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ABSTRACT The mechanisms that initiate liver regener-
ation after resection of liver tissue are not known. To deter-
mine whether cytokines are involved in the initiation of liver
growth, we studied the regeneration of the liver after partial
hepatectomy (PH) in mice lacking type I tumor necrosis factor
receptor (TNFR-I). DNA synthesis after PH was severely
impaired in these animals, and the expected increases in the
binding of the NF-kB and STAT3 transcription factors shortly
after PH failed to occur. Binding of AP-1 after PH was
decreased in TNFR-I knockout mice compared with animals
with the intact receptor whereas CyEBP binding was not
modified. Injection of interleukin 6 in TNFR-I-deficient ani-
mals 30 min before PH corrected the defect in DNA synthesis
and restored STAT3 and AP-1 binding to normal levels but
had no effect on NF-kB binding in the regenerating liver. The
results indicate that TNF, signaling through the TNFR-I, can
initiate liver regeneration and acts by activating an interleu-
kin 6-dependent pathway that involves the STAT3 transcrip-
tion factor.

The liver has the unique capacity to regenerate after removal of
part of its mass. This growth response is particularly remarkable
because hepatocytes that constitute '65% of the cells of the
mammalian liver have low proliferative activity and long life spans.
Nevertheless, hepatocytes readily proliferate after partial hepa-
tectomy (PH) and undergo one or more rounds of semisynchro-
nous replication before returning to quiescence (1, 2). In young
rats and mice, .95% of hepatocytes replicate after PH, and the
hepatic mass is restored in 7–10 days. The growth process is tightly
regulated and terminateswhen it reaches a set point, defined as the
optimal ratio between hepatic functionalmass and bodymass. The
same principles that govern liver regeneration after PH in rats and
mice apply to the growth response of human livers transplanted to
a new host. In this situation, a small transplant grows, but a large
transplanted liver decreases in size, so in each case, the optimal
liver massybody mass set point for the individual host is attained
(1).
During the last few years, much new information has become

available on the events that may initiate liver regeneration (3–6).
Many growth factors can stimulate DNA replication of hepato-
cytes in primary culture, and at least two of these factors, trans-
forming growth factor a and hepatocyte growth factoryscatter
factor, participate in the growth response after PH in vivo. How-
ever, the precise point atwhich these factorsmight act has not been
identified. Furthermore, although transforming growth factor a
and hepatocyte growth factoryscatter factor greatly stimulate
DNA synthesis of cultured hepatocytes, infusion of these factors
directly into the liver in vivo during a 24-h period causes only a
minor increase in hepatocyte DNA synthesis (7). However, hepa-
tocytes in the intact liver become capable of responding to these

growth factors if they receive stimuli that ‘‘prime’’ quiescent
hepatocytes to undergo replication (8–10). These and other ex-
periments indicate that the initiation of liver regeneration requires
an initial stage inwhichquiescent hepatocytes acquire proliferative
competence (1, 3, 7). During this stage, which roughly corresponds
to the first 4 h after PH, binding of the transcription factorsNF-kB,
AP-1, and STAT3 increases. Activation of NF-kB occurs minutes
after PH and is transient (11, 12). AP-1 and STAT3 binding
increase more slowly after the operation, and STAT3 binding
remainshigh for 6hormore (13–16).Tumornecrosis factor (TNF)
activates NF-kB in many cell systems and causes strong NF-kB
binding in rat liver within 30 min after i.p. injection (11). A
potential role forTNF in liver regeneration is indicatedby thework
of Akerman et al. (17), who showed that TNF antibodies can delay
and diminish DNA synthesis in regenerating rat liver and inhibit
the increase in circulating levels of interleukin 6 (IL-6) after PH.
We have proposed that liver regeneration may be initiated by one
ormore cytokines and that growth factors act later on hepatocytes
that have become competent to proliferate (1, 3). To directly test
the role of TNF in the initiation of liver regeneration after PH, we
analyzed the liver growth response after PH in mice lacking TNF
receptor 1 (TNFR-I). These animals develop and grow normally
but are resistant to TNF-mediated toxicity and are highly suscep-
tible to infection by Listeria monocytogenes and Mycobacterium
tuberculosis (18–20). We report that liver regeneration is severely
impaired in TNFR-I-deficient mice and that the defect in DNA
synthesis can be corrected by IL-6 injection.

