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Abstract. Human recombinant tumor necrosis factor was administered to rats in small 
doses to determine whether it causes changes in the activity of liver enzymes similar to 
those observed in cancer growing extrahepatically. lntraperitoneal injection of increasing 
doses of tumor necrosis factor (20-100 pg/kg/day for 5 days) resulted in a 2040% 
decrease in hepatic alanine aminotransferase (P I 0.05), a 10-20% decrease in aspar- 
tate aminotransferase (P I 0.04), and a 50-200% increase in alkaline phosphatase (P 
I 0.02). The activity of hepatic 5’-nucleotidase was unchanged. In the serum, there was 
no significant change in the activity of any of the enzymes. Histologically, there was no 
damage detectable by light or electron microscopic examination of the liver, and no 
evidence of biliary obstruction. However, in frozen liver sections stained histochemically 
for alkaline phosphatase, there was a dramatic increase in the activity of this enzyme 
in hepatocytes, which was confined to the bile canaliculi. There was also a 3- to 9-fold 
increase in the mitotic activity of hepatocytes. Comparable changes have been reported 
in the tumor-free liver of animals with cancer. [P.S.E.B.M. 1993, Vol2031 

hanges in the activity of liver enzymes have been 
observed in a variety of human and animal C cancers growing extrahepatically ( 1- 1 1 ). The 

changes involve cytoplasmic, mitochondrial, microso- 
mal, lysosomal‘, peroxisomal, and membrane-associ- 
ated enzymes, and frequently represent a reversion of 
the liver to a state of dedifferention (7, 9). 

There is adequate evidence suggesting that meta- 
bolic alterations in the tumor-free organs of the host 
are caused by humoral factors released by the cancer or 
host cells (1 2). Early studies have shown that some of 
the changes in liver enzymes could be induced by 
injection of “toxohormone” into animals, a protein- 
like and heat-stable agent extracted from human tumor 
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cells (1). More convincing evidence for a role of hu- 
moral factors came from experiments with parabiotic 
rats where subcutaneous implantation of a solid tumor 
in one member of the parabiotic pair caused significant 
changes in the activities of hepatic enzymes in both 
partners ( 1  3). Changes in the activities of hepatic en- 
zymes have also been reported in the serum of patients 
with renal carcinoma ( 14- 18) and malignant schwan- 
noma (19) in the absence of metastasis to the liver or 
other organs. In these cases, the most noticeable change 
was frequently an increase in serum alkaline phospha- 
tase (AP) activity, and occasionally in aspartate ami- 
notransferase (AST) and alanine aminotransferase 
(ALT) activity (1 8). 

More recently, tumor necrosis factor/cachectin 
(TNF) was shown to induce metabolic changes in the 
host similar to those observed in the presence of cancer 
(20). In our laboratory, intraperitoneal injection of 
human recombinant TNF-(U into rats at low doses (100 
pg/kg/day for 5 day) resulted in a significant decrease 
in hepatic catalase activity similar to that observed in 
extrahepatic cancer and after toxohormone injection 
( 1, 2 1). The decrease was accompanied by a significant 
reduction in the size and number of peroxisomes with- 
out any other hepatocellular changes detectable by elec- 
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tron microscopy. At higher doses (250 pg/kg/day for 
7-10 day), Tracey et al. (22) showed that histologically 
demonstrable liver damage occurred with proliferation 
of small bile ducts and significant inflammation. 

The purpose of this study was to determine in the 
rat the effects of intraperitoneal injection of small doses 
of TNF on the activity of liver enzymes traditionally 
used as markers of hepatocellular damage (AST and 
ALT) and biliary obstruction (alkaline phosphatase 
[AP], y-glutamyltransferase [GGT], and 5 '-nucleotid- 
ase [ 5 'NT]). The activity of these enzymes is frequently 
altered in cancer growing extrahepatically (2, 7), or is 
increased in the serum of cancer patients treated with 
recombinant TNF (23-26). The effects of TNF on these 
enzymes were studied in the liver, and in the kidney 
and serum for comparison. The liver was also examined 
by light and electron microscopy to determine whether 
any morphologic changes had occurred, and to correlate 
these changes with enzyme activity. 

