-
tectomy;5 because our previous studies in an acetamin-
ophen toxicity model of liver injury suggest that the CXC
chemokines function in this system via the CXCR2 recep-
tor,5,21 initial experiments were performed in which mice
were treated with anti-CXCR2 antibodies during hepatec-
tomy to block the effects of all of the CXC chemokines.
Mice were treated with anti-CXCR2 or control antibody
and underwent 70% hepatectomy. As illustrated in Fig-
ures 1 and 2, animals treated with anti-CXCR2 antibodies
demonstrated a significant decrease in liver weight/body
weight ratios and BrdU staining after 70% hepatectomy.
Similar decreases were not seen in mice treated with
control antibodies, suggesting that the CXC chemokines
are important for hepatic recovery after 70% hepatec-
tomy and that these molecules are functioning via the
CXCR2 receptor.
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Because our initial experiments neutralizing CXCR2
with antibodies demonstrated a significant decrease in
liver weight/body weight ratios and BrdU staining after
partial hepatectomy, additional experiments were per-
formed in CXCR2 knockout mice. These mice were sub-
jected to 70% hepatectomy or sham laparotomy and liver
weight/body weight ratios and BrdU staining measured
kinetically. As illustrated in Figures 3 and 4, significant
decreases in liver weight/body weight ratios and BrdU
staining are seen in the genetically altered animals, as
compared to wild-type animals. Further experiments

were performed in which the CXCR2 knockout mice were
treated with 10 �g/kg of MIP-2, to document that MIP-2’s
effects were occurring through the CXCR2 receptor. No
increase in liver weight/body weight ratios or BrdU stain-
ing were observed in CXCR2 knockout mice treated with
MIP-2 (Figure 3 and 4).

Figure 1. Liver weight/body weight ratios in mice undergoing partial hepa-
tectomy and treatment with anti-CXCR2 antibody. Mice were treated with
anti-CXCR2 antibody or control antibody and underwent 70% hepatectomy.
Liver weight/total body weight ratios were measured at 24, 48, 60, 72, and 96
hours after resection. There was a significant decrease in liver weight/total
body weight ratios in the mice treated with anti-CXCR2 antibody at 72 and 96
hours after resection, as compared to mice receiving control antibodies. *,
P � 0.05 versus control Ab � Hep.

Figure 2. Hepatic BrdU staining in mice undergoing partial hepatectomy and
treatment with anti-CXCR2 antibody. Mice were treated with anti-CXCR2
antibody, control antibody, or vehicle and underwent 70% hepatectomy.
BrdU staining was performed on liver tissue obtained at 24, 36, 48, 60, 72,
and 96 hours after resection and is expressed as number of BrdU-positive
cells per low-power field (LPF). A significant decrease in the number of
BrdU-positive cells is noted at 48 and 60 hours after resection in animals
treated with anti-CXCR2 antibody, as compared to animals treated with
vehicle or control antibody. *, P � 0.05 versus hepatectomy � vehicle and
hepatectomy � control Ab.

Figure 3. Liver weight/body weight ratios in CXCR2 knockout mice or
wild-type controls undergoing partial hepatectomy. Partial hepatectomy was
performed in CXCR2 knockout (CXCR2ko) or wild-type (WT) control mice.
An additional group of CXCR2 knockout mice were treated with 10 �g/kg of
MIP-2 and underwent hepatectomy. Liver weight/total body weight ratios
were measured at 24, 48, 60, 72, and 96 hours after resection. There was a
significant decrease in liver weight/total body weight ratios in the CXCR2
knockout mice at 48, 72, and 96 hours after resection, as compared to
wild-type mice; this difference was not corrected by administration of exog-
enous MIP-2, suggesting that MIP-2 functions in this system via the CXCR2
receptor. *, P � 0.05 versus CXCR2ko � Hep and CXCR2ko � 10 �g/kg
MIP-2.

