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Summary.-Various parameters of haem and drug metabolism were measured
during the course of liver regeneration after two-thirds hepatectomy. Partial hepa-
tectomy produced a significant depression in delta-ALA synthetase and delta-ALA
dehydratase, and induction in haem oxygenase at an early stage of regeneration.
The values returned to normal within 7-14 days. These changes were also accom-
panied by a marked decline in benzo(a)pyrene hydroxylase and aminopyrene
demethylase. The level of glutathione and the activity of glutathione reductase also
increased during the early stage of proliferation. The increased level of glutathione
with concomitant decrease in drug-metabolizing enzymes and induction in haem
oxygenase could be considered as a protective mechanism for the detoxication
process, although a contribution from other biotransforming mechanisms cannot
be excluded.

LIVER CELLS display several forms of
growth in response to altered physio-
logical demands (Bucher and Malt, 1971;
Thomson, 1975; Weber, 1975). Rat-liver
regeneration after partial hepatectomy
provides a model for the study of intra-
cellular metabolic processes involved in
rapid cellular proliferation and growth.
The biochemical profile of regenerating
liver has been studied extensively (Robes
et al., 1975; Weber, 1975; Schlaeger and
von Seydlitz, 1975). During the early
stages of proliferation following partial
hepatectomy, several hepatic microsomal
components including cytochrome P-450-
mediated enzymes decrease, but all the
parameters return to normal values within
7-14 days. The depression in catalytic
activity has been ascribed to loss of the
related enzyme proteins (Henderson and
Kerston, 1970; Gram et al., 1968; Woods
and Murthy, 1975). Even though changes
in the activity of drug-metabolizing en-
zymes have been investigated in regener-

ating rat liver, data on the possible altera-
tions in haem-metabolizing enzymes under
identical conditions are very scanty indeed.
In the present communication, attempts
have been made to correlate the altera-
tions in haem-metabolizing enzymes with
drug-biotransforming enzymes during the
process of liver regeneration.

MATERIALS AND METHODS
Animal and general procedures.-Male albino

rats of the ITRC colony weighing 150-200 g
were housed in an air-conditioned room and
allowed free access to food and water. Animals
were subjected either to sham-operation or to
two-thirds hepatectomy under mild ether anaes-
thesia (Higgins and Anderson, 1931).

After fasting overnight, 6 rats from each
group-i.e., control (non-operated), sham- and
partially hepatectomized-were killed at Days
1, 2, 3, 7 and 14 by cervical dislocation. Livers
were excised, weighed and homogenized in 3 vols
of ice-cold 0-25M sucrose using a teflon-glass
homogenizer.
Enzyme as8ayp.-Hepatic delta-ALA synthe-

tase and delta-ALA dehydratase were assayed
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by the methods of Woods and Murthy (1975)
and Baron and Tephly (1969) respectively, using
whole homogenate as enzyme source. Gluta-
thione content and the activity of glutathione
reductase were determined by the methods
of Ellman (1959) and Bergmeyer (1965)
respectively.
Haem-oxygenase activity was determined in

the microsomal fraction according to the pro-
cedure of Maines Ibrahim and Kappas (1977).

Benzo(a)pyrene hydroxylase was assayed
according to the modified procedure of Dehnen,
Tomings and Ross, (1973), the details of which
have been described by Husain et al. (1978).
Aminopyrene demethylase was assayed by the
method ofMazel (1971).

Protein was estimated by the method of
Lowry et al. (1951), bovine serum albumin being
used as standard.
The statistical treatment of the data was by

Student's t test. The level of significance was
chosen as P < 0-05.

RESULTS

Alterations in haem- and drug-meta-
bolizing enzymes during the course of
liver regeneration are shown in Tables I
and II. Partial hepatectomy produced a
significant lowering in the activity of
delta-ALA synthetase and delta-ALA de-
hydratase at Day 1 and 2. No significant
change in the activities of these enzymes
was observed in sham-operated rats.
Table I also shows that the level of
haem oxygenase was significantly raised

TABLE II.-Changes in the activity of
drug-metabolizing enzymes during liver
regeneration

Time after
operation
(in days)

Control
Sham operation

1
2
3

Benzo(a)pyrene
hydroxylase

(fluorescence/
min/mg
protein)

1*76+0 16

1-59+0-13
1-81+0-20
1-69+0-17

Aminopyrene
demethylase

(nmoles
formaldehyde/

min/mg
protein)

1*12+0-10

0*98+0-14
1-10+0-8
1-20+0-12

Partial hepatectomy
1 0* 82+0 12a, b 0 22+0.02a, b
2 0 97+0-07a,b 0 42+0.06a,b
3 1 24+0 loa,b 0 78+0.08a,b
7* 1-55+0-20 1-22+0-12

14* 1-81+ 0-15 1-18+ 0-10
Each value represents mean + s.e. of 6 animals.
a p < O005; when compared with control.
b P < B05; when compared with their respective

sham-operated controls.
* 7-day and 14-day data from partially hepatec-

tomized animals were compared with control as
there was no change in the sham-operated and
control groups.

up to Day 3 after hepatectomy, with a
pronounced rise at Day 1 and 2, and
returned to normal within 7 to 14 days. A
significant increase in haem oxygenase
was also observed in sham-operated rats
only at Day 1.
The data as shown in Table II indicate

that benzo(a)pyrene hydroxylase and

TABLE I.-Changes in the activity of haem-metabolizing enzyme during liver regeneration
Time after 8-
operation (nn
(in days)