Animals and Methods 
Animals. Male Sprague-Dawley rats ( 165 k 15 g) 

were maintained on a 12:12-hr 1ight:dark cycle and 
provided with water and chow ud libitum. The care and 
use of these animals conformed with the National 
Institutes of Health's current Guide-for the Care and 
Use of Laboratory Animals, and the institutional Ani- 
mal Care and Use Committee. 

Experimental. Human recombinant TNF-cx was 
generously donated by Asahi Chemical Industry 
America, Inc. (New York, NY) and contained a negli- 
gible amount of endotoxin as contaminant (2.33 x 10' 
units TNF/mg protein; 0.35 pg endotoxin/lO' TNF; 
equivalent to 0.001 pg endotoxin/pg TNF) (21). Rats 
were injected intraperitoneally with 20- 100 pg/kg/day 
of TNF for 5 days. Unless otherwise indicated, the total 
daily dose was divided into two equal doses which were 
injected at approximately 12-hr intervals. Six experi- 
ments were performed, each consisting of a group of 
five to six experimental rats injected intraperitoneally 
with TNF and a group of four to six control rats injected 
with the vehicle only (10% glycerol or phosphate-buff- 
ered saline containing 0.1 % serum bovine albumin). 

Experiments 1,2, and 3 were designed to determine 
the effect of increasing doses of TNF (20, 50, and 100 
pg/kg/days for 5 days, respectively) on the activity of 
hepatic enzymes. 

Experiments 4 and 5 were prompted by reports 
that fasting affects the activity of liver enzymes (27). In 
Experiment 4, the experimental rats were injected with 
50 pg/kg/day twice daily for 5 days, and both experi- 
mental and control rats were additionally fasted for 24 
hr on Day 5 .  Experiment 5 was similar to Experiment 
4 except that the total daily dose was divided into three 
doses of 33 pg each and injected at approximately 8-hr 

intervals, to evaluate the effect of more frequent TNF 
administration. 

Experiment 6 was designed to investigate potential 
adverse effects of TNF on food consumption (28). The 
experiment was similar to Experiment 3 (in which the 
experimental rats were injected with 100 pg/kg/day for 
5 days), but also included a group of control pair-fed 
rats that were given (and completely consumed) daily 
the same amount of food consumed on the previous 
day by their TNF-injected partners. 

On Day 6 (or Day 7 for the pair-fed controls), all 
rats were anesthesized with ether and sacrificed by 
guillotine decapitation. Liver and kidneys were excised 
and homogenized in 0.2 A4 phosphate buffer, pH 7.4, 
as described previously (2 1 ). The homogenates were 
centrifuged at 30,OOOg for 30 min and the supernatant 
fluids were stored at -70°C until assayed (21). Whole 
blood was also collected immediately after decapitation 
from all the rats in Experiment 6, and the sera were 
separated by centrifugation and stored at -70°C. 

Protein concentration in the tissue extract was 
determined by a biuret method adapted to the DACOS 
discrete analyzer (Coulter Electronics, Inc., Hialeah, 
FL). ALT (EC 2.6.1.2) and AST (EC 2.6.1.1) activities 
were determined at 37°C on a COBAS centrifugal ana- 
lyzer (Roche Diagnostics, Nutley, NJ) using the Beck- 
man optimized ALT and AST methods. 5'NT (EC 
3.1.3.5) activity was determined at 37°C on a COBAS 
centrifugal analyzer by the Sigma method (Sigma 
Chemical Co., St. Louis, MO). AP (EC 3.1.3.1) activity 
was determined at 30°C on a Beckman DU-7 spectro- 
photometer (Beckman Instruments, Inc., Fullerton CA) 
using an in-house method with p-nitrophenylphosphate 
as substrate. GGT (EC 2.3.2.2) activity was determined 
at 37°C on an EKTACHEM 700 discrete analyzer 
(Eastman Kodak Co., Rochester, NY). 

