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Tumor Necrosis Factor-a Acts as a Complete
Mitogen for Primary Rat Hepatocytes
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The cytokine tumor necrosis factor (INF)-a has pre-
viously been shown to prime hepatocytes to a state of
replicative competence, but has not been shown to
act as a complete mitogen for these cells. In the
present study we have altered our previously de-
scribed long-term dimethyl sulfoxide culture system
to exclude all known hepatocyte mitogens from the
culture media and enable us to directly examine the
effects of TNF-a on primary rat hepatocytes. We have
shown that cells maintained under these culture con-
ditions retain the biochemical and morphological fea-
tures of well-differentiated hepatocytes. Treatment
with TNF-« induced DNA synthesis relative to control,
to a level not significantly different from that induced
by the known hepatocyte mitogen, epidermal growth
factor (EGF). Maximal DNA synthesis was induced by
treatment with 250 U/ml TNF-« for 24 hours. Mitotic
figures were observed in cultures treated with TNF-«
or EGF but not in untreated controls. Treatment of
cultures with TNF-«, but not EGF, induced activation
of both nuclear factor-kB p50 homodimers and p50/
p65 heterodimers. DNA synthesis induced by TNF-«
was inhibited by treatment with transforming growth
factor-f3. Based on the results of our studies, we con-
clude that TNF-« acts as a complete mitogen for rat
hepatocytes. (Am J Pathol 2003, 163:465—476)

The proinflammatory cytokine tumor necrosis factor
(TNF)-« is secreted systemically by activated macro-
phages and in liver by biliary epithelial and venous en-
dothelial cells.” TNF-a has been shown to be an impor-
tant mediator in both normal and pathological processes
in liver.®~” TNF-a levels are dramatically increased during
liver regeneration and in patients with chronic hepatitis B
and hepatitis C viral infections, alcoholic hepatitis, and
inflammatory liver disease.®~°

The TNF-a molecule exists as a homotrimer' and
interacts with two homotrimerized transmembrane recep-
tors located on the cell surface, TNF receptor 1 (TNF-R1)
and TNF receptor 2 (TNF-R2)."" Both receptors contain
three highly conserved cysteine-rich domains in their

extracellular regions, characteristic of members of the
TNF receptor superfamily.’®'3 Binding of TNF-« to the
extracellular domains of these receptors leads to recep-
tor activation and downstream signal transduction via
divergent intracellular domains, capable of inducing an
array of responses including apoptosis and cell prolifer-
ation.™ '8 Activated TNF-R1 recruits adapter molecules
including Fas-associated death domain and TNF recep-
tor-associated death domain to its clustered cytosolic
domains and leads either to activation of the caspase
cascade and ultimately death of the cell, or activation of
the transcription factors nuclear factor (NF)-«B and AP-1,
promoting cell survival and proliferation. Activation of
TNF-R2 results in recruitment of TNF receptor associated
factors 1 and 2 (TRAFs 1 and 2) and leads to activation of
NF-«B.

Hepatocytes exist in G, in vivo'®2° but retain the ca-
pacity to enter the cell cycle in response to specific
stimuli. A limited number of growth factors including
transforming growth factor (TGF)-«,?"2? acidic fibroblast
growth factor,?®?* basic fibroblast growth factor,?® epi-
dermal growth factor (EGF),?®?” hepatocyte growth fac-
tor (HGF),282° and keratinocyte growth factor®® have
been shown to induce hepatocytes to enter the cell cycle
without additional stimulation and, therefore, have been
classified as complete mitogens.

Evidence suggests that the cytokine transforming
growth factor g1 (TGF-B1) may function as a negative
regulator of hepatocyte replication during liver regenera-
tion.®'3% TGF-B1 has been previously shown to inhibit
DNA synthesis induced by the hepatocyte mitogens EGF
and HGF.** In long-term hepatocyte culture, Serra and
Isom®® have demonstrated that TGF-B1 inhibits DNA syn-
thesis induced by both EGF and TGF-«. Carr and col-
leagues®® have demonstrated that while TGF-B1 was
able to inhibit mitogen-induced DNA synthesis, it was
unable to inhibit DNA synthesis induced by co-mitogens
such as insulin and glucagon.

TNF-a has been shown to promote cell growth in fibro-
blasts.?~2° The ability of TNF-« to act as a priming agent
for hepatocytes has been addressed®?%4°~42 and indi-
rect evidence suggesting that TNF-a may function as a
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complete mitogen exists.”#*° The ability of TNF-« to act
as a complete mitogen for rat hepatocytes has never
been directly examined, in part because there has never
been an appropriate in vitro model system in which this
question can be addressed.

Our laboratory has previously described a system in
which primary rat hepatocytes can be maintained in long-
term culture in a chemically defined, serum-free media
supplemented with dimethyl sulfoxide (DMSQ).*344
These cells resemble hepatocytes at the ultrastructural
level,** maintain expression of numerous paracellular
junction proteins,**~ € have functional gap junctions, ¢
and continue to express liver-specific transcription fac-
tors and genes for several months.*3

Hepatocytes in long-term DMSO culture do not synthe-
size DNA or divide but they retain the capacity to do so.
One problem with using this cell culture system to test the
mitogenic capability of a growth factor or cytokine is that
the medium in which the cells are cultured is supple-
mented with EGF. In the present study, we addressed the
question of whether TNF-a could act as a complete mi-
togen for primary rat hepatocytes in long-term culture,
and, if so, whether this mitogenic effect was sensitive to
inhibition by TGF-B. To accomplish this goal it was first
necessary to modify the long-term rat hepatocyte DMSO
culture system so that it was deficient in the mitogen EGF
and characterize the cells under these novel culture con-
ditions to determine whether they retain the morphologi-
cal and biochemical properties of well-differentiated
hepatocytes.