MATERIALS AND METHODS

Animals. TNFR-I knockout mice (p552y2) of the C57BLy6
strainwere used in these experiments (21, 22).Wild-typeC57BLy6
mice originally purchased fromThe Jackson Laboratory served as
controls. All experiments were performed with male mice weigh-
ing 25–30 gkept in a temperature-controlled roomwith alternating
12-h darkylight cycles. PH consisting of the removal of the anterior
and left lateral hepatic lobes was performed by the procedure of
Higgins and Anderson (23) as described (24). The experiments
were conducted in accordance with the institutional guidelines of
the University of Washington School of Medicine.
Nuclear Extracts.Mice were killed at various times after PH as

indicated for each experiment. All solutions used for the prepa-
ration of nuclear extracts contained protease inhibitors as de-
scribed (11). Tissue was homogenized and nuclear extracts pre-
pared as described (11). Nuclear extracts were frozen and stored
at 2808C until use. Protein concentrations were measured by the
Bradford method.
Electrophoretic Mobility-Shift Assays (EMSA). Probes. The

following double-stranded probes were used: NF-kB binding
sequence from the class 1 major histocompatibility enhancer
element (H2K)as described (11);AP-1, consensus oligonucleotide
probe (Santa Cruz Biotechnology); STAT3, oligonucleotide cor-The publication costs of this article were defrayed in part by page charge

payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y941441-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: PH, partial hepatectomy; TNF, tumor necrosis factor;
IL, interleukin; TNFR-I, TNF receptor 1; EMSA, electrophoretic
mobility-shift analysis.
‡To whom reprint requests should be addressed.

1441



responding to the binding site for the Sis inducible factor (Santa
Cruz Biotechnology); and CyEBP, oligonucleotide corresponding
to nucleotides2112 to286 of the rat albumin gene promoter (25).
The NF-kB and CyEBP probes were prepared by annealing the
complementary oligonucleotides in a thermal cycler in 50mMTris
(pH 8.0) and 1 mM EDTA. Annealed oligonucleotides were
purified by PAGE. NF-kB, AP-1, and STAT3 oligonucleotide
probes were prepared by end labeling with g32P-adenosine 59-
triphosphate using T4 polynucleotide kinase. The CyEBP was
end-labeled with a32P-deoxycytidine 59-triphosphate using Kle-
now DNA polymerase.
Assays. Nuclear protein (10 mg) was used in each assay and

was incubated with 0.2 ng of 32P-end-labeled, double-stranded
oligonucleotide probe as described (11). The mixture was
incubated for 30 min at room temperature and electropho-
resed through 5% polyacrylamide Tris–glycine–EDTA gels.
For antibody supershift assays, 1 ml of the antibody (1 mgyml;
all from Santa Cruz Biotechnology) was added to the respec-
tive samples after 30 min of incubation with the labeled probe.
Samples were incubated at room temperature for an additional
30 min before electrophoresis. The following antibodies were
used: anti-p50- and anti-p65-specific polyclonal antibodies for
the NF-kB components; c-JunyAP-1 polyclonal antibody spe-
cific for c-Jun; c-JunyAP-1 polyclonal antibody reactive with
c-Jun, Jun B, and Jun D; Jun B-specific polyclonal antibody;
c-Fos-specific polyclonal antibody; STAT3-specific polyclonal
antibody; CyEBP polyclonal antibody for CyEBPa and CyEBP
polyclonal antibody specific for CyEBPb. Gels were dried and
exposed to Kodak X-AR film from 2 h to 2 days.
RNA Preparation and Northern Blot Hybridization. RNA was