Liver slices from all the rats in Experiment 3 were 
fixed in 2% glutaraldehyde, postfixed in 1 %  osmium 
tetraoxide, dehydrated in a graded series of ethanol, 
and embedded in Maraglas resin. Thin sections were 
cut on a Reichert microtome (Warner-Lambert Tech- 
nologies, Bloomington, MN) stained with lead and 
uranium, and examined in a Philips 201 electron mi- 
croscope (P'hilips Electronic Instruments, Schaunburg, 
IL). 

Liver sections were also prepared from all the rats 
in Experiments 3 and 6, and stained with hematoxylin 
and eosin for histologic examination by light micros- 
copy. Mitotic activity was determined by averaging the 
mitotic count in 20 high-power fields. Frozen liver 
sections were also prepared and stained histochemically 
for AP as described by Hayhoe and Quaglino (29). 

Statistical Analysis. All data were analyzed by the 
two-tailed unpaired Student's t test. 
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Results 
Mean liver wet weight of the TNF-treated or pair- 

fed rats, represented as a percentage of the total body 
weight at the time of sacrifice, was not significantly 
different from that of the rats fed ad libitum. In Exper- 
iments 4 and 5 ,  where the rats were fasted on day 5, 
the mean (+SD) liver weights of the TNF-injected rats 
(4.17 & 0.27% and 4.22 k 0.30% of body weight, 
respectively) were higher than those of the control rats 
(3.76 k 0.28% and 3.72 & 0.31% of body weight) by 
1 1 % (P = 0.04) and 13% (P = 0.02), respectively. 

Data on total body weight and amount of food 
consumed by control and TNF-treated rats were re- 
ported previously (2 1). 

Enzyme activities in normal rat liver and kidney 
are shown in Table I as the means of all the control rats 
fed ad libitum. The activities are reported in units per 
gram of wet tissue and are comparable to those reported 
by other investigators (30-33). Liver contained about 
seven times more ALT than the kidney, while the 
kidney contained much more AP and GGT. AST and 

Table 1. Enzyme Activities (Mean & SD units/g tissue 
wet wt) in Normal Rat Liver 

n Liver Kidney 

AP 1 8” 0.50 k 0.13 18 k 10 
5’NT 18 3.3 k 1.8 5.2 5 4.2 
ALT 18 44 * 9 7.1 f 2.4 
AST 18 184 k 23 151 f 15 
GGT lob <0.2 75 k 21 

a Number of control rats fed ad libitum in Experiments 1, 2, 3, and 6. 
Number of control rats fed ad libitum in Experiments 1 and 6. 

1 2 3 

Experiment Number 

Figure 1. Effect of TNF on the activities of hepatic enzymes. In 
Experiments 1, 2, and 3, the experimental rats were injected with 20, 
50, and 100 pg/kg/day, respectively, for 5 days. The number of 
experimental rats was 6, 6, and 6, respectively, and of control rats 
6, 4, and 4, respectively. Error bars represent the SE. An asterisk 
indicates that the mean enzyme activities were significantly different 
from those of the control rats fed ad libitum at a P-level of 0.02 or 
less; the plus sign (+), indicates that mean activities were significantly 
different at P-levels of 0.03-0.05 (see Animals and Methods for 
additional details). 
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Effect of TNF and fasting on the activities of hepatic 

enzymes. In Experiments 4 and 5, the experimental rats were in- 
jected, respectively, with 50 pg/kg/day TNF twice daily and 33 pg/ 
kg/day three times daily for 5 days. Experimental rats (n = 5 and 6, 
respectively) and control rats (n  = 4 and 6, respectively) were also 
fasted for 24 hr on Day 5. Symbols are as described in the legend of 
Figure 1. 
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Figure 3. Comparison of the effect of TNF on the activity of hepatic 
enzymes in control rats fed ad libitum (n = 4), pair-fed rats (n = 6), 
and rats injected with 100 pg/kg/day of TNF for 5 days (n = 6). The 
asterisk indicates that the mean levels were significantly different 
from the control mean levels at P-levels of 0.01 or less. 

