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We have recently demonstrated that a single in-
jection ofthe mitogen lead nitrate to rats induced
a rapid increase of tumor necrosis factor-a
(TNF- a) mRNA in the liver and suggested that this
cytokine may be involved in triggering hepatocyte
proliferation in this model ofdirect hyperplasia.
In this study, we examined whether a similar in-
duction of liver TNF-aY mRNA could be observed
preceding the onset of hepatocyte proliferation
induced by ethylene dibromide, another hepato-
cyte mitogen. In addition, we used dexametha-
sone, a wellknown inhibitorofTNF-aproduction,
to determine whether its administration could
suppress hepatocyte proliferation induced by
lead nitrate and ethylene dibromide. A single in-
tragastric administration of ethylene dibromide
(100 mg/kg) to male Wistar rats enhanced liver
TNF-ca mRNA after 4 and 7 hours, which then re-
turned to control levels by 24 hours. TNF-ae
mRNA was detectable only in a nonparenchymal
ceU fraction of the liver. Pretreatment of rats
with a single dose ofdexamethasone (2 mg/kg)
60 minutes before lead nitrate (100,umol/kg) or
ethylene dibromide completely abolished the in-
creased levels of liver TNF-a mRNA induced by
these agents. Inhibition by dexamethasone of
TNF-a mRNA was associated with an inhibition
of liver ceU proliferation induced by these mito-
gens, as measured by [3H]thymidine incorpora-

tion into hepatic DNA, mitotic index, and DNA
content. These results further support the hy-
pothesis that TNF-a may be involved in trigger-
ing hepatocyte proliferation induced byprimary
mitogens. (AmJ Pathol 1994, 145:951-958)

Hepatocyte growth factor (HGF), transforming growth
factor-a (TGF-a), and TGF-,B are the three most ex-
tensively studied growth factors in the control mecha-
nisms of liver cell regeneration.1 The former two are
potent mitogens for hepatocytes in culture and the
latter an inhibitor of hepatocyte proliferation.4-7 Stud-
ies in vivo have provided further evidence for the role
of these growth factors in the control of liver cell pro-
liferation. In fact, the time course of appearance of
HGF, TGF-a, and TGF-,B in the blood and the en-
hanced expression of their genes in the liver coin-
cided with the time course of initiation and termination
of hepatocyte proliferation in several models of com-
pensatory cell proliferation, including surgical partial
hepatectomy or regeneration after administration of
necrogenic agents.8 9

Recently, however, it has been shown that another
type of cell proliferation, ie, direct hyperplasia in-
duced by primary mitogens, is not associated with
any significant changes in the hepatic levels of HGF
or TGF-a mRNAs.10,11 Instead, direct liver hyperpla-
sia induced by a single administration of lead nitrate
(LN) resulted in a rapid and transient increase in the
hepatic expression of TNF-a mRNA during a period
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preceding the onset of hepatocyte DNA synthesis.11
Based on this observation, we suggested that TNF-a
may be involved in triggering hepatocyte proliferation
induced by primary mitogens.
TNF-a is a monokine thought to be a major regu-

latory cytokine in several pathophysiological pro-
cesses and is known to stimulate induction of a num-
ber of genes including lymphokines and growth
factors,12'13 which may act as modulators of liver cell
proliferation. Indeed, increasing evidence suggests
that TNF-a may play an important role in triggering
cell proliferation. As far as hepatocytes are con-
cerned, it was shown that TNF-a induces DNA syn-
thesis of mouse and rat hepatocytes in primary cul-
tures.14'15 In addition, administration in vivo of
nonnecrogenic dosages of TNF-a increased thymi-
dine incorporation into hepatic DNA and mitotic ac-
tivity of liver cells in intact adult rats, although some
controversy exists as to the nature of the primary
target cells in the liver stimulated to proliferate by
TNF-a.16-18 Furthermore, there are reports suggest-
ing that TNF-a, in addition to the known growth fac-
tors, may also participate in the triggering of com-
pensatory liver regeneration such as after partial
hepatectomy. 19,20