isolated by homogenization of the livers in 4 M guanidine thio-
cyanate followed by ultracentrifugation through cesiumchloride as
described (7). Samples (20 mgylane) were separated by electro-
phoresis through1.1%formaldehyde–agarose gels and transferred
to a nylon membrane (MagnaGraph, Micron Separations, West-
boro,MA).After 2–4hof prehybridization at 428C, the filterswere
hybridized with the following probes labeled with a32P-
deoxycytidine 59-triphosphate by random priming: TNFR-I,
240-bp SpeI–BglII fragment frommurine TNFR-I cDNA; TNFR-
II, 450-bp XbaI–SalI fragment from murine TNFR-II cDNA;
c-fos, 915-bp EcoRI–SphI fragment from human c-fos cDNA;
c-jun, 1800-bp EcoRI fragment from murine c-jun cDNA; jun B,
1700-bpEcoRI fragment from junB cDNA; andb2-microglobulin
(loading control), 350-bp PstI fragment frommouse cDNA. After
hybridization at 428C for 12–24 h, the filters were washed and
exposed to Kodak XAR film with intensifying screens at 2808C.
After each hybridization, probes were removed by washing with
50% formamidey63 SSC at 658C for 30 min.
Determination of IL-6 mRNA by Reverse Transcriptase–PCR

Assay. Liver IL-6 mRNA was determined by coupled, reverse
transcription–PCR. cDNA was prepared from 1 mg of total RNA
from each liver sample using aGeneAmpRNAPCRkit (Perkin–
Elmer), in a buffer containing 2.5 units of murine leukemia virus
reverse transcriptase and 2.5 mM of oligo(dT) primer. Samples
were incubated at 428C for 15 min, 998C for 5 min, and 58C for 5
min. An aliquot of cDNA representing 50 ng of input RNA was
amplified using the same kit. The PCR contained the same buffer
as the reverse transcriptase reaction, 0.4mMIL-6 primers (CLON-
TECH), and 2.5 units of AmpliTaq DNA polymerase (Perkin–
Elmer). The reaction was performed at 948C for 1 min, 608C for
1min, and748C1.5min for 30 cycles. Theoptimal number of cycles
needed to obtain detectable product (638-bp product size) under
nonsaturating conditions was determined by performing the PCR
for 10–40 cycles. No product was detectable after 10 or 20 cycles;
saturation of the reaction occurred at 40 cycles. Amplified prod-
ucts obtained with 30 cycles were electrophoresed in 2% agarose
gels and stained with ethidium bromide. Quantitation of IL-6
mRNA was done by competitive PCR using the PCR Mimic
Protocol (CLONTECH). IL-6 competitor primer (2 ml) yielding a

product size of 435 bp was used per reaction in concentrations of
10–1026 attomoles.
Histology. Livers from BrdUrd-injected mice (30 mgyg; 2 h

before killing) were fixed in methyl Carnoy’s fluid for 4–6 h,
prepared for histological analysis, and stainedusing theAmersham
cell proliferation kit.