Materials and Methods
Hepatocyte Cultures

Primary rat hepatocytes were isolated by collagenase
perfusion of adult male Fischer 344 rat livers (180 to
200 g) as described previously.** Hepatocytes were
plated on rat tail collagen-coated 60-mm tissue culture
dishes at a density of 1.0 X 10° cells per dish. Hepato-
cytes were initially plated in a Dulbecco’s modified Ea-
gle’s medium (DMEM)-F12-based chemically defined
medium containing insulin (0.06 wg/mL), glucagon (0.04
wg/mL), dexamethasone (0.4 ug/mL), transferrin (100
pg/mL) (designated modified DMEM-F12) (Life Technol-
ogies, Gaithersburg, MD) supplemented with 3% fetal
calf serum (HyClone, Logan, UT). Cultures were refed
this media 4 hours after plating. Twenty-four hours after
plating, cells were fed DMEM-F12-based media deficient
in fetal calf serum supplemented with 2% DMSO (Sigma,
St. Louis, MO) and 1 umol/L [+]-a-tocopherol (Sigma)
with or without the addition of 25 ng/ml of EGF (Sigma).
Cells were maintained under these conditions for 10 to 30
days before the start of all experiments. Cultures were
treated with murine TNF-a (Roche Applied Science,
Indianapolis, IN) with concentrations between 100 and
5000 U/ml as described (TNF-a concentrations: 1 ng =
10 U/ml).

Hematoxylin and Eosin (H&E) Staining

Cultures of primary rat hepatocytes were fixed in 10%
neutral buffered formalin for 15 minutes at room temper-
ature. Cells were stained with hematoxylin (Shandon Lip-
shaw, Pittsburgh, PA) for 7 minutes and incubated in
0.2% ammonia water until color change was observed.
Cultures were dipped in Eosin-Y (Shandon Lipshaw) and
visualized by transmissive light microscopy.

Electron Microscopy

Primary rat hepatocytes plated on rat tail collagen-coated
Permanox dishes (Electron Microscopy Sciences, Fort
Washington, PA) were fixed with 1% paraformaldehyde
and 0.5% gluteraldehyde in 0.1 mol/L of sodium cacody-
late buffer (pH 7.3) for 1 hour at 4°C. The cells were
postfixed in 1% osmium tetroxide plus 1.5% potassium
ferrocyanide overnight at 4°C, dehydrated in graded eth-
anols, and embedded in Epon 812 (Tousimis Research
Corp., Rockville, MD). Ultrathin (~70 nm) sections were
cut from the embedded cells and stained with uranyl
acetate and lead citrate and visualized on a transmission
electron microscope (EM400; Phillips, Einhoven, The
Netherlands).*”

RNase Protection Assay

Probes for rat albumin, a1-antitrypsin (A;AT), GAPDH,
and cyclophilin were generated by polymerase chain
reaction as previously described.*® The sizes for each of
the polymerase chain reaction products were A,AT, 513
nucleotides; albumin, 314 nucleotides; cyclophilin, 290
nucleotides; and GAPDH, 269 nuclectides. Probes were
labeled with T7 RNA polymerase and 3?P-CTP. RNase
protection assays were performed as previously de-
scribed.”® Labeled probes were hybridized against 20
ng of total genomic RNA isolated from primary rat hepa-
tocytes cultured in the presence or absence of EGF. After
RNase digestion, protected probes were separated on a
4% urea-polyacrylamide gel electrophoresis sequencing
gel with 1X Tris-borate-EDTA running buffer and quanti-
tated using a Phosphorimager and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

DNA Synthesis Assay

The 5-bromo-2'-deoxy-uridine (BrdU) staining kit was ob-
tained from Roche Applied Science (Indianapolis, IN).
Unless otherwise indicated, cultures were incubated with
BrdU for the final 24 hours of each treatment period. Cells
were then fixed in 30% glycine-buffered ethanol and
developed according to the manufacturer’s instructions.
For all BrdU incorporation experiments a minimum of 24
fields of cells were counted for each experimental
condition. The percentage of BrdU-positive cells for
each field was calculated and the average of these
percentages represented graphically. This corresponds
to ~4000 cells per condition.



DNA Fragmentation Analysis

Low molecular weight DNA was isolated as previously
described.*®®2 For each experimental condition, one
60-mm plate of hepatocytes was trypsinized and cells
pelleted by centrifugation at 1500 X g for 10 minutes. The
cell pellet was resuspended in phosphate-buffered saline
(PBS) and centrifuged at 14,000 X g for 2 minutes. The
resulting cell pellet was resuspended in lysis buffer (10
mmol/L Tris-HCI, pH 8.0, 10 mmol/L EDTA, 0.5% Triton
X-100) and centrifuged at 14,000 X g for 20 minutes at
4°C. The supernatant was treated with Proteinase K and
sodium dodecyl sulfate for 2 hours at 50°C. The samples
were then extracted with phenol/chloroform (1:1) for 5
minutes. The DNA was precipitated overnight with iso-
propanol and 5 mol/L NaCl at —20°C. For each sample,
1.0 ng of DNA was end-labeled with Klenow polymerase
and 32P-dCTP for 10 minutes. DNA samples were sepa-
rated on Trevigel gels (Trevigen, Gaithersburg, MD),
fixed overnight in 10% acetic acid, and dried. Gels were
then analyzed by autoradiography.

