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Abstract—After partial hepatectomy (PHx), there are significant changes in the activity of a number of enzymes
in the regererating rat liver. Administration of low doses of recombinant human tumor necrosis factor-o.
(rtHu-TNF) to normal rats induces similar changes in some of the enzymes but not in others. Because certain
observations suggest that TNF may play a dominant role in liver regeneration, we speculated that the discrep-
ancies in enzyme activities may be due to the decrease in food intake caused by PHx. Accordingly, the activities
of eleven liver enzymes of 70% PHx rats additionally treated i.p. with rHu-TNF (20-50 pg/kg/day for 3-4 days)
were compared with those of (i) PHx controls fed ad lib., and (ii) PHx controls pair-fed the same amount of food.
When pair-fid controls were used, the discrepancies in the activities of the enzymes that are affected by fasting
tended to disappear, suggesting that the decrease in the food intake was responsible for the differences.
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After 70% PHx§ in the rat, there is a marked change in the
activity of several hepatic enzymes. Most notably there is a
significant increase in G6PD, TA, and AP, and a decrease in
ALT and CAT [1-11]. Similar changes have been observed in
rat liver following i.p. injection of small doses of rHu-TNF
[12-14]. On the other hand, the activities of several other he-
patic enzymes are different in PHx and TNF-treated rats. G6P,
which decreases after TNF treatment, is unchanged after PHx
[9, 10, 15, 16], while PEPCK, LD, AST and 5’-NT, which are
unchanged after TNF treatment, are increased {10, 15-19].
Certain observations suggest that TNF may play a prominent
role in liver regeneration. After PHx, rat liver regeneration is
enhanced significantly by endotoxin [20] and inhibited by an-
tibodies to TNF [21]. In this study, since food intake is reduced
drastically after PHx, we attempted to determine whether the
differences observed between the enzyme activities of TNF-
treated and PHx rats are due to the difference in food intake.
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§ Abbreviations: PHx, partial hepatectomy or partially hepa-
tectomized; rHu-TNF, recombinant human tumor necrosis fac-
tor-a; ShO, sham-operated; PHx-TNF, partially hepatectomized
and TNF-treated; G5P, glucose-6-phosphatase (EC 3.1.3.9);
FDP, fructose-1,6-diphosphatase (EC 3.1.3.11); PEPCK, phos-
phoenolpyruvate carboxykinase (EC 4.1.1.32); TA, transaldo-
lase (EC 2.2.1.2); CAT, catalatic activity of catalase (EC
1.11.1.6); PER, peroxidatic activity of catalase; G6PD, glucose-
6-phosphate dehydrogenase (EC 1.1.1.49); LD, lactate dehy-
drogenase (EC 1.1.1.27); AST, aspartate aminotransferase (EC
2.6.1.1); ALT, alanine aminotransferase (EC 2.6.1.2); AP, al-
kaline phosphatase (EC 3.1.1.3); and 5'-NT, 5’-nucleotidase
(EC 3.1.3.5).

Materials and Methods

Animals. All animal studies were approved by the Animal
Use Committee of Hennepin County Medical Center. Male
Sprague-Dawley rats (190 + 14 g) were maintained on a 12-hr
light/dark cycle and fed Purina rat chow as indicated below.
Two-thirds partial hepatectomy was performed under ether an-
esthesia as previously described [22]. Sham operation consisted
of laparotomy and liver manipulation.

Chemicals. tHu-TNF was donated by the Asahi Chemical
Industry of America and contained a negligible amount of en-
dotoxin as contaminant (2.33 X 10 units TNF/mg protein; 0.35
pg endotoxin/10° units TNF; equivalent to 0.001 pg endotoxin/
ug TNF) [13].