To clarify further possible roles of TNF-a on hepa-
tocyte proliferation induced by primary mitogens, we
extended our earlier study to determine whether eth-
ylene dibromide (EDB), another known liver mitogen,
induces an induction of TNF-a mRNA before the onset
of hepatocyte proliferation. In addition, we examined
whether an inhibition of the mitogen-induced TNF-a
production could lead to suppression of liver cell
growth. For this purpose, we selected the glucocor-
ticoid dexamethasone (DEX), which is known to in-
hibit TNF-a production at a level of transcription both
in vitro and in Vivo.21'22 The results indicate that: 1)
EDB induced increase in liver TNF-a mRNA similar to
LN, 2) pretreatment of rats with DEX completely pre-
vented the induction of TNF-a expression by EDB and
LN, and 3) this effect was associated with inhibition of
the mitogen-induced hepatocyte proliferation. The
details of these experiments are the subject of this
report.

Materials and Methods

Treatment of the Animals

Eight-week-old male Wistar rats (200 g) were pur-
chased from Charles River (Milan, Italy) or from Har-
lan Sprague-Dawley, Inc. (Indianapolis, IN). The ani-
mals were fed a laboratory chow diet provided by
Ditta Piccioni (Brescia, Italy) or Ralston Purina

(St. Louis, MO) and had free access to food and water.
All treatments were performed in the morning be-
tween 9 and 12 a.m. LN (Carlo Erba, Milan, Italy, or
Sigma Chemical Co., St. Louis, MO; 100 pmol/kg) dis-
solved in distilled water was injected intravenously
through the saphenous vein. EDB (Sigma Chemical
Co.; 100 mg/kg) dissolved in corn oil was adminis-
tered intragastrically. DEX (Sigma Chemical Co.; 2
mg/kg) was dissolved in ethanol/distilled water and
injected intraperitoneally 60 to 90 minutes before LN
or EDB.

Experimental Design

To determine the effect of EDB on TNF-a mRNA, male
Wistar rats were given a single intragastric intubation
of EDB or corn oil (control) and rats were killed 2, 4,
7, and 24 hours thereafter. Approximately 1-g
samples of the liver were immediately frozen in liquid
nitrogen and stored at -70 C for future studies. In a
separate experiment, hepatocytes and unfraction-
ated nonparenchymal cells (NPC) were isolated from
rats given EDB or corn oil and killed 4 hours later.

To determine the effect of DEX pretreatment on
EDB or LN-induced increase in TNF-a mRNA levels,
Wistar rats were treated with DEX (2 mg/kg). Sixty
minutes after DEX treatment, LN or EDB was given
and rats were sacrificed 3 and 6 hours (LN) or 4 and
7 hours (EDB) thereafter.

Because the time of maximal DNA synthesis is
different between LN and EDB,23'24 different experi-
mental protocols were used to determine the effect of
DEX on LN or EDB-induced cell proliferation. As for
LN, cell proliferation was induced by a single dose of
LN 90 minutes after treatment with DEX or an equiva-
lent volume of the vehicle. Twenty-six, 30, and 36
hours after LN, [3H]thymidine (Amersham, UK; spe-
cific activity 25 Ci/mmol) was injected intraperitone-
ally at a dose of 10 pCi/100 g body weight to 16 rats
and the animals were sacrificed 12 hours after the last
injection (48 hours after LN). The remaining rats (not
receiving thymidine) were sacrificed 72 hours after
treatment with LN. Hepatic DNA content and mitotic
index were determined in all groups. As for EDB, liver
cell proliferation was induced 90 minutes after DEX or
the vehicle. Rats were then given [3H]thymidine
(10 pCi/100 g) at 20, 22, and 24 hours and were sac-
rificed 2 hours later.