RESULTS
Transcription Factor Binding.C57BLy6wild-type andTNFR-I

knockout mice were partially hepatectomized, and liver nuclear
extracts were prepared from animals killed 30 min to 5 h after the
operation. We determined the binding of the transcription factors
NF-kB, AP-1, STAT3 and CyEBP (Fig. 1) by EMSA. In nuclear
extracts from wild-type mice, there was a large increase in NF-kB
(p50yp65 heterodimer) binding as well as that of p50 homodimers
30 min to 4 h after PH, as described (11, 12). In marked contrast,
practically no increase in the binding of NF-kB and p50 ho-
modimers was detected in extracts of knockout mice. The faster
migrating band appearing below the p50 homodimers in Fig. 1
corresponds to a factor referred to as ‘‘PH factor,’’ which was
originally thought to displace NF-kB and prevent its binding after
PH (26), an observation not supported by subsequent work (11,
12). PH factor binding was detectable in the nuclear extracts of
some TNFR-I knockout mice (Fig. 1, lanes 3 and 4). The AP-1
transcription factor is comprised of heterodimers of c-Fos and Jun
family proteins or of Jun homodimers (27). AP-1 binding was
increased in nuclear extracts from regenerating livers of wild-type
mice 2–4 h after PH (at 2 h, only one of the extracts showed
increased binding), as reported (13, 14). However, this induction
was reduced in the knockout mice (Fig. 1). STAT3 is a member of
the family of transcription factors known as the signal transduction
and activation of transcription proteins (28). Binding of STAT3 in
the liver is increased during liver regeneration (15, 16), during the
acute phase response, and after injections of epidermal growth
factor and IL-6 (29, 30). We confirmed published observations
that STAT3 increases after PH in wild-type mice (31) but did not
detect STAT3 binding after PH in mice lacking TNFR-I (Fig. 1).
We also examined the binding of CyEBP in wild-type and knock-
out mice. This transcription factor is highly abundant in hepato-
cytes and is an important regulator of many liver-specific genes (5,
32–34). The mobility-shift analysis shown in Fig. 1 reveals that
CyEBP binding after PH was not impaired in TNFR-I knockout
mice and may even have been higher than that in wild-type mice.
We used specific antibodies against various protein components of
the transcription factors to analyze the nature of the binding
complexes (Fig. 2). Mobility-shift assays for NF-kB performed in
presence of p65 and p50 antibodies confirmed that the bands
present in the nuclear extracts obtained from livers of wild-type
mice indeed corresponded to NF-kB (p50yp65 heterodimer) and
p50 homodimers. Neither of these bandswas detectable in extracts
obtained from livers of TNFR-I knockouts. Similarly, the STAT3
band in nuclear extracts from wild-type mice was shifted entirely
by STAT3 antibodies, but the band was not detectable in liver
extracts from knockout mice. Analysis of AP-1 complexes showed
that c-Fos, c-Jun, Jun B, and other Jun family proteins are
components of the AP-1 complex in nuclear extracts from regen-
erating livers of wild-typemice. Bands corresponding to c-Jun and
other Jun family proteins were also present in the extracts of
knockout mice, but no bands were shifted with c-Fos antibodies
(Fig. 2). Analysis of CyEBP complexes using CyEBPa and
CyEBPb antibodies in extracts from wild-type as well as TNFR-I
knockout mice revealed an increase in overall CyEBP binding as
well as of each isoform between 1 and 3 h after PH (data not
shown). In sum, NF-kB and STAT3 activation was drastically
inhibited, if not abolished, overall AP-1 binding was diminished,
and the AP-1 c-Fos component was not detectable in liver nuclear
extracts of TNFR-I knockout mice after PH.
mRNA Expression. The cellular effects of TNF can be initiated

by the ligand-dependent activation of two major receptors,
TNFR-I and TNFR-II, which do not form heterodimers. The
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knockout mice used in our experiments lack only TNFR-I and
should have intact TNFR-II. In livers of wild-type mice, TNFR-II
mRNA increased .10-fold 4 h after PH, and a relatively minor
change was detected for TNFR-I (Fig. 3). Thus, TNFR-I mRNA
is constitutively and highly expressed in mouse liver, but TNFR-II
mRNA is inducible after PH (35). As expected, no TNFR-I
mRNAwas detectable in the liver of the knockout mice before or
after PH.On the other hand, TNFR-IImRNA increased after PH
in these animals at an apparently faster rate than inwild-typemice,
indicating that TNFR-II mRNA synthesis is not impaired in
TNFR-I knockoutmice. Consistent with previous results from this
and other laboratories (1, 4, 5, 36), c-fos mRNA increased '10-
fold in the liver of wild-type mice after PH with maximal expres-
sion at 0.5–1 h. This early elevation of c-fosmRNA expression was
absent in livers of knockout mice. Expression of c-jun and jun B
mRNAs after PHwas induced to the same extent in wild-type and
knockout mice.
DNA Synthesis and Liver Mass After PH. After PH in mice,