Figure 4. BrdU staining in CXCR2 knockout mice or wild-type controls
undergoing partial hepatectomy. Partial hepatectomy was performed in
CXCR2 knockout or wild-type control mice. An additional group of CXCR2
knockout mice were treated with 10 �g/kg of MIP-2 and underwent hepa-
tectomy. BrdU staining was performed on liver tissue obtained at 36, 48, 60,
72, and 96 hours after resection and is expressed as the number of BrdU-
positive cells per low-power field (LPF). There was a significant decrease in
the number of BrdU-positive cells in the CXCR2 knockout mice at 48, 60, 72,
and 96 hours after resection, as compared to wild-type mice; this difference
was not corrected by administration of exogenous MIP-2, suggesting that
MIP-2 functions in this system via the CXCR2 receptor. *, P � 0.05 versus
CXCR2ko � Hep and CXCR2ko � 10 �g/kg MIP-2.
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Pharmacological Doses of MIP-2 Promote
Rapid Liver Recovery after Partial Hepatectomy

Mice received exogenous MIP-2 (1 or 10 �g/kg) before
partial hepatectomy. Kinetic analysis of the effects of
exogenous MIP-2 on hepatic regeneration demonstrates
that exogenous MIP-2 administration increases hepatic
regeneration, as compared to animals treated with vehi-
cle. A significant increase in liver weight/body weight
ratios was seen in animals treated with exogenous MIP-2,
as compared to animals treated with vehicle, beginning
60 hours after hepatectomy and persisting up to 96 hours
after hepatectomy (Figure 5). This was particularly nota-
ble at the higher MIP-2 doses. Similarly, there was a
significant increase in BrdU staining in animals undergo-
ing partial hepatectomy and treatment with MIP-2, as
compared to animals undergoing partial hepatectomy
and treatment with vehicle (Figure 6). MIP-2 treatment
resulted in an earlier initiation of hepatocyte proliferation,
as well as a significant increase in overall proliferation.
Further, both doses of MIP-2 appeared to have similar
effects on proliferation, as measured by BrdU staining.
There was no increase in BrdU staining in animals under-
going sham laparotomy and treatment with exogenous
MIP-2, as compared with mice undergoing sham laparot-
omy and treatment with vehicle (data not shown).

Effects of MIP-2 and Anti-CXCR2 Treatment on
Stat-3 Levels after Partial Hepatectomy

Nuclear translocation of stat-3 is a critical early event
during liver regeneration.22,23 Stat-3 binding activity in-

creases significantly within 30 minutes of partial hepatec-
tomy and peaks at more than 30 times baseline 3 hours
after hepatectomy; this is not observed in sham-operated
animals.23 Stat-3 activation is somewhat unusual as com-
pared to other immediate early genes in that it extends
beyond the immediate-early period and remains near
peak levels 5 hours after hepatectomy.23

Our next experiments investigated the effects of exog-
enous MIP-2 therapy on the nuclear translocation of
stat-3. After partial hepatectomy, baseline increases in
nuclear stat-3 expression are seen at 1, 2, and 3 hours
after hepatectomy (Figure 7). Further, nuclear stat-3 lev-
els are increased by pretreatment with MIP-2 and de-
creased by pretreatment with anti-CXCR2 (Figure 7). The
MIP-2-induced increases in nuclear stat-3 are most no-
table at 1 and 2 hours after hepatectomy; in contrast, the
effects of anti-CXCR2 are most notable at 2 and 3 hours
after hepatectomy.

Because stat-3 must be phosphorylated in the cytosol
to become activated and transported into the nucleus,
whole cell liver lysate p-stat-3 levels were also measured

Figure 5. Liver weight/body weight ratios in mice undergoing partial hepa-
tectomy and treatment with exogenous MIP-2. Mice were treated with vehicle
or 1 or 10 �g/kg of MIP-2 and underwent 70% hepatectomy. Liver weight/
total body weight ratios were measured at 12, 24, 36, 48, 60, 72, and 96 hours
after resection. There was a significant increase in liver weight/total body
weight ratios in the mice treated with 10 �g/kg of MIP-2 at 60 and 96 hours
after resection, as compared to mice receiving vehicle. *, P � 0.05 versus
hepatectomy � vehicle.

Figure 6. BrdU staining in mice undergoing partial hepatectomy and treat-
ment with exogenous MIP-2. Mice were treated with vehicle or 1 or 10 �g/kg
of MIP-2 and underwent 70% hepatectomy. BrdU staining was performed on
liver tissue obtained at 12, 24, 36, 48, 60, 72, and 96 hours after resection and
is expressed as number of BrdU-positive cells per low-power field (LPF).
There was a significant increase in the number of BrdU-positive cells in
animals treated with either dose of MIP-2 at 36, 48, 60, and 72 hours after
resection. *, P � 0.05 versus hepatectomy � 1 �g/kg MIP-2 and hepatectomy
� 10 �g/kg MIP-2.