Acridine Orange Staining

As previously described by Bour and colleagues,® cells
were fixed in ethanol-acetic acid for 20 minutes at —20°C
and subsequently fixed in 100% ethanol at —20°C for an
additional 20 minutes. Cultures were rinsed in graded
ethanols (50, 80, and 100% ethanol twice for 2 minutes),
rinsed in 1% acetic acid, and stained with 1% acridine
orange for 3 minutes. Hepatocytes were rinsed in 0.067
mol/L of phosphate buffer (0.067 mol/L Na,HPO,, 0.067
mol/L KH,PO,) and differentiated in 0.1 mol/L of CaCl..
Acridine orange staining was visualized on a Nikon flo-
rescence microscope equipped with a dual wavelength
fluorescein isothiocyanate/tetramethyl-rhodamine isothio-
cyanate filter.

Electrophoretic Mobility Shift Assay and
Supershift Analysis

Nuclear protein was extracted as described by Olnes
and Kurl.®® Primary rat hepatocytes were harvested in
lysis buffer [10 mmol/L HEPES, 10 mmol/L KCI, 0.1
mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L dithiothreitol,
and Protease Inhibitor Cocktail for Mammalian Cell Ex-
tracts (Sigma)] and lysed with the addition of Nonidet
P-40 (Sigma). Samples were centrifuged for 5 minutes at
250 X g and the pellets resuspended in nuclear salt lysis
buffer (20 mmol/L HEPES, 400 mmol/L KCI, 1.0 mmol/L
EDTA, 1.0 mmol/L EGTA, 10% glycerol, and Protease
Inhibitor Cocktail for Mammalian Cell Extracts). Samples
were incubated with shaking for 30 minutes and subse-
quently centrifuged at 12,000 X g for 10 minutes. Oligo-
nucleotide probes corresponding to the NF-«kB consen-
sus sequence (sense, 5'-TAG TTG AGG GGA CTT TCC
CAG GCA-3’; anti-sense, 5'-TGC CTG GGA AAG TCC
CCT CAA CTA-3")®** were annealed, gel-purified, and
labeled with polynucleotide kinase (New England Bio-
Labs, Beverly, MA) and y®*2P-ATP. Five ug of nuclear
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protein was incubated with 7.0 X 10* cpm oligonucleo-
tide probe at room temperature for 30 minutes. For su-
pershift analysis, samples were subsequently incubated
with PBS, rabbit preimmune sera (DAKO, Carpinteria,
CA), and anti-p65 or anti-p50 antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA). Complexes were sepa-
rated on 4% nonreducing gels.

Statistical Analyses

In all BrdU incorporation experiments, a minimum of 24
data points for each experimental condition were studied.
Triplicate samples were analyzed for RNase protection
experiments. Analysis of variance, Dunnett’s test (relative
to control), and Tukey-Kramer tests were performed as
appropriate using JMP 3.0.2 (SAS Institute, Cary, NC).
The null hypothesis was rejected for P values less than or
equal to 0.05.

Results

Primary Rat Hepatocytes Maintained in the
Absence of EGF Retain Morphological and
Biochemical Markers Characteristic of
Differentiated Hepatocytes

To determine whether TNF-«a can act as a primary mito-
gen for hepatocytes in long-term DMSO culture, we de-
veloped a system in which all other known hepatocyte
mitogens are excluded. In this system, the EGF normally
present in the culture media at 25 ng/ml from day 1 after
plating is excluded. These cultures can be maintained
long term, through 40 days after plating, as has been
previously established for cultures fed medium supple-
mented with EGF.** It should be noted that no fetal calf
serum is present under either culture condition.

To determine whether cultures maintained in the ab-
sence of EGF (—EGF) retain intact hepatocyte morphol-
ogy, primary rat hepatocytes maintained in long-term
DMSO culture in the presence (+EGF) and absence
(—EGF) of EGF were fixed and stained with H&E 13 days
after plating (Figure 1A). Hepatocytes cultured in the
absence of EGF remained mono- and bi-nucleated and
retained nuclear circularity as observed in +EGF cul-
tures. A reduced number of cells were present in —EGF
cultures relative to cultures maintained in the presence of
EGF. On average, ~282 cells per field were observed in
+EGF cultures, compared with only 171 cells per field in
—EGF cultures. This represents a 40% reduction in cell
number in —EGF cultures of primary rat hepatocytes.
Although a reduced number of cells was present in cul-
tures maintained in the absence of EGF, no apparent
differences in cell or island morphology were observed.
Because this decrease in cell number occurs within days
of plating, rather than continuously throughout time in
long-term culture, it is most likely because of the absence
of the growth factor EGF at early time points after plating.
No spontaneous apoptosis occurs in these cultures after
10 days of plating (Figure 2E, compare lanes 3 and 7).
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Figure 1. Primary rat hepatocytes cultured in the absence of EGF retain the morphological and biochemical markers of well-differentiated hepatocytes. A: H&E
stain of primary rat hepatocytes cultured in the presence (+EGF) or absence (—EGF) of EGF. B: Electron micrographs of primary rat hepatocytes cultured in the
presence or absence of EGF. Arrow indicates presence of peroxisomes. C: Phosphorimager scan of RPA for rat albumin, A, AT, cyclophilin, and GAPDH. Left:
RPA for albumin, cyclophilin, and GAPDH. Lane 1, Probe, no RNase (positive control); lane 2, probe, +RNase (negative control); lanes 3 to 5, +EGF cultures
of hepatocytes; lanes 6 to 8, —EGF cultures of hepatocytes. Right: RPA for A,AT, cyclophilin, and GAPDH. Lanes 1 to 3, +EGF cultures of hepatocytes; lanes
4 to 6, —EGF cultures of hepatocytes. D: Graphical representation of RPA results after ImageQuant analysis. Liver-specific gene expression was normalized to
cyclophilin expression to control for equal RNA loading. Original magnifications: X400 (A); X11,500 (B).
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To further characterize the morphological features of
cells maintained in the absence of EGF, control and
—EGF cultures were examined by transmission elec-
tron microscopy at 21 days after plating. The hepato-
cytes retained the nuclear circularity and overall
morphology of +EGF control hepatocytes (Figure 1B).
We did observe that hepatocytes in —EGF cultures had
an increased number of peroxisomes relative to +EGF
controls.