Experimental. Two experiments were performed. The first
included ten PHx rats injected i.p. every 4 hr with 7.5 pg/kg
rHu-TNF for 4 days and, as controls, eight ShO and six PHx
rats injected with the vehicle only (10% glycerol). All animals
were fed ad lib., and the daily food intake was recorded. The
second experiment included five PHx rats injected i.p. every 4
hr with 3.3 pg/kg rHu-TNF for 3 days, and five control PHx
weight-matched rats that were injected with the vehicle only
and pair-fed daily the same amount of food consumed by their
TNF-treated partners on the previous day. Food intake was
measured by giving each animal a weighed amount of food each
morning and subtracting the weight left over the following
morning. In a slight medification of this experiment, the exper-
imental animals were injected for 2 days with TNF prior to
PHx, and for 3 more days after PHx, while the control rats were
injected for 5 days with the vehicle only.

On the day following the end of the injection schedule, all
PHx, PHX-TNF and ShO rats were anesthetized with ether and
killed by guillotine decapitation. Pair-fed PHx control rats were
killed 1 day later. The livers were excised and homogenized in
0.2 M phosphate buffer, pH 7.4, as previously described [13].
The homogenates were centrifuged at 30,000 g for 30 min, and
the supernatant fluids were kept at —20° until assayed.

Biochemical analyses. Protein concentration and enzyme ac-
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tivities of the liver extracts were determined as previously de-
scribed [12-14, 23].

Statistical analysis. All data were statistically analyzed by
the unpaired, two-tailed Student’s t-test.

Results and Discussion

When fed ad lib., the mean food intake of ShO rats was
slightly lower (20%; P < 0.05) than that of normal rats on day
1 after the operation, but was back to normal on the following
day. In contrast, the mean food intakes of both PHx rats and
PHx-TNF rats were significantly lower than those of ShO rats.
PHx rats consumed 91% less food (P = 0.0001) on day 1 after
the operation, 60% less on day 2 (P = 0.0001), 40% less on day
3 (P = 0.0003), and the same amount of food on day 4. In the
PHx-TNEF rats, the decrease in food intake was comparable to
that of the PHx rats on days 1 and 2 after partial hepatectomy
(or 85 and 71% lower than that of ShO rats, respectively), but
was more severe on day 3 (61% lower; P < 0.01), and was still
significantly low (54% lower; P = 0.001) on day 4. Thus, food
intake was reduced appreciably in the PHx rats, and more so in
the PHx plus TNF-treated rats. In contrast, the treatment of rats
with low levels of rHu-TNF alone for several days has been
shown previously to cause only a small decrease (about 20%) in
food intake on day 1 of treatment [13], as was obtained here
after sham operation. Since TNF has a short half-life in the
circulation (about 20 min), these results suggest that partial
hepatectomy may cause a continuous endogenous release of
TNF and/or other cytokines which, together with the additional
exogenous TNF administration, causes a prolonged decrease in
food consumption.

Table 1 shows the hepatic enzyme activities (means * SD,
units per g protein) of ShO rats, PHx rats and PHx-TNF rats, fed
ad lib. Comparison of the activities of PHx-TNF rats with those
of PHx rats as controls indicated that TNF treatment caused
significant changes in eight enzymes (P < 0.005). These in-
cluded PEPCK and TA, which increased by 119 and 38% in the
TNF-treated rats, and G6P, FDP, CAT, PER, LD and ALT,
which decreased by 53, 35, 38, 46, 19, and 47%, respectively.
Since, however, the control animals were fed ad lib., some of
these changes probably resulted from the decrease in the food
intake of the TNF-PHXx rats.
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When a similar comparison was made between PHx-TNF
rats and ShO rats as controls, the same changes occurred in six
of the eight enzymes, but the changes were more pronounced
because of the more pronounced decrease in food intake (see
above). Thus, the activities of PEPCK and TA increased by 148
and 89%, while those of G6P, FDP CAT and PER decreased by
62, 53, 68, and 60%, respectively (P < 0.0001; not shown in
table). The remaining two enzymes showed slightly different
results; ALT activity again decreased, but the decrease was
smaller (29%; P < 0.01), while LD showed a small increase in
activity (12%; P < 0.005) instead of a small decrease.

Four enzymes (G6PD, AST, AP and 5’-NT) did not show any
significant difference between PHx-TNF and PHX rats. How-
ever, they showed significant differences when the activities of
PHx-TNF rats were compared with those of ShO rats. These
included large increases in the activities of G6PD and AP (115
and 280%; P < 0.0001), and moderate increases in AST and
§’-NT activity (23 and 38%; P < 0.05). Close examination of the
activities of PHx-TNF versus PHx rats indicated that three of
these four enzymes, G6PD, AST and AP, also showed increases
of 38, 9 and 19%, respectively, which, however, did not attain
statistical significance.