Figure 7. Hepatic nuclear extract stat-3 levels after partial hepatectomy plus
vehicle, MIP-2, or anti-CXCR2, as measured by Western blot analysis. Nuclear
stat-3 levels increase after partial hepatectomy as compared to shams. Nu-
clear stat-3 levels are further increased in animals treated with exogenous
MIP-2 before partial hepatectomy, particularly at the 1- and 2-hour time
points. Stat-3 levels are decreased after partial hepatectomy in animals
treated with exogenous anti-CXCR2 antibody, particularly at the 2- and
3-hour time points.
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by Western blot analysis. Tissue samples were obtained
1, 2, and 3 hours postoperatively from mice undergoing
sham laparotomy alone, sham laparotomy plus vehicle,
sham laparotomy plus 1 �g/kg MIP-2, sham laparotomy
plus 10 �g/kg MIP-2, 70% hepatectomy plus vehicle,
70% hepatectomy plus 1 �g/kg MIP-2, 70% hepatectomy
plus 10 �g/kg MIP-2, 70% hepatectomy plus anti-CXCR2
antibody, and 70% hepatectomy plus control antibody.
Throughout the 3-hour time period studied, p-stat-3 levels
gradually increased after partial hepatectomy (Figure 8).
A 1-hour sham animal is included for reference; p-stat-3
levels for 1-hour sham are significantly less than the
p-stat-3 levels at 1 hour for animals undergoing hepatec-
tomy plus vehicle. P-stat-3 levels are further increased
after partial hepatectomy in animals treated with exoge-
nous MIP-2 before hepatectomy; this was statistically
significance at the 1- and 2-hour time points. Treatment
with anti-CXCR2 resulted in a decrease in p-stat-3 levels
after partial hepatectomy (Figure 8). This reached statis-
tical significance at the 1- and 3-hour time points. MIP-2
administration to sham-operated animals and administra-

tion of control antibodies to animals undergoing partial
hepatectomy had no effects. This data has not been
presented for clarity.

Discussion

We have recently demonstrated that delayed exogenous
MIP-2 administration, working through the CXCR2 recep-
tor, is therapeutic in a murine model of acetaminophen
toxicity.21,24 From this and other studies, it appears that
this therapeutic effect may be mediated via a direct pro-
proliferative effect of MIP-2 on hepatocytes.5,21,24 Thus,
the aim of the present study was to explore in greater
detail whether alterations in MIP-2 and CXCR2 influence
the cellular events necessary for the initiation of hepato-
cyte proliferation after partial hepatectomy. BrdU staining
reveals cells that are in the S phase of the mitotic cy-
cle.25,26 Previous studies in our laboratory have identified
beneficial therapeutic effects for the CXCR2 ligand,
MIP-2, in a murine acetaminophen toxicity model when
treatment with N-acetyl-cysteine, the standard therapy for
acetaminophen overdose, is ineffective.21 Additional
studies in a rat model have shown an increase in hepatic
MIP-2 and ENA-78 levels after 70% hepatectomy and a
delay in hepatic regeneration in animals treated with
anti-ENA-78 antibody in this setting.5 Although our previ-
ous studies suggest that MIP-2’s effects are hepator-
egenerative, the cellular mechanisms through which
MIP-2 and its receptor, CXCR2, exert this effect are un-
characterized. Thus, the present study addresses the
cellular and molecular events in the liver that follow the
administration of pharmacological MIP-2 doses or
CXCR2 receptor blockade in the setting of hepatic resec-
tion in mice. The data presented demonstrate that MIP-2
and CXCR2 are an integral part of the accelerated pro-
gression of quiescent hepatocytes into the cell cycle after
70% hepatectomy.

The results presented in this study are significant in
that previous studies administering pharmacological
doses of other cytokines, such as IL-6 or TNF, in the
setting of liver injury or resection failed to demonstrate
beneficial effects on hepatic regeneration. Furthermore,
hyperstimulation with IL-6 has actually been shown to be
detrimental to hepatic regeneration. During fulminant he-
patic failure, early and sustained increases in IL-6 blood
levels are associated with inhibition of liver regeneration
because of up-regulation of the protein inhibitor of acti-
vated stat-3.27 Similarly, IL-6 hyperstimulation in a mouse
partial hepatectomy model causes a strong activation of
stat-3 inhibitors and a delay and inhibition of cell-cycle
progression.28 Thus, after massive hepatocyte loss, an
early and rapid increase in IL-6 may weaken the hepatic
regenerative response via up-regulation of stat-3 inhibi-
tors.27,28 In contrast, our current investigations in a
mouse hepatectomy model document a significant ben-
eficial effect of administration of pharmacological MIP-2
doses, resulting in enhanced and accelerated hepato-
cyte proliferation. More specifically, the BrdU data doc-
ument an earlier and larger increase in hepatocyte pro-
liferation after 70% hepatectomy in animals treated with