Primary rat hepatocytes in long-term DMSO culture
maintain high-level expression of liver-specific genes in-
cluding albumin and A,AT.*3 RNase protection assays
(RPAs) were performed to determine whether expression
of these hepatocyte differentiation markers was main-
tained in cells cultured in the absence of EGF. RNA was
isolated from primary rat hepatocytes cultured in the

Figure 2. TNF-a and EGF act as primary mitogens for rat hepatocytes. A:
Protocol for the induction of DNA synthesis by TNF-a and EGF. Hepato-
cytes were maintained for 13 days in the absence of EGF and for an
additional 48 hours in control media (—EGF), media containing TNF-«
(2500 U/ml) (—EGF +TNF-a), or media containing EGF (25 ng/ml) (—EGF
+EGF). BrdU was added to the media of all cultures for the final 24 hours
of the treatment period. B: BrdU labeling of primary rat hepatocytes. Cells
were fixed and stained for BrdU incorporation. C and D: DNA synthesis in
TNF-a- or EGF-treated hepatocytes. Percentages of BrdU-labeled nuclei
were calculated for each condition. Fold induction in BrdU incorporation
was calculated by normalizing data to control cultures. Error bars indicate
the SE for individual conditions. *, Values indicate that results are signifi-
cantly increased relative to —EGF controls (one-tailed #test, P < 0.05).
E: Induction of apoptosis in primary rat hepatocytes. Samples in lanes 3
to 6 were extracted from +EGF cultures and samples in lanes 7 to 10
from —EGF cultures. Lane 1, 123-bp ladder; lane 2, +TNF-a +cyclohex-
imide (5 umol/L) (positive control); lanes 3 and 7, untreated control;
lanes 4 and 8, +cycloheximide (5 pmol/L); lanes 5 and 9, +TNF-a (2500
U/ml); lanes 6 and 10, +cycloheximide (5 wmol/L) +TNF-c. Original
magnification, X200 (B).

presence and absence of EGF for 25 days after plating
and analyzed for expression of albumin and A, AT (Figure
1C). GAPDH and cyclophilin mRNA expressions were
also monitored to ensure equal RNA loading. At 25 days
after plating, A;AT and albumin mRNAs were expressed
at levels 1.466- and 2.00-fold greater, respectively, in
+EGF cultures than were observed in —EGF cultures
(Figure 1D). The experiment reported represents the
maximum difference in albumin and A;AT mRNA we ob-
served when comparing the two culture systems. In a
separate experiment, RNA extracted 20 days after plat-
ing showed no significant difference in liver-specific gene
expression between these culture systems (data not
shown). It should be noted that although the levels of
albumin and A;AT mRNA expressed by rat hepatocytes
in long-term —EGF DMSO culture may be lower than for



470 locca and Isom
AJP August 2003, Vol. 163, No. 2

+EGF DMSO cultures, these levels are high relative to
those observed for hepatocytes in short term in vitro cul-
ture systems.

TNF-a Is Able to Promote DNA Synthesis to
Levels Similar to that Observed for the Known
Hepatocyte Mitogen EGF

To determine whether TNF-« alone is able to induce DNA
synthesis in primary rat hepatocytes, cultures were main-
tained in DMEM-F12 in the absence of EGF for 13 days.
Cultures were then treated with murine TNF-« (2500 U/ml)
or EGF (25 ng/ml) for 48 hours (Figure 2A) and labeled
with BrdU for the last 24 hours of the treatment period.
After treatment with TNF-a or EGF, no changes in cell
morphology were observed in cultures (Figure 2B). The
percentage of cells positive for BrdU incorporation was
determined and the results summarized in Figure 2C.
Cultures of —EGF hepatocytes had low basal levels of
BrdU incorporation, with 1% of the cells synthesizing
DNA. Both TNF-a and EGF were able to produce signif-
icant increases in BrdU incorporation relative to un-
treated control cultures with ~3 to 4% of cells synthesiz-
ing DNA by 48 hours after treatment. Further, neither the
increase in labeling index nor the fold induction in DNA
synthesis (Figure 2D) induced by TNF-a treatment dif-
fered significantly from that induced by the known hepa-
tocyte mitogen EGF.

In addition to its potential as a mitogenic agent, TNF-«
is known to induce apoptosis in many cell types. To rule
out the possibility that the increase in BrdU incorporation
we observed in TNF-a-treated cultures was because of
an increase in DNA fragmentation rather than an increase
in DNA synthesis, we monitored internucleosomal cleav-
age of DNA. No spontaneous apoptosis was observed in
untreated cultures or cultures treated with TNF-a alone
(Figure 2E). As a positive control for apoptosis, hepato-
cytes were treated with both cycloheximide and TNF-«
(conditions previously shown to induce apoptosis in
hepatocytes in long-term DMSO culture; locca and Isom,
unpublished data) and analyzed for ladder formation
(Figure 2E, lanes 6 and 10). As expected apoptosis was
induced only when the cells were sensitized with cyclo-
heximide and treated with TNF-a.