DNA synthesis remains very low and unchanged until '30–32 h
after the operation (24), when it starts to increase, and it reaches
a maximum at'40 h. To determine whether the lack of TNFR-I
would alter DNA synthesis in the regenerating liver, TNFR-I
knockout and wild-type mice were partially hepatectomized and
killed 24–68 h after the operation (Fig. 4). All mice were injected
with BrdUrd 2 h before killing. In wild-type mice, BrdUrd
incorporation in hepatocytes reached a peak at 40 h after PH,

decreasedby almost 75%during thenext 10h, butwas still elevated
above control levels at 68 h. In contrast, BrdUrd incorporation in
hepatocytes of TNFR-I knockout mice after PH was severely
impaired. Compared with wild-type animals, hepatocyte replica-
tion in knockout animals was reduced by .60% at 40 h and was
even lower between 44 and 68 h after PH. During the period of
time that precedes the major peak of DNA synthesis during liver
regeneration, hepatocytes often accumulate a small amount of
lipid droplets in the cytoplasm. These droplets were detected in
hepatocytes of wild-type mice used in these experiments at 30 h
after the operation. However, hepatocytes of TNFR-I knockout
animals had massive fat infiltration (which was very prominent
during the second day after PH), consisting of very large cyto-
plasmic lipid vacuoles that distorted the cell architecture (data not
shown).
Because hepatocyte proliferation was severely inhibited 40–68

h after PH in knockout animals, it became important to determine
whether partially hepatectomized TNFR-I knockout mice would
survive and eventually regenerate their livers. Mortality of
TNFR-I knockouts after PH was negligible during the first 2 days
after PH but was 50% or more between days 3 and 5. Compared
with wild-type animals, surviving knockout mice had a deficit of
regeneration at 7 and 14 days after the operation, as estimated by
determination of liver-to-bodyweight ratios. Inwild-typemice, the
liver weight-to-body weight ratios at 7 and 14 days after PH
corresponded, respectively, to 78% and 95% of the ratio for

FIG. 1. Transcription factor binding after PH in wild-type (WT) and TNFR-I knockout mice (TNFR-I KO). Mice were partially hepatectomized
and killed 0.5 and 5 h after the operation, as indicated at the top of the figure (two mice per time point). Nuclear extracts were prepared, and EMSAs
were performed using 10 mg of nuclear protein in each lane. Reticulocyte lysate was used as a marker to determine the position of the p50yp65
NF-kB heterodimer (11). p50 homodimer position is indicated as (p50)2. There was variability in AP-1 binding in wild-type mice killed 2 h after
PH. PHF, PH factor
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nonoperated, intact animals. Ratios for TNFR-I knockouts at 7
and 14 days after PH were, respectively, 55% and 78% of the
liver-to-body weight ratio of nonoperated knockout mice (statis-
tically significant at P, 0.005). Liver weight gain in the knockout
animals 1 week after PH was, at least in part, a consequence of
hepatocyte replication because hepatocyte labeling by BrdUrd at

this time was higher in knockout than in wild-type mice (data not
shown). In sum, DNA replication was severely impaired in
TNFR-I knockout mice for at least 4 days after PH, and'50% of
these animals died. Knockout mice that survive can regenerate
their livers although regeneration is slower than normal and a
deficit in the restoration of the mass persists for at least 2 weeks.
Detection of IL-6 mRNA in the Liver After PH. IL-6 is a major