Determination of Specific Activity of DNA

Tissue samples were homogenized in 6 volumes of
0.075 M NaCI-0.025 M EDTA, pH 7.6, and precipi-
tated in ice-cold 1 N perchloric acid (PCA). The pel-
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lets were washed three times with ice-cold 0.5 N PCA
and extracted with 0.5 N PCA at 70 C for 1 hour. Suit-
able hydrolysate aliquots were used for measurement
of radioactivity in a Beckman LS 1801 liquid scintil-
lation spectrophotometer using Biofluor (New Eng-
land Nuclear, Boston, MA) as solvent.

Determination of Hepatic DNA Content

After sacrifice the livers were frozen at -70 C. Total
hepatic DNA was quantitatively assayed by Burton's
diphenylamine method.25

Histological Examination and
Measurement of Liver Mitoses

Immediately after the rats were killed, liver sections
were fixed in 10% formalin and embedded in paraffin.
Deparaffinized sections were then stained with he-
matoxylin and eosin. For the mitotic index, expressed
as number of mitotic figures per 100 nuclei, at least
2000 nuclei were scored for each rat.
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Hybridization Probes

The rat TNF-a probe was a 254-bp, Kpnl-Hincll frag-
ment of rat TNF-a gene cloned in a bluescript vec-
tor.26 Glyceraldehyde-3-phosphate dehydrogenase,
a 780-bp Psl-Xbal fragment excised from the

27pHcGAP clone, was purchased from American
Tissue Culture Collection (Rockville, MD).

Northern Blot Analysis

Total RNA was isolated from frozen liver by extraction
in guanidine isothiocyanate and ultracentrifugation in
cesium chloride.28 Poly(A)+ RNA was then isolated
by two cycles of oligo(dT) cellulose affinity chroma-
tography (Collaborative Research, Waltham, MA).
Poly(A)+ RNA was isolated from isolated hepatocyte
and NPC fractions by the QD rapid poly(A)+ mRNA
Isolation System (5 prime-3 prime Inc., Boulder, CO),
according to the manufacturer's specification. North-
ern blot analyses were performed as previously de-
scribed.10
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Figure 1. Northern blot of TNF-a mRNA from
the liver of rats treated with EDB or oil (CO)
and sacrificed 2 and 4 hours (a, b) or 24 hours
(c) thereafter.
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Separation of Parenchymal Cells
and NPC

The livers were perfused with Ca2+ Mg2+-free Hanks'
balanced salt solution followed by the same solution
containing 0.015% collagenase (Collagenase H;
Boehringer Mannheim, Mannheim, Germany).29
Hepatocytes and unfractionated NPC were sepa-
rated by repeated centrifugation at 45 x g for 2 min-
utes (3x) and 50 x gfor 2.5 minutes (2x). The pellets
were frozen in liquid nitrogen and stored at -70 C.

Results

Effect of EDB on Liver TNF-a mRNA

Figure 1 shows Northern blot analysis of steady-state
levels of liver TNF-a mRNA 2, 4, 7, and 24 hours after
a single intragastric administration of EDB. As shown,
the 1.8-kb transcript increased 4 hours after EDB
treatment (Figure la, lb); it remained elevated at 7
hours but returned to control levels by 24 hours (Fig-
ure 1, c). Liver TNF-a mRNA was apparent only in
nonparenchymal fractions of the liver (Figure 2) and
its levels were elevated 4 hours after EDB treatment.

Effect of DEX on Liver TNF-a mRNA

Next, we investigated the effect of DEX on liver TNF-a
mRNA after treatment with the mitogens LN and EDB
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(Figure 3). In agreement with our previous studies,11
LN induced an increase in TNF-a mRNA levels 3 (Fig-
ure 3, lane 3) and 6 hours (Figure 3, lanes 5 to 7) after
treatment. The induction of TNF-a mRNA by LN was
totally prevented by pretreatment with DEX both at 3
(Figure 3, lane 4) and 6 hours (Figure 3, lanes 8 to 10).
A similar effect of DEX was observed when TNF-a
mRNA was stimulated by EDB. As shown in Figure 4,
the increase of TNF-a mRNA caused by EDB at 4
(lanes 3 and 4) and 7 hours (lane 7) was completely
inhibited by pretreatment with DEX (lanes 5 and 6,
DEX + EDB 4 hours; lanes 8 and 9, DEX + EDB
7 hours).