Complete Mitogenic Potential of TNF-« Is Not
Decreased with Increasing Time in Culture

We next wanted to determine whether the length of time
primary hepatocytes are retained in the —EGF/DMSO
culture system had any effect on the ability of the cells to
respond to TNF-a. Hepatocytes, in culture for 27 days
before the start of the study (compared to the 13 days
used previously) were treated for 24, 48, or 96 hours with
murine TNF-a at 5000 U/ml and labeled for the last 24
hours of the treatment period with BrdU (Figure 3A). As
observed previously, ~1% of untreated control cells
stained positive for BrdU incorporation (Figure 3B). Max-
imal TNF-a-induced DNA synthesis occurred between 48
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Figure 3. Time course of TNF-a- and EGF-induced DNA synthesis. A:
Protocol for the induction of DNA synthesis by EGF and TNF-a. Hepatocytes
were maintained for 27 days in the absence of EGF. Cultures were either
maintained in this media during the experiment to serve as controls (—EGF);
treated with TNF-a (5000 U/ml) for 24, 48, or 96 hours (—EGF +TNF-a); or
treated with EGF (25 ng/ml) for 24, 48, or 96 hours (—EGF +EGF). BrdU was
added to the media of all cultures for the final 24 hours of treatment. B and
C: DNA synthesis in TNF-a- and EGF-treated hepatocytes. Percentages of
BrdU-labeled nuclei were calculated for the conditions described previously.
Fold induction in BrdU incorporation was calculated by normalizing data to
control cultures. Error bars indicate the SE for individual conditions. *, Values
indicate results that were significantly increased relative to —EGF controls
(one-tailed ttest, P < 0.05).

and 96 hours after treatment during which time, ~3 to 4%
of cells incorporated BrdU (Figure 3, B and C). In con-
trast, the maximal DNA synthesis induced by EGF was
observed at 48 hours after treatment, with 5 to 6% of cells
staining positive for BrdU incorporation, and declined
to levels not significantly different from untreated con-
trol by 96 hours after treatment. These results indicate
that the length of time that hepatocytes are in culture
does not alter the complete mitogenic effect of TNF-a
on rat hepatocytes.
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Figure 4. Concentration curve of TNF-a-induced DNA synthesis. Hepato-
cytes were maintained for 16 days in the absence of EGF. Cultures were
either maintained in this media during the 48-hour experiment to serve as
controls (—EGF) or treated with TNF-a (100, 250, 500, 1500, 2500, or 5000
U/mD). BrdU was added to the media of all cultures 24 hours after treatment.
A: DNA synthesis in TNF-a-treated hepatocytes. Percentages of BrdU-labeled
nuclei were calculated for each condition. B: Time courses of TNF-a- and
EGF-induced DNA synthesis. Hepatocytes were maintained for 13 days in the
absence of EGF. Cultures were either maintained in this media during the
experiment to serve as controls (—EGF), treated with TNF-a (250 U/ml) or
EGF (25 ng/ml) for 24, 48, or 72 hours. BrdU was added to the media of all
cultures 24 hours before harvest. Percentages of BrdU-labeled nuclei were
calculated for each condition. Fold induction in BrdU incorporation was
calculated by normalizing data to control cultures. Error bars indicate the SE
for individual conditions. *, Values indicate results that were significantly
increased relative to —EGF controls (one-tailed #test, P < 0.05).

Low Doses of TNF-a Produce the Greatest
Increases in DNA Synthesis

To determine the concentration at which murine TNF-«
induces the maximal number of hepatocytes to enter S
phase, cultures were maintained in modified DMEM-F12
in the absence of EGF for 16 days. Cells were then
treated for 48 hours with 100, 250, 500, 1500, 2500, or
5000 U of murine TNF-a/ml and labeled with BrdU for the
final 24 hours of the treatment period. Significant in-
creases in DNA synthesis occurred at concentrations
ranging from 250 to 5000 U TNF-a/ml. Induction was
maximal (fourfold relative to control cultures) after treat-
ment with 250 U TNF-a/ml (Figure 4A). Higher TNF-«
concentrations resulted in two- to threefold inductions of
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DNA synthesis relative to control. To further refine the
dose response of TNF-a-induced DNA synthesis, we re-
peated this experiment with 100, 150, 200, 250, 375, 500,
and 2500 U TNF-a/ml. The lowest concentration of TNF-«
able to produce a significant increase in DNA synthesis in
primary rat hepatocytes was 250 U/ml, which also was
the dose that generated the greatest increase in DNA
synthesis (data not shown).

To determine the time course of TNF-a-induced DNA
synthesis at the optimal TNF-a concentration, cells cul-
tured in the absence of EGF for 13 days after plating were
treated with TNF-«a or EGF for 24, 48, or 72 hours and
labeled with BrdU for the last 24 hours of the treatment
period. In contrast to the time course obtained for TNF-a
at 5000 U/ml in —EGF cultures, in which maximal DNA
synthesis occurred 48 hours after treatment, the greatest
induction of DNA synthesis by 250 U/ml of TNF-a oc-
curred at 24 hours after treatment (Figure 4B). At this time
point, a ninefold induction in the number of cells positive
for BrdU incorporation relative to control was observed.
In cultures maintained in the absence of EGF, the time
course for DNA synthesis induced by low-dose TNF-«
treatment differed from that observed for high-dose
TNF-a treatment in —EGF cultures.

An Increase in Mitotic Figure Formation Occurs
after Treatment with TNF-a or EGF

We next examined whether the observed increase in
BrdU incorporation correlates with an increase in mitotic
figure formation. To address this question, cells main-
tained in the absence of EGF for 13 days after plating
were treated with either murine TNF-a or EGF for 48, 72,
or 96 hours; fixed; and stained with acridine orange.
Mitotic figures were not observed in the untreated —EGF
cultures at any of the time points examined. This was the
expected result because hepatocytes in long-term
DMSO culture remain in Go. However, a low number of
mitotic figures were observed in TNF-a- and EGF-treated
cultures (Figure 5). The mitotic indices after 96 hours of
treatment with TNF-a or EGF were 0.05% and 0.09%,
respectively. Thus, although a small percentage of cells
synthesizing DNA appear to be continuing through the
cell cycle, the majority of the cells induced to enter S
phase by TNF-a or EGF do not undergo mitosis. There-
fore, we believe that although TNF-a and EGF are able to
induce DNA synthesis in primary rat hepatocytes, addi-
tional signals are necessary to induce cells to proceed
through the cell cycle.