regulator of the hepatic acute phase response in vivo and a STAT3
inducer (31, 37–39). Its transcription is stimulated by TNF through
NF-kB activation (40, 41). We initially attempted to detect IL-6
mRNA in the liver of nonoperated and partially hepatectomized
mice by Northern blot analysis but were not successful, as already
reported (42). We then developed a reverse transcriptase PCR
assay to compare the expression of IL-6 mRNA after PH in
wild-type and TNFR-I knockout mice (Fig. 5). The amplification
reaction was carried out under nonsaturating conditions using 30
amplification cycles (seeMaterials and Methods). IL-6 mRNAwas
increased in the livers of wild-type and knockout mice after PH,
reaching a peak 4 h after the operation. To quantitate the mRNA

FIG. 2. Mobility-shift analysis of transcription factor binding using specific antibodies (Ab). Wild-type (WT) and TNFR-I knockout mice
(TNFR-I KO) were partially hepatectomized and killed 4 h after the operation for NF-kB, STAT3, and AP-1 analysis. Nuclear extracts were
incubated for 30 min with 32P-labeled probes followed by addition of 1 ml of the antibody (1 mgyml) to 10 mg of extract. After incubation for 30
min, nuclear extracts (10 mg per lane) were analyzed by EMSA. The antibody used in each assay is indicated at the top of the figure. For each
transcription factor, the first lane shows EMSA of the nuclear extract without antibody preincubation.

FIG. 3. Expression of TNFR-I, TNFR-II, c-jun, c-fos, and Jun B
mRNAs in wild-type (WT) and TNFR-I knockout mice (TNFR-I KO).
Animals were partially hepatectomized and killed 0.5–5 h after
operation. Samples (20 mgylane) were separated by electrophoresis
and hybridized with a32P-deoxycytidine 59-triphosphate probes. b2-
Microglobulin (b2M) mRNA (bottom row) was used as a loading
control.

FIG. 4. Hepatocyte DNA synthesis after PH in wild-type and
TNFR-I knockout mice. Wild-type and TNFR-I knockout mice were
partially hepatectomized and killed 24–68 h after the operation (three
animals per time point) as indicated. All animals received an i.p.
injection of 30 mgyg BrdUrd (BrdU) 2 h before killing. The ordinate
shows the percentage of hepatocytes labeled by BrdUrd at the various
time points. The bars indicate the SD of the means. m, Wild-type
C57BLy6 mice; E, TNFR-I knockout mice.
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present in these extracts, competitive PCR assays were performed
with 1 mg of RNA obtained from livers of wild-type and knockout
mice 4 h after PH. RNA from wild-type mice showed complete
competition with 1021–1022 attomolesyml competition primer.
Competition of IL-6 mRNA from knockout mice was obtained
with a competitor concentration of 1023 attomolesyml, demon-
strating that IL-6 mRNA is decreased by .10-fold in the liver of
TNFR-I knockout mice after PH.
Hepatocyte Replication and STAT3 Binding Defects in TNFR-I

KnockoutMice Are Corrected by IL-6.Based on the results of the
measurements of IL-6 mRNA described above, we attempted to
determinewhether administration of IL-6 would reverse theDNA
synthesis and transcription factor binding deficiencies present in
TNFR-I knockoutmice.We injectedmicewith IL-6 30min before
PH and killed the animals 40 h after the operation, 2 h after
receiving BrdUrd. Fig. 6 shows that IL-6 injection into TNFR-I
knockout mice completely corrected the DNA replication defi-
ciency present in these animals. IL-6-injected knockout mice had
a similar mortality rate as that of wild-type mice and did not show
the heavy accumulation of large fat vacuoles that developed in the
livers of TNFR-I knockout animals after PH. BrdUrd incorpora-