Control
Sham operation

ALA-synthetase
noles ALA/h/mg

protein)
0-33+0-02

1 0-30+0-03
2 0-31+0-03
3 0-33+0-02

Partial hepatectomy
1 0-17+0-02a,b
2 0.24+0.02a
3 0-27+0-04
7* 0-33+0 04
14* 0-30+0-03

8-ALA-dehydratase Haem-oxygenase
(nmoles PBG/h/mg (nmoles bilirubin/h/

protein) mg protein)
5-27+0-18 2-19+0-09

4-98+0-30
5-02+0-20
5-30+ 0-31

3 90+0-l1a,b
3-96 + 0-20a b
4-89+0- 11
4-96+0 26
5 -04 + 0- 18

2-70+0- 18a,
2-37+0-21
1 -96+0-31

5-72+0- 14a,b
4. 88 + 0 - 12a,b
3-73+ 0-10b
2-73+0-29
2-81+0- 36

Each value represents mean + s.e. of 6 animals.
a p < 0-*05; when compared with control.
b P < 0- 05; when compared with their respective sham operated controls.
* 7-day and 14-day data from partially hepatectomized animals were

compared with control as there was no change in the sham-operated and
control groups.
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aminopyrene demethylase decreased sig-
nificantly up to Day 3 with a maximum
reduction at Days 1 and 2. No significant
change in the activity of these 2 enzymes
was noticed in sham-operated rats.
The data given in Table III show that,

unlike the enzymes of haem biosynthesis
and drug metabolism, glutathione content
and activity of glutathione reductase
increased significantly at Day 1 and 2. In
sham-operated rats, glutathione reductase
increased only at Day 1, while the gluta-
thione reductase increased only at Day 1,
while the glutathione level remained
unaltered.

TABLE III.-Changes in glutathione level
and glutathione reductase activity during
liver regeneration

Time after
operation
(in days)

Control
Sham operation

1
2
3

Glutathione Glutathione
(,umole/g reductase
wet tissue) (unitt/mg protein)

8-26+0-52 49-67+3-20

8-79+0-56
8-13+0-49
7-98+0-53

Partial hepatectomy
1 12-31 +0 78a,b
2 10 42+0 67a,b
3 8-55+0-55
7* 8-27+0-51

14* 8-01+0-48

56-35+ 1 la
51-96+3-1
47 - 48 + 2 - 6

65-50+ 1-4a,b
62-04+ 1.6a,b
54.00+2.9a
51-00+ 1-8
53-10+2-7

Each value represents mean + s.e. of 6 animals.
a p < 0 05; when compared with control.
b P < 0 05; when compared with their respective

sham-operated controls.
* 7-day and 14-day data from partially hepatec-

tomized animals were compared with control as
there was no change in sham-operated and control
groups.

Unitt A unit of enzyme activity is the amount
of enzyme which at 250 in a 3ml assay mixture
changes optical density by 0-001 at 340 nm.

DISCUSSION

A major fraction of the haem synthe-
sized in liver is diverted towards the for-
mation of cytochrome P-450 (Sassa et al.,
1979; Estabrook, Shigematsu and Schenk-
man, 1970). This cytochrome plays an
important role in the microsomal electron
transport required for the biotransforma-
tion of a variety of endogenous and exo-

genous chemicals (Maines and Kappas,
1977). The process is affected by drugs,
hormones, metals and a number ofenviron-
mental pollutants (Maines and Kappas,
1977).
The results of the present study reveal

an impairment of the metabolism of haem
and xenobiotics in regenerating liver. The
most pronounced effect is on haem oxy-
genase, which is activated, leading to a
relatively fast degradation of haem and a
concomitant inhibition of delta-ALA syn-
thetase, the rate-limiting enzyme in this
process. The result of this effect is reflected
in the marked impairment of mixed func-
tion oxidases dependent on cytochrome
P-450.
The reduced levels of such enzymes have

been ascribed to the reduced concentra-
tions of the microsomal haem proteins
(Henderson and Kerston, 1970; Gram et al.,
1968). Since total hepatic protein did not
change significantly during liver regenera-
tion, it appears that the protein-synthesiz-
ing apparatus is mostly serving the cellular
proliferation at this stage, as evidenced by
enhanced synthesis of nucleic acids (Weber
1975). The effect on the individual
enzymes could also be due to other speci-
fic mechanisms (Bresnick, Williams and
Mosse, 1967; Ohtake, Hasegawa and
Koga, 1978; Ohtake and Koga, 1979).
A reciprocal relationship between the

increased level of glutathione and dimi-
nished level of drug-metabolizing enzymes
together with the activation of haem
oxygenase, could be considered as a pro-
tective mechanism for the detoxication
process, although contributions from
other biotransforming mechanisms cannot
be excluded. Enhancement of glutathione
is shown by the increased activity of
glutathione reductase, which transforms
oxidized glutathione to reduced gluta-
thione. In sham-operated rats, an increase
in glutathione reductase at Day 1, further
suggests that it is needed for the repair
process.

It is, therefore, conceivable that re-
generating liver, like neonatal and new-
born livers (Maines and Kappas, 1977),
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cannot cope with the increased require-
ment for the biotransforming activity
when called upon to deal with xenobiotics.

The authors are grateful to Dr C. R.
Krishna Murti, Director, Industrial Toxi-
cology Research Centre, Lucknow, for his
encouragement and keen interest in the
work.
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