DNA Synthesis Is Induced to the Same Degree
by Both Murine and Human TNF-«a

In many systems, cells respond differently to TNF-a
derived from different species. To determine whether
species specificity played a role in TNF-a-induced DNA
synthesis, cells cultured in the absence of EGF for 13
days after plating were treated with murine or human
TNF-a for 24 hours at 250 U/ml, the previously deter-
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Figure 5. Acridine orange staining of primary rat hepatocytes after TNF-a or EGF treatment. Cells were maintained for 13 days after plating in the absence of
EGF. Cultures were then either maintained under control conditions for the duration of the experiment (—EGF), treated with TNF-a (250 U/ml) (+TNF) or EGF
(25 ng/ml) (+EGF) for 48, 72, or 96 hours. Cells were fixed and stained with acridine orange. Original magnification, X200.

mined optimal conditions for induction of DNA synthesis.
Both mitogens produced significant increases in DNA
synthesis (three- to fourfold) compared to control cultures
and the inductions were not statistically different from one
another (Figure 6).

TGF-B Abrogates the Induction of DNA
Synthesis by TNF-a and EGF in Primary Rat
Hepatocytes

Carr and colleagues®® have demonstrated that hepato-

cyte DNA synthesis induced by the mitogen EGF can be
abrogated by co-treatment of cultures with EGF and
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Figure 6. BrdU labeling of primary rat hepatocytes after treatment with
mouse or human TNF-a. Cultures were maintained in the absence of EGF for
13 days before the start of the experiment. Cells were then maintained under
the following conditions for an additional 48 hours: DMEM-F12 lacking EGF
(=EGF), DMEM-F12 containing mouse TNF-a (250 U/ml) (+mTNF), or
DMEM-F12 containing human TNF-a (250 U/ml) (+hTNF). BrdU was added
to the media for the last 24 hours of the treatment period. A: Percentages of
BrdU-labeled nuclei were calculated for each condition. B: Fold induction in
BrdU incorporation was calculated by normalizing data to control cultures.
Error bars indicate the SE for individual conditions. *, Values indicate results
that are significantly increased relative to —EGF controls (one-tailed rtest,
P <0.05).

TGF-B. It was determined that this effect was due neither
to direct competition between the cytokines nor to toxic-
ity. To determine whether TGF-B was able to inhibit DNA
synthesis induced by the mitogen TNF-«, cells main-
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Figure 7. TGF-B abrogates the induction of DNA synthesis by TNF-a and
EGF in primary rat hepatocytes. Hepatocytes were maintained for 16 days in
the absence of EGF. A: Hepatocytes were either maintained under these
conditions for the duration of the experiment (—EGF) treated with TGF-
alone (0.25 ng/ml), TNF-a alone (250 U/ml), EGF alone (25 ng/ml), TNF-a
in combination with TGF-B, or EGF in combination with TGF-B. Cultures
were treated for 24 hours and BrdU was added to the culture media at the
time of treatment. Percentages of BrdU-labeled nuclei were calculated for
each condition. Error bars indicate the SE for individual conditions. B: DNA
fragmentation after treatment with TNF-a and TGF-B. Hepatocytes were
either maintained in media lacking EGF for the duration of the experiment
(—EGF) and treated with TGF-f alone (0.25, 0.5, or 1.0 ng/ml), TNF-a alone
(250 U/ml), EGF alone (25 ng/ml), TNF-a in combination with TGF-B, or
EGF in combination with TGF-B for 24 hours. Untreated primary rat hepa-
tocytes or hepatocytes treated with cycloheximide (5 wmol/L) and TNF-a
(2500 U/mlD) in combination were used as negative and positive controls,
respectively. Low-molecular weight DNA was isolated and analyzed for
internucleosomal cleavage.



tained in the absence of EGF were treated with TNF-a
(250 U/ml), EGF (25 ng/ml), TNF + TGF-8 (0.25 ng/ml), or
EGF + TGF-B (0.25 ng/ml) and labeled with BrdU for 24
hours. When TGF-B was added in combination with either
mitogen the number of cells incorporating BrdU was
suppressed to control levels (Figure 7A). Thus, DNA syn-
thesis induced by TNF-« is abrogated by TGF-3 as pre-
viously described for the known mitogen EGF %536

In addition to its ability to inhibit cell proliferation,
TGF-B is well documented as a proapoptotic agent. Be-
cause TNF-a can also function in this capacity, we
wanted to determine whether the combination of these
factors may be inducing apoptosis in hepatocytes, thus
accounting for the change in BrdU incorporation. Cul-
tures of primary rat hepatocytes were treated as de-
scribed above. Low-molecular weight DNA was isolated
and analyzed for internucleosomal DNA fragmentation
(Figure 7B). No spontaneous apoptosis was detected in
cultures of primary hepatocytes. At the concentration of
TGF-B (0.25 ng/ml) that abrogated stimulation of DNA
synthesis by either TNF-a or EGF, no ladder formation
was detected when treatment was with TGF-B alone or in
combination with TNF-a or EGF (Figure 7B). When hepa-
tocytes were treated with TGF-B at 1 ng/ml alone or in
combination with TNF-a or EGF, low levels of ladder
formation were detectable. We conclude that the de-
crease in BrdU incorporation after treatment with TGF-B
in combination with TNF-a was not because of increased
apoptosis of the cultures.