tion in hepatocytes of IL-6-injected TNFR-I knockouts at 40 h
after PH did not differ from that of wild-type mice and was 3-fold
higher than in noninjected TNFR-I knockout mice. In marked
contrast, injection of the same dose of IL-6 into wild-type mice
shortly before PH caused inhibition of DNA synthesis. Gel mo-
bility-shift analysis of NF-kB, AP-1, and STAT3 binding 3 h after
PH in IL-6-injectedTNFR-I knockoutmice revealed that injection
of the cytokine completely corrected the deficiency in STAT3 binding.
However, IL-6 did not cause an increase in NF-kB binding (Fig. 7).
Although IL-6 injection in TNFR-I knockout mice augmented AP-1
binding, the AP-1 complexes formed in the liver of these animals
remained deficient in the c-Fos component (data not shown).

DISCUSSION
This work establishes that TNF signaling through TNFR-I can
initiate liver regeneration after PH and that IL-6 is a key target of
TNF gene activation in the regenerating liver. Knockout mice that
lack TNFR-I showed a severe defect in hepatocyte replication
during the first 4 days after PH. Surviving animals (,50% of the
total) eventually regenerated their livers, but restoration of the
normal liver weight-to-body weight ratio was still not completed 2
weeks after PH, a time at which the regenerative process was
already terminated in wild-type mice. IL-6 reversed the deficiency
in hepatocyte replication imposed by the lack of TNFR-I, cor-
rected the defects in STAT3 andAP-1 binding, but did not reverse
the almost complete inhibition of NF-kB binding after PH. These
experiments solve a long-standing riddle in the understanding of
liver regeneration by identifying TNF as an initiator of the process
and by showing that signaling through one of its receptors can
initiate the cascade of events that lead to DNA synthesis many
hours later. However, these experiments do not address the
important question of whether TNF is the sole initiator of liver
regeneration or, more likely, if it is one among multiple factors
requiredbut not sufficient by themselves to elicit a full regenerative
response. We also did not examine whether IL-6 injection lead to
normalization of other indices of liver growth besides DNA
replication. After this paper was submitted for publication, Cress-
man et al. (31) demonstrated that liver regeneration is severely
impaired in IL-6-deficient mice. After PH, no STAT3 binding
couldbedetected in the liver of IL-6 knockouts, and the expression
of AP-1, myc, and cyclin D1 was depressed. IL-6 injection pre-
vented liver damage, restored STAT3 binding, and corrected the
impaired hepatocyte DNA synthesis in these animals (31). These
results complement our own observations and, taken together, are
consistent with the following sequence of events for the initiation
of liver regeneration:

FIG. 5. IL-6 mRNA expression after PH. (A) Wild-type (WT) and
TNFR-I knockout (TNFR-I KO) mice were partially hepatectomized
and killed 0.5–5 h after the operation, as indicated at the top of A. M,
molecular weight marker lane; Pos, positive control for IL-6 mRNA
(CLONTECH); Neg, mRNA not added for reverse transcription step.
(B) Quantitation of IL-6 mRNA by competitive PCR in livers of
wild-type and knockout mice 4 h after PH. Competitor concentrations
are indicated at the top of B. The product sizes are 638 bp for IL-6
mRNA and 435 bp for the competitive fragment.

FIG. 6. Effect of IL-6 on hepatocyte DNA synthesis in TNFR-I
knockout mice (TNFR-I KO).Wild-type (WT) and TNFR-Imice were
partially hepatectomized and killed 40 h after the operation. Three
TNFR-I knockout animals and three wild-type mice received an s.c.
injection of recombinant human IL-6 (1 mgykg) 30 min before PH. All
mice were injected with BrdUrd (BrdU) 2 h before killing (see Fig. 4).
The ordinate shows the percentage of hepatocytes labeled by BrdUrd.