Effect of DEX on Liver Cell Proliferation
Induced by LN

The next question we asked was whether the inhibi-
tion of TNF-a mRNA expression by DEX could result
in an inhibition of hepatic DNA synthesis induced by
LN or EDB. Because our previous studies have shown
that LN induces a peak of S phase at approximately
28 to 40 hours after treatment,30'31 the timing of ad-
ministration of tritiated thymidine was selected to
cover this time period. As shown in Figure 5, A, DEX
administration completely abolished the incorpora-
tion of [3H]thymidine into hepatic DNA induced by LN
(8 cpm/pg DNA in DEX + LN group versus 39 cpm/pg
DNA in LN group, P < 0.005).
The inhibition of thymidine incorporation into he-

patic DNA was associated with a dramatic decrease
in the mitotic activity of hepatocytes induced by LN
(Figure 5, B). In fact, DEX pretreatment caused a four-
fold decrease in mitotic index induced by LN at 48
hours (0.38 versus 1.75% of LN-treated rats). As a
result of this inhibitory effect, total hepatic DNA con-
tent was found to be much lower in DEX + LN-treated
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Figure 2. Northern blot analysis of TNF-a nRNA of nonparenchb'inal
and parenichymal liver cell fraction cof rats sacrificed 4 hours af?er
EDB or an equivalentt volume oj' the vehicle (CO). Hepatocyte (HEP)
and crudde NPC fraction-s uwere separated after collagenase digestion
of the liver and (5x ) loun centrifugationi.

Figure 3. Vorthern blot analysis of TNF-a mRNA from livers of rats
givetn DEX 60 minutes bejbre a sitngle injection oJ'f ater or LN atnd
sacrificed 3 and 6 houars thereafter. Controls (lanes 1 and 2); LN, 3
hourss (latne 3) DEX + IL. 3 hours (latne 4). LN, 6 hours (lanies 5 to
7); DEX + LV, 6 hourN (lanes 8 to 10).
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Figure 4. Northern blot analy.sis of TNF-a mRNA from livers of rats
given DEX 60 minutes before EDB administration. Oil (lanes 1 and
2); EDB, 4 bours (lane 3 and 4); DEX + EDB, 4 hors (lanes 5 and
6); EDB, 7 hours (lane 7); DEX + EDB (lanes 8 anid 9).

rats when compared with animals receiving the mi-
togen alone (Table 1). Inhibition of LN-induced liver
cell proliferation by DEX was not a transitory effect
because a lower mitotic activity was still present in the
liver of DEX-administered rats even at 3 days after
treatment (Figure 5, B).

Effect of DEX on Liver Cell Proliferation
Induced by EDB

Pretreatment with DEX also completely abolished cell
proliferation induced by EDB. In fact, as shown in Fig-
ure 6, although EDB administration caused an ap-

proximately sevenfold increase in thymidine incorpo-
ration (20 cpm/pg DNA versus 2.8 cpm/pg DNA of
controls), DEX pretreatment resulted in a complete
inhibition of DNA synthesis (1.4 cpm/pg DNA). From
these results it appears that abolishment of TNF-a
expression by DEX might be responsible for the in-
hibition of LN- and EDB-induced liver cell prolifera-
tion, suggesting a critical role for TNF-a during cell
proliferation induced by primary mitogen.