5’NT were in approximately similar amounts in both 
organs. It should be noted that the standard deviations 
for 5’NT were unusually high for both liver and kidney, 
and were equivalent to coefficients of variation of 55% 
and 8 1 %, respectively. This was caused by the fact that 
the mean 5’NT activities varied significantly from ex- 
periment to experiment, which suggests that different 
amounts of this enzyme were being extracted. However 
the mean 5’NT activities within any one experiment 
showed much less variation (Fig. 3). 

The activities of AP, 5’NT, ALT, and AST in the 
liver of rats injected with increasing doses of TNF 
(Experiments 1-3) are shown in Figure 1 as multiples/ 
fractions of the mean activities of the control rats 
arbitrarily set at 1. Activities were calculated in units 
per gram of protein extract, although essentially similar 
results were obtained when calculated per gram of wet 
tissue. The most significant changes were in the activi- 
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Table II. Enzyme Activities (Mean & SD units/g extract protein) in Kidneys of Control Rats Fed Ad Libitum, 
Pair-Fed Rats, and TNF-Treated Rats” 

n AP 5’ NT ALT AST GGT 

Control 4 202 k 5 38 f 3 69 f 9 1023 k 53 544 f 105 
Pair fed 6 119 f 26’ 34f 12 54 4 5 993 f 61 535 f 109 
TNF treated 6 133 f 7’ 44 * 7 51 +3’ 1092 f 180 438 k 1 1 1  

a Rats were injected with 100 pg/kg/day of TNF (see Experiment 6 under Animals and Methods). 
Values were significantly lower than control (P I 0.002). 

Table 111. Enzyme Activities (Mean f SD units/liter) in Serum of Control Rats Fed Ad Libitum, Pair-Fed Rats, and 
TNF-Treated Rats 

n AP 5’ NT ALT AST GGT 

Control 4 475 + 65 45f 17 53 f 7 101 2 7  <lo 
Pair fed 6 416 k 72 40+ 1 1  57 f 5 122 f 22 <lo 
TNF-treated 6 482 f 107 58f 18 54 k 5 126 f 25 <lo 

ties of AP and ALT. AP increased by 53% ( P  = 0.02) 
at 20 pg/kg of TNF, and by approximately 200% at 50 
and 100 pg/kg/day of TNF ( P  < 0.001). On the other 
hand, ALT showed a gradual decrease, with the increase 
in TNF ranging from 2 1 % to 54% ( P  = 0.05, 0.03, and 
< 0.02 at 20, 50, and 100 pg/kg/day of TNF, respec- 
tively). AST also showed a small decrease of 10-24%, 
which reached statistical significance only at the lowest 
and highest doses of TNF (P = 0.04 and < 0.02. 
respectively). 5 ’NT showed no significant change, while 
GGT was not detectable in normal rat liver (Table I). 

Figure 2 shows the liver relative enzyme activities 
for Experiments 4 and 5 ,  where the rats were injected 
with 100 pg/kg/day for 5 days and additionally fasted 
on Day 5.  The results were comparable to those of the 
fed rats injected with the same dose of TNF (Experi- 
ment 3 in Fig. I ) ,  except for 5’NT, which was signifi- 
cantly decreased only in Experiment 4. Administration 
of the daily dose of TNF in three instead of two equal 
injections (Experiment 5 versus 4) resulted in a signifi- 
cant ( P  = 0.02) additional increase in the relative 
activity of AP. 