TNF-a Treatment Leads to an Increase in
NF-kB Activation

The ability of TNF-a to induce DNA synthesis and cell
proliferation is commonly mediated by the transcription
factor NF-«B. To determine whether this was the case in
primary rat hepatocytes, cells were maintained in control
media (—EGF) or treated with TNF-a (+TNF-«) for 1, 2, or
4 hours. Nuclear protein was harvested from these cul-
tures and subjected to electrophoretic mobility shift as-
say. TNF-«a treatment caused an induction of NF-«B ac-
tivity within 1 hour of treatment (Figure 8A). This induction
was most dramatic at early time points after treatment
(1 to 4 hours) but was sustained through 24 hours after
TNF-a treatment (data not shown). To determine whether
this effect was specific to TNF-«, or was a common factor
in hepatocyte cell-cycle progression after mitogen treat-
ment, primary rat hepatocytes were maintained in control
media for the duration of the experiment (—EGF), or
treated with TNF-a (+TNF-«) or EGF (+EGF) for 1, 2, or 4
hours (Figure 8B). No increase in NF-«kB activity was
observed after treatment with the known hepatocyte mi-
togen EGF at any of the three time points, indicating that
activation of this transcription factor is specifically in-
duced after TNF-« stimulation.

To confirm these results and identify the components
of the NF-kB dimer, supershift analysis was performed
(Figure 8C). Hepatocytes were treated with TNF-« (or
EGF as a control) for 1 hour and nuclear protein ex-
tracted. Neither PBS nor IgG lead to altered complex
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Figure 8. NF-«B is activated after TNF-« treatment. Hepatocytes were main-
tained for 16 days in the absence of EGF. Arrows indicate the position of the
NF-kB complex. A: Cells were either maintained in —EGF media (—EGF) or
treated with TNF-a (250 U/ml) (+TNF-a) for an additional 1, 2, or 4 hours.
Nuclear protein was incubated with *?P-labeled oligonucleotides corre-
sponding to the consensus binding sequence for NF-«B. B: Cells were
maintained in the absence of EGF for 15 days before the start of the
experiment. Cells were maintained in this media for the duration of the
experiment (—EGF) or treated with TNF-a (+TNF-a) or EGF (+EGF) for 1,
2, or 4 hours. Nuclear protein was incubated with *?P-labeled oligonucleo-
tides corresponding to the consensus binding site for NF-kB. C: Supershift
analysis of NF-«B activity. Extracts were incubated as described for gel shifts
and subsequently incubated an additional half hour with no addition (con-
trol), addition of PBS, normal rabbit IgG (IgG), anti-p50 antibody (a-p50), or
anti-p65 antibody (a-p65).

mobility. Incubation with antibody to the p50 component
of NF-kB produced two supershifted complexes whereas
incubation with antibody against p65 produced a single
supershifted complex, suggesting that both p50 ho-
modimers and p50/p65 heterodimers are activated after
TNF-a treatment of primary rat hepatocytes.

Discussion

We have shown in this study, that primary hepatocytes
maintained in long-term DMSO culture in the absence of
EGF (—EGF) retain the properties of differentiated hepa-
tocytes. Use of the —EGF rat hepatocyte long-term
DMSO culture system is advantageous to examine the
primary mitogenic potential of TNF-« for several reasons.
In contrast to in vivo models for liver regeneration, the
—EGF culture system enables us to examine the effects
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of TNF-a alone without interference from growth factors,
cytokines, and hepatocyte mitogens. Hepatocytes main-
tained in the —EGF long-term DMSO culture system ex-
press high levels of the liver-specific genes albumin and
A,AT relative to hepatocytes in short-term in vitro culture.
Furthermore, these cultures maintain the morphological
characteristics of hepatocytes at the ultrastructural level.
An increased number of peroxisomes were present in
cultures of rat hepatocytes maintained in the absence of
EGF as compared to +EGF cultures, indicating that these
cells are under stress as a result of the EGF deprivation.
Despite this growth factor deficiency, no spontaneous
apoptosis occurs in this culture system. We conclude that
cells maintained in the —EGF culture system retain the
morphological and biochemical markers of well-differen-
tiated hepatocytes and that this system is a valuable tool
for the study of the primary mitogenic potential of TNF-a
or other factors.

In the present study, we have demonstrated that TNF-«
serves as a complete mitogen for rat hepatocytes in
long-term DMSO culture. TNF-a induced DNA synthesis
to levels not statistically different from that of the known
hepatocyte mitogen EGF and did not induce apoptosis.
The maximal induction of DNA synthesis in primary rat
hepatocytes by TNF-a was observed 24 hours after treat-
ment with 250 U of TNF-a/ml. A small number of hepato-
cytes induced to enter S phase by TNF-a treatment pro-
ceeded through the cell cycle as evidenced by the
detection of mitotic figures 96 hours after treatment.
TNF-a activated NF-«B in the form of both p50 ho-
modimers and p65/p50 heterodimers within 1 hour of
treatment. As previously described for EGF,3%°¢ TNF-
a-induced DNA synthesis was inhibited by TGF-B.

It has been suggested that for hepatocytes to respond
to proliferative stimuli in vivo, they must first undergo a
period of priming during which the cells exit G, and enter
a state of replicative competence.®2°4°~42 Several stim-
uli capable of priming hepatocytes for replication have
been identified to date including minimal hepatectomy
(removal of 30% of the liver),?° collagenase perfusion,’
sham surgery, and growth hormone injections.*® Webber
and colleagues® demonstrated that while the complete
hepatocyte mitogens TGF-a and HGF induced DNA syn-
thesis after portal vein infusion, simultaneous treatment
with either mitogen and TNF-« increased hepatocyte
DNA synthesis fourfold above mitogen stimulation alone.
The authors concluded from these data that TNF-a had
the ability to prime hepatocytes to a state of replicative
competence.