Discussion
It is known that liver cells may be induced to prolif-
erate by several chemicals, primary mitogens, in the
absence of any cell loss. This type of cell proliferation,
defined as direct hyperplasia, differs from compen-

satory regeneration in many aspects including the
pattern of hepatic expression of immediate early
genes,32 ploidy state,33 and the effect on initiation of
chemical hepatocarcinogenesis.23 The cellular and
molecular mechanisms of hepatocyte proliferation in-
duced by primary mitogens are not known. Possible
involvement of HGF and TNF-a, which are thought to
be primary stimuli for compensatory liver regenera-

tion, has been considered. Administration of primary
mitogens either acutely or chronically, unlike compen-
satory regeneration, did not induce any significant
change in hepatic expression of growth factor mRNA,
such as HGF and TGF-a.10'11 On the other hand, the
primary mitogen LN was able to stimulate a rapid in-
crease in the levels of TNF-a mRNA at a time pre-
ceding the onset of hepatocyte DNA synthesis, thus
raising the possibility that TNF-a might be the critical
factor in triggering this type of cell proliferation.

The results of this study lend further support to this
notion. We have shown that: 1) a single treatment with
two different liver mitogens, LN and EDB, induced
similar patterns of enhanced TNF-a mRNA expres-
sion in rat liver; 2) DEX completely abolishes the in-
crease in the expression of TNF-a mRNA induced by
LN and EDB; and 3) an inhibition of TNF-a mRNA was
associated with inhibition of liver cell proliferation in-
duced by both mitogens. As expected, TNF-a mRNA
was detectable only in nonparenchymal cell fraction
of the liver and its levels were enhanced after EDB
treatment. Even though no further fractionation of
NPC was made, the source of TNF-a production in the
liver is most probably Kupffer cells.
The increase-in hepatic levels of TNF-a mRNA was

not accompanied by a detectable increase in TNF-a
levels in the serum, monitored by the L929 cytotoxicity
assay. However, when a low dose of lipopolysaccha-
ride, which by itself does not produce any toxicity in
L929, was given after LN, a dramatic increase in cy-
totoxicity was observed (data not shown). The in-
creased toxicity was associated with liver necrosis
and death of the animals.11 Thus, it is possible that the
amount of TNF-a needed to produce liver cell prolif-
eration in the absence of severe toxicity may not be
enough to be detected in the blood. In this respect,
it is interesting to note that Akerman et a120 were not
able to find increased levels of TNF-a in the blood
after pH, although inhibition of liver regeneration was
achieved by treating hepatectomized animals with
antibodies against TNF-a.

The participation of TNF-a in triggering cell prolif-
eration has been proposed by several investiga-
tors.14-20 They showed that administration of non-
necrogenic dosages of recombinant murine or hu-
man TNF-a to rats induced a mitogenic response in
the liver.16-19 However, although Feingold et al16 re-
ported that TNF-a induced proliferation only in non-
parenchymal cells, other studies demonstrated a
proliferative effect by TNF-a on hepatocytes, with an
increase in mitotic index ranging from 12- to 15-
fold.1718 The effect appears to be dependent on
experimental conditions, because continuous infu-
sion or repeated injections of TNF-a induced hepa-
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Figure 5. A: Effect ofDEE on f3Hlthymidine incorporation induced by LN. Rats were given LN 90 minutes after treatment u'ith DEX (2 mg/kg) or
the vehicle. /3Hlthymidine (10 ,Ci/100 g body uweight) was given at 26, 30, and 36 hours after LN and rats were sacrificed at 48 hours. Radioac-
tivitV of extracted DNA was determined and expressed as mean + SD counts per minute per microgram DNA. *Significantly differentfrom DEX +
LN; P < 0.005. B: Effect ofDEX on LN-induced mitoses. Rats were given LN u'ith or u'ithout DEX pretreatment and were sacrificed 2 and 3 days
later. Mitotic index was calculated in hematoxylin and eosin-stained liver sections by scoring at least 2000 hepatocyte nuclei per rat. Mean ofJbur
rats pergroup. *Significantly different from DEE + LN-treated rats; P < 0.010.