When the enzymatic activity changes of PHx-TNF versus
PHx rats fed ad lib. (Table 1) were compared with those pre-
viously obtained after the treatment of rats with rHu-TNF alone
[12, 14], seven of the twelve enzyme activities showed similar
patterns, including TA, G6P, CAT, PER, AST, ALT and 5'-NT.
The remaining five, FDP, PEPCK, G6PD, LD and AP, showed
appreciable discrepancies that had to be explained. Since the
treatment of rats with low doses of rHu-TNF alone has only a
minor effect on food intake [13], and the food intake of PHx-
TNF rats is reduced much more drastically than that of PHx rats
(see above), these observations suggested that the discrepancies
were due mainly to the difference in food intake.

Table 2 shows the enzyme activities (means + SD) of PHx
rats treated with rHu-TNF (3.3 pg/kg every 4 hr for 3 days)
compared with those of PHx control rats whose daily food
intake was equally reduced by pair-feeding. Comparison of the
mean enzyme activities of the PHx-TNF with those of the PHx-
PF control partners showed that seven of the twelve activities
were significantly different. The differences included a signif-
icant increase in TA (28%), G6PD (114%) and AP (220%), and

Table 1. Hepatic enzyme activities of sham-operated rats (ShO), partially hepatectomized rats
(PHx), and partially hepatectomized rats treated with TNF (PHx-TNF) fed ad lib.

Enzyme activity
(units/g protein)

ShO PHx PHx-TNF*
Enzyme (N =8) (N = 6) (N = 10) TNF/PHx}
G6P 148+ 1.1 118+ 26 56+ 2.1% 0.47
FDP 51 + 44 37 £ 09 24 + 313 0.65
PEPCK 23 + 23 26 + 96 57 + 15% 2.19
TA 46 + 33 63 t 15.4 87 + 11.0% 1.38
CATS 434 + 28 226 + 11 139 + 4.4% 0.62
PER 1786 +106 1321 + 97 714 + 45% 0.54
G6PD 113+ 13 176+ 6.5 243+ 90 1.38
LD 5270 +177 7273 +534 5902 +560% 0.81
AST 1184 + 93 1338 +137 1456 +230 1.09
ALT 168 + 44 223 + 33 119 + 19% 0.53
AP 32+ 07 103+ 55 123+ 67 1.19
5-NT 39 + 40 61 + 88 54 + 20 0.88

Values are means + SD.

* The PHx-TNF rats received, after partial hepatectomy, an i.p. dose of 7.5 pg/kg TNF every

4 hr for 4 days.

T TNF/PHx = PHx-TNF (column 4) over PHx (column 3) ratio.
1 Enzyme activities of PHx-TNF rats significantly different from those of PHx rats at P <

0.005.
§ CAT activity is in kilounits.
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Table 2. Hepatic enzyme activities of partially hepatectomized rats treated with
TNF (PHx-TNF) and their corresponding PHx pair-fed controls (PHx-PF)

Enzyme activity
(units/g protein)

PHx-PF PHx-TNF*

Enzyme (N=5) (N=5) TNF/PFt P value
G6P 89+ 1.0 08+ 0.6 0.09 <0.0001
FDP 322+ 29 308+ 2.1 0.96 NSi
PEPCK 154+ 38 159+ 25 1.03 NS
TA 58 + 53 74 + 12 1.28 0.02
CAT§ 225 + 33 103 + 21 0.46 <0.0001
PER 906 109 349 + 39 0.39 <0.0001
G6PD 109+ 1.2 233+ 84 2.14 <0.0001
LD 5149 461 5232 +360 1.02 NS
AST 1329 +119 1199 +322 0.90 NS
ALT 184 + 53 108 + 73 0.59 0.01
AP 59+ 16 189+ 3.0 3.20 <0.0001
5-NT 246+ 39 248+ 7.2 0.99 NS

Values are means + SD.