In addition to the ability of TNF-« to prime hepatocytes
for replication, considerable evidence exists in the litera-
ture to suggest that TNF-a may also serve as a mitogen
for these cells. Within 1 hour after two-thirds partial hep-
atectomy, TNF-a mRNA and protein levels increase dra-
matically.” Treatment of animals with TNF-a-neutralizing
antibodies before two-thirds partial hepatectomy inhibits
DNA synthesis and liver regeneration? indicating that
TNF-a is necessary for the normal regenerative response
in liver. TNF receptor 1 (TNF-R1) knockout mice showed
severely impaired DNA synthesis as compared to their
wild-type counterparts after two-thirds partial hepatec-

tomy. This deficiency in liver regeneration lead to a 50%
mortality rate in these animals whereas no mortality oc-
curred in wild-type mice after partial hepatectomy.* In
contrast, TNF-R2 knockout mice show no impairment of
DNA synthesis or liver regeneration as compared to wild-
type animals.® These results suggest that TNF-a and
TNF-R1 play an important role in liver regeneration after
injury.

Although hepatocytes in long-term DMSO culture exist
in G,, they retain the capacity to reenter the cell cycle
and synthesize DNA in response to a variety of stimuli.
We have previously demonstrated that when hepatocytes
in long-term DMSO culture are subjected to infection with
SV40 virus or transfection with SV40 DNA, some of the
hepatocytes replicated to yield epithelial cell colonies
that were capable of being expanded to yield immortal-
ized cell lines.®® Serra and Isom®® have demonstrated
that hepatocytes cultured in the presence of DMSO and
EGF for 20 days can be induced to respond to both EGF
and TGF-a stimulation after a 7-day period of insulin,
glucagon, and EGF deprivation. In addition, Cable and
Isom®® have shown that maintenance of primary rat hepa-
tocytes in DMSO containing media with iron, copper, and
zinc, not only induces hepatocytes to synthesize DNA but
also results in a threefold increase in cell number in the
cultures. Taken together these data showed that primary
rat hepatocytes in long-term DMSO culture in the pres-
ence of EGF retained the capacity to both synthesize
DNA and to proliferate. In the current study, we have
shown that primary hepatocytes maintained in long-term
DMSO culture in the absence of EGF also retain the
capacity to re-enter the cell cycle.

It has been reported previously that TNF-a derived
from different species can differ in signaling capacity.
Specifically, Leist and colleagues®” showed that in cul-
tures of murine cells, human TNF-a was able to signal
only through TNF-R1, whereas murine TNF-a was able to
activate both TNF-R1 and TNF-R2. In the present study,
no significant difference in the number of cells induced to
enter S phase by murine compared to human TNF-a was
observed, suggesting that TNF-R1 is the receptor used
for TNF-a-induced DNA synthesis in rat hepatocytes in
long-term culture. As discussed briefly in the Introduc-
tion, after interaction of TNF-a with its receptors numer-
ous intracellular changes occur. A hallmark associated
with  TNF-a-induced cell proliferation is induction of
NF-kB activity. Therefore, it was important to determine
whether NF-kB was activated when primary hepatocytes
in long-term culture in the absence of EGF were treated
with TNF-«. Indeed, the expected result was obtained; a
rapid and dramatic increase in NF-kB activation occurred
after TNF-« treatment. It is also important to note that
treatment with the mitogen EGF did not result in NF-«xB
activation indicating that the response was specific
to TNF-a.

It has been shown using short-term cultures of primary
rat hepatocytes, that TGF-B is able to inhibit induction of
DNA synthesis by EGF and HGF.3*% |n addition, TGF-B
mRNA has been shown to be elevated in nonparenchy-
mal cells between 4 and 72 hours after partial hepatec-
tomy,%® suggesting that TGF-B may be a key player in



negative regulation of liver regeneration. Serra and
Isom®® previously demonstrated that TGF-g inhibited
DNA synthesis induced by both EGF and TGF-« in hepa-
tocytes in long-term DMSO culture. In the present study,
we have shown that addition of low doses of TGF-B to
TNF-a treated primary rat hepatocytes abrogates the
induction of DNA synthesis by this mitogen. This finding
supports the conclusion that TNF-a acts as a primary
mitogen for these cells because DNA synthesis induced
by co-mitogens or priming agents, including insulin and
glucagon, is not inhibited by TGF-g treatment.®®

It has been demonstrated that serum TNF-« levels are
significantly increased in patients with a variety of chronic
liver diseases including hepatitis B virus infection, hepa-
titis C virus infection, hemochromatosis, Wilson’s dis-
ease, al-antitrypsin deficiency, primary biliary cirrhosis,
autoimmune hepatitis, primary hepatocellular carcinoma,
and alcoholic liver disease.®® In addition to modulation of
TNF-a expression in cases of chronic liver disease, al-
tered expression of the receptors TNF-R1 and TNF-R2 is
also observed. The ability of TNF-a to act as a complete
mitogen for primary rat hepatocytes and the up-regula-
tion of TNF-a expression in patients with chronic liver
disease raise the possibility that TNF-a may contribute to
the progression of these disease states to cirrhosis and
carcinogenesis. Our future studies will focus on the
mechanism by which TNF-a exerts its mitogenic effect on
primary rat hepatocytes and the interaction of TNF-a with
other known growth factors for hepatocytes.

TNF-a has previously been identified as a priming
factor for hepatocytes and has been shown to be instru-
mental in liver regeneration.’ 5294042 This study repre-
sents the first direct evidence that TNF-« is able to act as
a complete mitogen for primary rat hepatocytes in long-
term DMSO culture.
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