Table 1. Effect ofDEX on LNtInduced Liver Growth
and Hepatic DNA Content

Treatment

Relative Liver
Weight (g/100 g
body weight)

DNA Content
(mg/100 g

body weight)

Control 4.62 + 0.61 11.04 + 0.81
DEX 4.35 + 0.17 12.13 + 1.26
LN 6.51 ± 0.37* 16.41 ± 2.34t
DEX + LN 5.22 + 0.41 10.82 ± 1.21

Rats were given DEX (2 mg/kg, intraperitoneal) 90 minutes be-
fore LN (100 pmol/kg body weight, intravenous) and were sacri-
ficed 48 hours after treatment. Mean + SD of four rats per group.

* Significantly different from DEX + LN; P < 0.005.
t Significantly different from DEX + LN; P < 0.050.
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Figure 6. Effect of DEX on 13Hlthymidine incorporation after EDB.
Rats were treated with EDB 90 minutes after treatment with DEX (2
mg/kg) or an equivalent amount of the vehicle. Rats were given triti-
ated thymidine (10 pCi 100 g body weight) at 20, 22, and 24 hours

after EDB and were sacrificed 2 hours later. *Significantiy different
from DEX + EDB; P < 0.001.

tocyte mitoses. It is not clear, however, whether
TNF-a exerts a direct proliferative effect on hepato-
cytes or its action is mediated through secondary
effects generated by this multifunctional cytokine.

TNF-a is known to stimulate induction of other lym-
phokines such as interleukin-1 (IL-1), IL-6, and
IL-8,3435 though very little information is currently
available regarding the effects of these lymphokines
on liver cell proliferation. Studies in vitro on the ef-
fect of TNF-a on hepatocytes have not established
a definitive answer. Although Satoh et al14 and
Beyer and Theologides15 showed stimulation of
DNA synthesis by TNF-a of mouse and rat hepato-
cytes in primary culture, other investigators did not
observe such stimulatory effect of TNF-a on cul-
tured rat hepatocytes (T. Nakamura and G. Michalo-
poulos, personal communication).

Our findings that LN, a metal salt, and EDB, a
halogenated hydrocarbon, induce a similar pattern of
induction of liver TNF-a mRNA and that their mito-
genic effects were completely abolished by inhibiting
TNF-a induction by DEX suggest common pathways
of triggering hepatocyte proliferation by primary mi-
togens. Whether or not a similar pathway is involved
in other classes of primary mitogens, such as per-
oxisome proliferators and the antiandrogen cypro-
terone acetate, has to be answered in future studies.
Although our studies focused on a possible role of
TNF-a on liver cell proliferation induced by primary
mitogens, there are several reports that suggest po-
tential roles of TNF-a on cell proliferation during com-
pensatory regeneration such as after partial hepatec-
tomy. Satoh et a119 showed that partial hepatectomy
in mice is associated with an increased secretion of
TNF-a and an inhibition of TNF-a secretion by glu-
cocorticoid results in inhibition of liver regeneration.
Akerman et al20 showed that antibodies against
TNF-a administered before partial hepatectomy in-
hibited rat liver regeneration and suggested that
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TNF-a may prime hepatocytes to make them more
sensitive to stimulatory effects of other known growth
factors. Preliminary experiments performed in our
laboratory indicate that a single treatment with anti-
bodies against rat TNF-a (gift from Dr. G.J. Bagby,
Louisiana State University) did indeed inhibit the liver
cell proliferation elicited by LN (data not shown), sug-
gesting that TNF-a produced in response to LN or
EDB treatment may have a similar priming effect on
hepatocytes. Further studies are necessary to un-
ravel critical differences in the mechanisms respon-
sible for triggering cell proliferation involved in direct
hyperplasia and compensatory regeneration.