FIG. 7. Effect of IL-6 on transcription factor binding in TNFR-I
knockout mice. Wild-type and TNFR-I mice were partially hepatec-
tomized and killed 3 h after PH. A group of knockout mice received
an s.c. injection of IL-6 (see Fig. 5). Nuclear extracts (prepared from
two animals in each group) were analyzed by EMSA as described in
Fig. 1 (10 mgylane). Lanes: 1, wild-type mice; 2, TNFR-I knockout
mice; and 3, TNFR-I knockout mice injected with IL-6. The arrow on
the right indicates the position of the STAT3 band.
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STAT3. . .cyclin D1. . .DNA synthesis.

TNF is known to be required for hepatocyte proliferation induced
by direct liver mitogens such as lead nitrate (43). Our work and
data obtained using TNF antiserum (17) establish that TNF can
also initiate hepatocyte proliferation in response to tissue loss.
AlthoughTNF is themajor inducer ofNF-kBafter PH, high levels
of hepatocyte replication in the regenerating liver can occur in the
absence ofNF-kBbinding, as long as IL-6 is present in appropriate
concentrations. This conclusion is based on the observation that
IL-6-injected TNFR-I knockout mice have normal levels of he-
patocyte replication after PH but little if any NF-kB binding.
In both TNFR-I and IL-6 knockout mice, correction of the

deficit in DNA replication by IL-6 injection was associated with
STAT3 activation. This transcription factor also transactivates
genes involved in the hepatic acute phase response initiated by
TNF, IL-6, and other cytokines (15, 16, 28, 30). Although further
studies are required, the results suggest that STAT3 and cytokines
capable of leading to STAT3 activation play a key role in prolif-
erative and inflammatory responses in the liver. How similar
initiating mechanisms can lead to different biological responses is
an unresolved problem. IL-6 inhibits growth factor-induced DNA
replication in cultured hepatocytes (44) but may increase hepato-
cyte DNA synthesis in vivo in intact, nonpartially hepatectomized
animals (45). In our experiments, IL-6 injection of wild-type mice
had an inhibitory effect on DNA synthesis after PH whereas it
stimulated DNA replication in TNFR-I knockout mice that are
deficient in hepatic IL-6 mRNA. Thus, the stimulatory effect of
IL-6 on hepatocyteDNA replicationmay occur only at a relatively
narrow range of intrahepatic IL-6 concentrations.
Injection of anti-TNF serumhas been shown to inhibit CyEBPb

binding and c-Jun synthesis after PH (13). Neither of these
alterations were present in TNFR-I knockout mice. A possible
explanation for these discrepancies is that the activation of these
pathways may involve TNFR-II, which is intact in TNFR-I knock-
out mice. On the other hand, the knockout mice were deficient in
the c-Fos component of AP-1, an alteration that was not observed
in the antibody blockage experiments (13). In mouse fibroblasts,
NF-kB activation and proliferation in response to TNF are exclu-
sively mediated by TNFR-I whereas AP-1 and the protein kinase
pathways can be activated through both TNFR-I and TNFR-II
(46). Preliminary experiments suggest that NF-kB activation in hepa-
tocytes is also exclusively mediated by TNFR-I, but experiments with
mice lacking TNFR-II as well as with double receptor knockouts are
necessary to precisely establish the role of each receptor in TNF
signaling associated with hepatocyte proliferation.
It has been suggested that lipopolysaccharide released from the gut

into the portal circulation induces hepatic TNF production after PH
(47), but it has not been establishedwhether its concentration in portal
blood increases after PH. TNF is not detectable in hepatic vein blood
(that is, blood that has passed through the liver) in normal rats, but it
is elevated between 1.5 and 4 h after PH (16). This increase may be
the result of an alteration in LPS processing and TNF synthesis by
nonparenchymal cells (48). Thus, nonparenchymal cells may be re-
quired for processing hepatocyte mitogenic signals at the start of liver
regeneration. We have proposed that hepatocyte replication after PH
requires the sequential action of cytokines and growth factors (13).We
suggest that activation of the TNFR-I pathway involving IL-6 and
STAT3 is a mechanism by which hepatocytes acquire proliferative
competence in the regenerating liver.
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