Figure 8. Hepatic p-stat-3 levels in total cellular lysates after partial hepatectomy
and treatment with MIP-2 or anti-CXCR2, as measured by Western blot analysis.
The illustrated gel is a representative gel from one experiment. The densitometry
represents the mean densitometry data from three gels from each of three
separate experiments using three separate sets of animals. After Western blot
analysis for p-stat-3, each gel was stripped and reanalyzed for GAPDH as an
internal protein loading control. A 1-hour sham animal is included for reference.
*, P � 0.05 1°sham versus 1°Hep � vehicle. **, P � 0.05 Hep � vehicle versus
Hep � 1 �g/kg MIP-2 and versus Hep � 10 �g/kg MIP-2, at each of the
respective time points. ***, P � 0.05 1°Hep � anti-CXCR2 versus 1°Hep �
vehicle. �, P � 0.05 3°Hep � anti-CXCR2 versus 3°Hep � vehicle.

568 Ren et al
AJP August 2003, Vol. 163, No. 2



MIP-2, suggesting a possible beneficial effect to clinical
treatment with this molecule to enhance hepatic regen-
eration after resection.

Our current investigations suggest that MIP-2 has pro-
liferative effects on hepatocytes in the setting of partial
hepatectomy and that these proliferative effects are at
least partially mediated through a p-stat-3/stat-3 signal
transduction pathway. Although MIP-2 is actively in-
volved in hepatocyte proliferation, this investigation did
not definitely define whether these effects were depen-
dent on IL-6 or TNF. Although there were dramatic ele-
vations in cytosolic p-stat-3 and nuclear stat-3 expression
in response to MIP-2 treatment, IL-6 was never signifi-
cantly elevated in either the serum or the liver in response
to MIP-2 treatment as compared to controls (data not
shown). Previous studies in our laboratory have sug-
gested that at least some of TNF’s proliferative effects are
related to up-regulation of MIP-2 and ENA-78.5 If MIP-2 is
up-regulated via TNF or IL-6 in this system, it is logical
that MIP-2-mediated effects would occur via the stat-3
signal transduction pathway, because this has already
been confirmed for TNF and IL-6.8,10,23,29 In addition,
Mellado and colleagues11 have recently demonstrated
that chemokine receptors for the CXC family do signal
through the JAK/stat pathway, further supporting the data
presented in this study. Recent studies have also sug-
gested that the CXC chemokine, interferon-� inducible
protein-10 (IP-10), has a role in hepatic regeneration after
partial hepatectomy,30 likely related to IP-10-induced up-
regulation of CXCR2, confirming the important role of this
family of molecules in the liver’s recovery from injury, as
well as the importance of the CXCR2 receptor.

The data presented herein demonstrate that MIP-2
therapy increases cytosolic p-stat-3 and accelerates the
nuclear translocation of stat-3 compared with saline-
treated mice. An increased number of hepatocytes in
MIP-2-treated mice entered the S phase of mitosis by 48
hours, as detected by the increases in BrdU incorpora-
tion. When MIP-2 activity was targeted by immunoneu-
tralization or genetic ablation of the CXCR2 receptor,
cytosolic p-stat-3 levels and nuclear stat-3 expression
were both dramatically reduced, concurrent with a sig-
nificant reduction in BrdU labeling. When MIP-2 was im-
munoneutralized, similar inhibitory effects on hepatic re-
generation were not observed. It is conceivable that other
CXCR2 ligands may have contributed to the hepato-
regenerative effect in this situation. Previous experiments
have shown that other CXCR2 ligands such as IL-8 and
ENA-78 can also have proproliferative effects on hepato-
cytes.5 This seems to be the case because neutralization of
MIP-2 alone in the hepatectomy model was ineffective at
significantly reducing liver regeneration (data not shown),
whereas neutralization of the CXCR2 after hepatectomy did
have a significant effect on hepatic regeneration after partial
hepatic resection. Thus, these data suggest that MIP-2,
acting through the CXCR2 receptor, supplies a unique mi-
togenic signal to the liver that permits the rapid recovery of
hepatocytes from injury. In summary, this study demon-
strates that endogenous and exogenous MIP-2 rapidly up-
regulates the nuclear transcription factor, stat-3, resulting in
the regeneration of the acutely injured liver. Further experi-

ments examining the role of CXCR2-dependent CXC che-
mokines after hepatic injury are needed to reveal the tre-
mendous therapeutic potential these chemokines may have
in fulminant hepatic failure.
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