References
1. Mead JE, Fausto N: Transforming growth factor-a

(TGF-a may be a physiological regulator of liver re-
generation via an autocrine mechanism). Proc NatI
Acad Sci USA 1989, 86:1558-1562

2. Michalopoulos GK: Liver regeneration: molecular
mechanisms of growth control. FASEB J 1990, 4:176-
187

3. Fausto N: Multifunctional roles for transforming growth
factor beta 1. Lab Invest 1991, 65:497-499

4. Nakamura T, Nawa K, Ichihara A: Partial purification
and characterization of hepatocyte growth factor from
serum of hepatectomized rats. Biochem Biophys Res
Commun 1984, 122:1450-1459

5. Zarnegar R, Michalopoulos G: Purification and biologi-
cal characterization of human hepatopoietin A, a
polypeptide growth factor for hepatocytes. Cancer
Res 1989, 49:3314-3320

6. Nakamura T, Tomita Y, Hirai R, Yamaoka K, Kaji K, Ishi-
hara A: Inhibitory effect of transforming growth
factor-3 on DNA synthesis of adult rat hepatocytes in
primary culture. Biochem Biophys Res Commun 1985,
133:1042-1050

7. Carr BI, Hayashi I, Branum EL, Moses HL: Inhibition of
DNA synthesis in rat hepatocytes by platelet-derived
type beta transforming growth factor. Cancer Res
1986, 44:2330-2334

8. Kinoshita T, Tashiro K, Nakamura T: Marked increase
of HGF mRNA in nonparenchymal liver cells of rats
treated with hepatotoxin. Biochem Biophys Res Com-
mun 1989, 165:1229-1234

9. Lindroos P, Zarnegar R, Michalopoulos G: Hepatocyte
growth factor (hepatopoietin A) rapidly increases in
plasma before DNA synthesis and liver regeneration
stimulated by partial hepatectomy and carbon tetra-
chloride administration. Hepatology 1991, 13:743-750

10. Masuhara M, Katyal SL, Nakamura T, Shinozuka H:
Differential expression of hepatocyte growth factor,
transforming growth factor-a and transforming growth
factor-31 messenger RNAs in two experimental mod-
els of liver cell proliferation. Hepatology 1993, 16:
1241-1 249

11. Shinozuka H, Kubo Y, Katyal SL, Coni P, Ledda-
Columbano GM, Columbano A, Nakamura T: Roles of
growth factors and tumor necrosis-a on liver cell pro-
liferation induced in rats by lead nitrate. Lab Invest
1994, 71:35-41

12. Walther Z, May LT, Seghal PB: Transcriptional regula-
tion of the interferon-, 2/B cell differentiation factor
BSF-2/hepatocyte-stimulating factor gene in human fi-
broblasts. J Immunol 1988, 140:974-977

13. Lin JX, Vilcek J: Tumor necrosis factor and
interleukin-1 cause a rapid and transient stimulation of
c-fos and c-myc mRNA levels in human fibroblasts. J
Biol Chem 1987, 262:11908-11911

14. Satoh M, Yamazaki M: In vitro DNA synthesis of
mouse hepatocytes stimulated by tumor necrosis fac-
tor is inhibited by glucocorticoids and prostaglandin
D2 but enhanced by retinoic acid. J Cell Physiol 1993,
157:104-109

15. Beyer HS and Theologides A: Tumor necrosis-a is a
direct hepatocyte mitogen in the rat. Biochem Mol Biol
Int 1993, 29:1-4

16. Feingold KR, Barker ME, Jones AL, Grunfeld C: Local-
ization of tumor necrosis factor-stimulated DNA syn-
thesis in the liver. Hepatology 1991, 13:773-779

17. Beyer HS, Stanley M, Theologides A: Tumor necrosis
factor-a increases hepatic DNA and RNA and hepato-
cyte mitosis. Biochem Int 1990, 22:405-410

18. Mealy K, Wilmore DW: Tumour necrosis factor and he-
patic cell mass. Br J Surg 1991, 78:331-333

19. Satoh M, Adachi K, Suda T, Yamazaki M, Mizuno D:
TNF-a driven inflammation during mouse liver regen-
eration after partial hepatectomy and its role in growth
regulation of liver. Mol Biother 1991, 3:136-147