* The PHx-TNF rats received after partial hepatectomy an i.p. dose of 3.3 pg/kg

TNF every 4 hr for 3 days.

1 TNF/PF = PHx-TNF over PHx-PF ratio.

1 NS = not significant.
§ CAT activity is in kilounits.

a significant decrease in G6P (91%), CAT (54%), PER (61%)
and ALT (41%). The remaining five enzymes, FDP, PEPCK,
LD, AST and 5’-NT, showed little or no change. When these
changes were compared with those previously obtained for rats
injected with TNF alone ([12-14]; Table 3), a good correlation
was obtained; namely, in both cases there was a significant
increase in TA, G6PD and AP, a decrease in G6P, CAT, PER
and ALT, and little or no change in FDP, PEPCK, LD, AST and
5’-NT. These results indicate that the discrepancies in the ac-
tivities of the five enzymes (FDP, PEPCK, G6PD, LD and AP)
observed in Table 1, using PHx rats fed ad /ib. as controls, were
resolved upon equalization of the food intake. The most impor-
tant of these corrections were those involving the activities of
the gluconeogenic enzymes PEPCK and FDP, whose activities
have been shown previously to increase by 300% and decrease

Table 3. Mean relative enzyme activities of PHx-TNF rats
(from Table 2) and TNF-treated rats (from previous reports)
listed as fractions of their respective controls

Enzyme TNF/PF ratio* TNF} Referenced
G6P 0.09 0.56 14
FDP 0.96 0.87 14
PEPCK 1.03 0.91 14
TA 1.28 1.14 14
CAT 0.46 0.60 13
PER .39 0.58 13
G6PD 2.14 1.66 13
LD 1.02 0.98 13
AST 0.90 0.85 12
ALT 0.59 0.40 12
AP 220 3.09 12
5-NT 0.99 0.98 12

* This is the PHx-TNF over PHx-PF ratio from Table 2.

T Previous data from rats treated with TNF alone (100 pg/
kg/day, for 5 days, i.p.). This low-dose TNF treatment has little
or no effect on food intake {13].

I References from which TNF data were obtained.

by 60%, respectively, after a 24-hr fast [14]. The third gluco-
neogenic enzyme, G6P, which also has been shown to increase
appreciably in activity (300%) after a 24-hr fast [14], was not
among the discrepant enzymes, but upon equalization of food
intake showed a more pronounced decrease in activity than
previously obtained in rats treated with TNF alone (91 vs 44%;
Table 3).

When PHx-TNF rats were additionally pretreated for 2 days
with TNF prior to hepatectomy and compared with those of
pair-fed controls, the mean enzyme activities were essentially
similar to those shown in Table 2, suggesting that TNF pre-
treatment prior to hepatectomy does not affect the magnitude of
the changes significantly.

Thus, the results indicate that when PHx pair-fed rats are
used as controls, the changes in the regenerating liver of PHx-
TNF rats are remarkably similar to those previously observed in
our laboratory after TNF treatment alone [12-14]. The hepatic
enzymes involved in these changes are varied and include key
enzymes in gluconeogenesis (G6P, ALT), the pentose phos-
phate pathway (G6PD, TA), and the scavenging of hydrogen
peroxide (CAT/PER). The biochemical implications of these
changes have already been discussed [12-14, 24]. Briefly, they
suggest that after low-dose TNF treatment, the hepatocyte is
concerned primarily with the elimination of hydrogen peroxide
(and, consequently, of oxygen-derived free radicals) by releas-
ing CAT into the circulation and increasing the activity of
G6PD (13, 24]. On the other hand, in contrast to the increase in
gluconeogenesis which occurs upon fasting, gluconeogenesis
was inhibited mainly by a significant decrease in G6P activity
(Table 3), which, incidentally, also increased the concentration
of glucose phosphate to be metabolized via the pentose phos-
phate shunt. The significant increase in AP activity has been
shown histologically to be associated with the canalicular re-
gions of the hepatocytes [12], but its significance is still un-
known. The increase in TA is probably a reflection of the in-
crease in mitotic activity and nucleic acid synthesis [12].
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