In Experiment 6, both pair-fed rats and rats fed ad 
libitum were used as control to determine whether the 
changes so far observed may have been caused by the 
transient decrease in body weight and/or food con- 
sumption that is known to be associated with TNF 
administration (2 1,  27). As shown in Figure 3, the liver 
enzymes of pair-fed control rats did not differ signifi- 
cantly from those of control rats fed ad libitum, while 
the TNF-injected ( 100 pg/kg/day) rats showed essen- 
tially the same changes seen in the previous experi- 
ments. Similar results were obtained previously in our 
laboratory for a number of other enzymes (2 1,  34). 

The activity of the various enzymes showed some 
interesting changes in the kidneys, as illustrated by the 
results of Experiment 6 in Table 11. Although the AP 

activities of the pair-fed and TNF-injected rats were 
similar, they were both significantly ( P  5 0.001) lower 
(4 1 % and 34%, respectively) than those of the control 
rats fed ad libitum. The reason for this decrease is not 
understood, but it is conceivable that kidney AP is very 
sensitive to changes in food consumption. ALT activity 
decreased in the TNF-injected and pair-fed control rats 
as compared with the control rats fed ad libitum, but 
the decrease was statistically significant only in the 
TNF-injected rats. GGT, which is present in large 
amounts in the kidney, showed a 20% decrease in 
activity; however, it was not statistically significant. 

Table 111 shows the enzyme activities in serum 
from the rats in Experiment 6. Comparison of the mean 
activities of the controls fed ad libitum, and the pair- 
fed and TNF-injected rats showed no significant differ- 
ence. 

Hematoxylin and eosin-stained liver sections from 
the TNF-injected rats in Experiment 6 showed no 
histologic abnormalities. In particular, there was no 
evidence of cholestasis, bile duct proliferation, hepato- 
cellular damage, or inflammation (Fig. 4A). Ultrastruc- 
turally, the bile canaliculi were normal in appearance, 
their lumen was patent, and the microvilli showed no 
abnormalities. The pericanalicular ectoplasm was nor- 
mal in width and structure (Fig. 4B). Bile duct epithelial 
cells in the portal tracts also showed no abnormalities 
(not shown in Fig. 4). Histochemical staining of frozen 
liver sections from Experiment 6 for AP showed mini- 
mal canalicular activity in the hepatocytes of control 
rats fed ad libitum (Fig. 4C). In TNF-injected rats, there 
was a marked increase in AP activity in the hepatocytes; 
this increase was confined to the canalicular region and 
was observed uniformly in hepatocytes of all three zones 
of the liver acini (Fig. 4D). 

Hematoxylin and eosin liver sections from TNF- 
injected rats showed a variable increase in the mitotic 
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Figure 4. (A) Experiment 6, TNF-injected rat. The liver shows normal histologic appearance; a central vein is seen in the lower left corner 
(magnification xl50). (B) Experiment 3, TNF-injected rat. Electron photomicrograph shows normal bile canaliculus and absence of cholestasis 
(magnification ~11,000). (C) Experiment 6, control rat fed ad libitum Histochemical stain for AP shows minimal canalicular AP activity in 
hepatocytes. Note the strong AP activity in scattered inflammatory cells in portal space at the bottom (magnification x150). (D) Experiment 6, 
TNF-injected rat. Markedly increased AP activity in the canalicular region of hepatocytes highlights the bile canalicular network (magnification 
x 1 50). 
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activity of hepatocytes over that observed in the control 
rats fed ad libitum. The mean mitotic count in 20 high- 
power fields was approximately %fold higher in Exper- 
iment 3 ( P  = 0.0001) and only 3-fold in Experiment 6 
( P  = 0.2). 

Discussion 
The results indicate that increasing doses of TNF 

injected intraperitoneally over a period of 5 days lead 
to decreases in ALT and AST, and to an increase in 
AP. Histologically, there was increased mitotic activity 
in the hepatocytes, and positive histochemistry in the 
canalicular regions for AP. 