20. Akerman P, Cote P, Yang SQ, McClain C, Nelson S,
Bagby GJ, Diehl AM: Antibodies to tumor necrosis
factor-a inhibit liver regeneration after partial hepatec-
tomy. Am J Physiol 1992, 263:G579-G585

21. Beutler B, Krochin N, Milsark IW, Luedke C, Cerami A:
Control of cachectin (tumor necrosis factor) synthesis:
mechanisms of endotoxin resistance. Science 1986,
232:977-980

22. Remick DG, Strieter RM, Lynch JP, Nguyen D, Eskan-
dari M, Kunkel SL: In vivo dynamics of murine tumor
necrosis factor-a gene expression: kinetics of
dexamethasone-induced suppression. Lab Invest
1989, 60:766-771

23. Columbano A, Ledda-Columbano GM, Lee G, Ra-
jalakshmi S, Sarma DSR: Inability of mitogen-induced
liver hyperplasia to support induction of enzyme al-
tered islands induced by liver carcinogens. Cancer
Res 1987, 47:5557-5559

24. Nachtomi E, Farber E: Ethylene dibromide as a mito-
gen for liver. Lab Invest 1978, 38:279-283

25. Burton K: A study of the conditions and mechanisms
of the diphenylamine reaction for the colorimetric esti-
mation of deoxyribonucleic acid. Biochem J 1956, 62:
315-323

26. Kirisitis MJ, Vardimon D, Kunz HW, Gill TJ Ill: Mapping



958 Ledda-Columbano et al
4/P October 1994, Vol. 145, No. 4

of the TNFA locus in the rat. Immunogenetics 1994,
39:59-60

27. Tso JY, Sun X, Kao T, Reece KS, Wu R: Isolation and
characterization of rat and human glyceraldehyde-3-
phosphate dehydrogenase cDNAs: genomic com-
plexity and molecular evolution of the gene. Nucleic
Acid Res 1985, 13:2485-2502

28. Leonard GD, Dibner MD, Battey JF: Guanidine isothio-
cyanate preparation of total RNA. In Basic Methods in
Molecular Biology. Edited by Leonard GD, Dibner MD,
Battey JF. New York, Elsevier Science Publishing Co.,
1986, pp 130-135

29. Seglen PO: Preparation of isolated rat liver cells.
Methods Cell Biol 1976, 13:29-83

30. Columbano A, Ledda GM, Perra T, Sirigu P, Pani P:
Liver cell proliferation induced by a single dose of
lead nitrate. Am J Pathol 1983, 110:83-88

31. Columbano A, Ledda-Columbano GM, Coni P, Faa G,
Liguori C, Santacruz G, Pani P: Occurrence of cell

death (apoptosis) during the involution of liver hyper-
plasia. Lab Invest 1985, 52:670-675

32. Coni P, Simbula G, Carcereri De Prati A, Menegazzi
M, Suzuki H, Sarma DSR, Ledda-Columbano GM,
Columbano A: Differences in the steady-state levels of
c-fos, c-jun and c-myc messenger RNA during
mitogen-induced liver growth and compensatory re-
generation. Hepatology 1993, 17:1109-1116

33. Melchiorri C, Chieco P, Zedda Al, Coni P, Ledda-
Columbano GM, Columbano A: Ploidy and nuclearity
of rat hepatocytes after compensatory regeneration or
mitogen-induced liver growth. Carcinogenesis 1993,
14:1825-1830

34. Jaattela M: Biological activities and mechanisms of
action of tumor necrosis factor a/cachectin. Lab Invest
1991, 64:724-742

35. Vilcek J, Lee TH: Tumor necrosis factor: new insights
into the molecular mechanisms of its multiple actions.
J Biol Chem 1991, 266:7313-7316