The decrease in ALT activity after TNF injection 
is reminiscent of the decrease observed in the liver in 
extrahepatic cancer (2, 7), and fetal liver (30). Herzfeld 
and Greengard (7, 9) suggested that the decrease in 
ALT in rats transplanted with the Walker 256 carci- 
noma may be part of a generalized pattern of liver 
enzyme dedifferentiation commonly observed in tu- 
mor-bearing animals. It is of interest to note that our 
finding of decreased hepatic ALT activity after TNF 
injection is consistent with the recent postulate by 
Siddiqui and Williams (35) that a similar decrease in 
extrahepatic cancer is mediated directly by TNF re- 
leased from macrophages in the presence of the tumor. 
A decrease in the activity of the enzyme may result in 
decreased production of pyruvate from alanine. This is 
also consistent with our previous observation (34) that 
TNF decreases the activity of some of the enzymes of 
gluconeogenesis in the liver. The increase in hepatic AP 
activity after TNF administration has, to our knowl- 
edge, never been reported previously in the liver of 
TNF-treated or tumor-bearing animals. Using a clonal 
cell line of relatively undifferentiated mesenchymal 
cells, Ng et al. (36) showed transduction of the AP gene 
by retinoic acid as evidenced by an increase in AP 
mRNA synthesis. The increase was potentiated by 
TNF, although TNF alone showed no effect. It should 
be noted, however, that these cells contain AP of the 
bone type, and may behave differently from hepato- 
cytes in vivo. The increase in hepatic AP that we ob- 
served may have been caused by TNF alone, or in 
cooperation with the retinoic acid that is normally 
present in mammalian liver. 

In the serum, significant elevation in AP activity 
occurs in extrahepatic cancer ( 14- 19) and after TNF 
administration (23-26). In patients with cancer, intra- 
venous administration of recombinant TNF results in 
transient increases in serum bilirubin, and AP and GGT 
activity, all of which are indicators of cholestasis (23- 
26). Increase in serum AP activity has commonly been 
associated with cholestasis because of the demonstra- 
tion in experimental animals and humans that synthesis 
of AP increases in the liver after ligation of the bile duct 
or biliary obstruction (37-40). The increased synthesis 

appears to be at the level of enhanced AP mRNA 
translation (40). Schlaeger et al. (41) also showed that 
ligation of the bile duct in the rat caused an increase in 
AP activity in the liver that was accompanied by in- 
creases in serum AP, 5 'NT, and GGT activity. 

In the present study, although there was no detect- 
able increase in AP activity in the serum after the 
injection of relatively low doses of TNF in the rat, there 
was a significant increase in the canalicular region of 
the hepatocytes (Fig. 4) without any microscopic evi- 
dence of bile duct damage, obstruction, or proliferation. 
This increase may represent an early step in a sequence 
of events during which TNF may directly or indirectly 
stimulate the synthesis of AP. At higher concentrations, 
or longer presence in the circulation, TNF may also 
cause bile duct proliferation, inflammation, biliary ob- 
struction, and a rise in serum AP (22, 42). The physi- 
ologic function of AP is not known, but it is believed 
that the enzyme somehow mediates bile transport 
across the canalicular membrane (43). 

TNF administration to rats resulted in a 3- to 9- 
fold increase in the mitotic activity of hepatocytes. This 
observation is similar to that obtained by others, but 
the range of reported mitotic activity is quite large (44, 
45). This is probably due to the short half-life of TNF 
(less than 20 min) (46) and magnifies the importance 
of frequency, route, and duration of TNF administra- 
tion. Similar increases in mitotic activity have been 
observed in animals after transplantation of nonmetas- 
tasizing tumors (47-49). 

Since TNF can induce the production of other 
cytokines (such as the production of interleukin 1 by 
macrophages), it is conceivable that the above changes 
in liver enzymes are induced by TNF independently, 
or in concert with other cytokines. We are currently 
engaged in determining whether interleukins 1 and 6 
induce liver changes comparable to those induced by 
TNF, or whether each cytokine induces a characteristic 
pattern of enzymatic changes. 
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