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Abstract—The influence of aging on hepatic microsomal monooxygenase induction by phenobarbital
(PB) or B-naphthoflavone (BNF) was investigated in male Fischer 344 rats maintained in a constant
environment. PB-induced increases in microsomal cytochrome P-450 content and NADPH-cytochrome
¢ reductase activity were similar in rats aged 3-5 months (young-adult) and 24-25 months (old), but
increases in benzephetamine N-demethylase activity were markedly diminished in the old rats. Separation
of hepatic microsomal proteins by sodium dodecylsulfate gel electrophoresis demonstrated that aging
decreased the induction by PB of a polypeptide with a molecular weight of 52,500. BNF-induced
increases in microsomal cytochrome P-450 and nitroanisole O-demethylase activity were greater in old
than in young-adult rats, and BNF induction of 55,000 and 57,000 molecular weight microsomal
polypeptides was increased slightly in livers from old rats. The results indicate that age-related effects
on monooxygenase induction vary with different inducers of the hepatic microsomal enzyme system.

Biological aging is often characterized by a dimin-
ished capacity for adaptation to environmental
change. However, the consequence of aging on the
induction response of the hepatic microsomal
monooxygenase system has been a subject of contro-
versy. An early study by Kato and Takanaka [1}
demonstrated that phenobarbital treatment pro-
duced higher levels of hepatic microsomal cyto-
chrome P-450, and of NADPH-cytochrome ¢ reduc-
tase and drug metabolism activities in young rats
than in old ones. Subsequently, Adelman [2]
reported that the age-related impairment occurred
only in the rate of induction and that age associated
differences in induced cytochrome ¢ reductase
activity disappeared after 5 days of PB administra-
tion. On the other hand, the recent studies of
Schmucker and Wang [3,4] demonstrated that both
the rate and the degree of induction by PB were
diminished in old rats. Age-dependent decreases in
the inducibility of cytochrome P-450 content, cyto-
chrome c reductase activity and ethylmorphine N-
demethylation were evident after 2, 4, and 6 days of
PB administration. Other investigators, however,
have reported that livers of old and young rats
respond in a similar manner to several exogenous
drug metabolism inducers, including PB, 3-methyl-
cholanthrene, B-naphthofiavone (BNF),
pregnenolone-16 a-carbonitrile and polychlorinated
biphenyls {5-9]. Mixed findings were reported by
McMartin et al. [10] who showed that aging reduced
the induction of cytochrome P-450 by phenobarbital
but did not affect induction by BNF. Some of the
variability in these results may be attributable to
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differences among rat strains and sexes or to differ-
ences in dosages and durations of drug treatment.
However, some of the discrepancies cannot be rec-
onciled on the basis of these differences, and it is
clear that additional studies are necessary for under-
standing the effects of aging on microsomal mon-
ooxygenase inducibility.

We investigated hepatic microsomal monooxy-
genase induction as a function of age in male Fischer
344 rats maintained under strictly controlled envi-
ronmental conditions. Monooxygenase compo-
nents, drug metabolism activities and polypeptide
profiles were analyzed in liver microsomes from con-
trol and from PB- and BNF-treated rats at 3-5,
14-15 and 24-25 months of age. Our results on the
effects of aging from young adulthood to middle age
have been reported [11].

EXPERIMENTAL PROCEDURES

Animals. Male Fischer 344 rats were purchased
from the Charles River Breeding Laboratories, Wil-
mington, MA, at 7weeks of age and maintained
under constant environmental conditions as
described previously {12]. They were fed a semi-
purified diet (AIN-76, ICN Nutritional Biochemi-
cals, Cleveland, OH) in order to avoid seasonal
variations in the composition of commercial labora-
tory rations. All rats used for these studies were
clinically healthy. Liver sections were taken from
each of the old rats and data are included only for
those livers with no significant histologic lesions other
than mild to moderate cytoplasmic vacuolation.
There were no differences between control and
treated groups in the incidence or extent of cyto-
plasmic vacuolation, and this finding was considered
insignificant. Mild hepatic lesions (fatty change,
hydropic degeneration, hepatocellular atrophy) in
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old male Fischer 344 rats have been observed pre-
viously [13].

Injection of PB and BNF. PB in saline was admin-
istered intraperitoneally for 4 days at a daily dose of
40 mg/kg and rats were killed 24 hr after the last
injection. This dose was used because an 80 mg/kg
dose produced heavy sedation and some deaths in
the young-adult rats, and old rats are thought to be
more sensitive than young ones to the sedative-hyp-
notic effects of barbiturates. BNF in corn oil was
administered intraperitoneally at a dose of 80 mg/kg
40 hr prior to killing. Control groups received corn
oil, saline or no treatment. As there were no sig-
nificant differences in hepatic microsomal mono-
oxygenase components or enzyme activities between
the control groups, the values were combined.

Preparation of microsomes. Rats were killed by
stunning and exsanguination. Their livers were
removed and microsomes were isolated by differ-
ential centrifugation as described previously [12].
The microsomal pellets were washed with a solution
containing 1.15% KCl and 0.05 M Tris-HCI, pH 7.5.

Assay of microsomal proteins. Microsomal protein
content was measured by a modification [14] of the
Lowry method. Total microsomal cytochrome P-450
content was determined from the reduced CO dif-
ference spectrum according to Omura and Sato [15].

Enzymatic assays. Drug metabolism assays were
performed using freshly prepared microsomes, and
conditions were optimized for each reaction so that
activity was linear with incubation time and amount
of microsomal protein. The procedures for these
assays have been described in detail [12]. Briefly,
benzphetamine N-demethylase activity was deter-
mined by measuring the production of formaldehyde
with Nash reagent [16]. One-fifth of the usual amount
of microsomal protein was used for this assay when
the microsomes were from PB-treated rats. Aniline
hydroxylase activity was determined by measuring
the production of p-aminophenol, essentially accord-
ing to the procedure of Imai er al. [17]. A modifi-
cation of the procedure of Netter and Seidel [18] was
used to measure nitroanisole O-demethylation.
Reaction mixtures were clarified with NaOH [19]
prior to reading the absorbance of the product, p-
nitrophenol, at 415nm. The activity of NADPH-
cytochrome c reductase was measured at 23° accord-
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ing to Vermilion and Coon [20], with an extinction
coefficient for cytochrome ¢ of 21 mM ™ 'cm™ at
550 nm.

SDS gel electrophoresis. Sodium dodecylsulfate
(SDS) slab gel electrophoresis in 7.5% polyacrylam-
ide gels was carried out according to Haugen and
Coon [21] except that the samples contained 10 ug
of microsomal protein. Reference proteins and their
molecular weights were bovine serum albumin,
68,000; catalase, 58,000; glutamate dehydrogenase,
53,000; ovalbumin, 45,000; and carbonic anhydrase,
30,000. The gels were stained with Coomassie Blue
and scanned at 540 nm on a Pye-Unicam SP8-100
spectrophotometer with the densitometer attach-
ment. Staining for heme by tetramethylbenzidine-
H,0; [22] required some modifications in the elec-
trophoresis procedure [23].

Statistics. Groups of data were compared by Stu-
dent’s t-test to determine whether a significant dif-
ference existed.

Chemicals. The following chemicals were used:
acrylamide, J. T. Chemical Co., Phillipsburg, NJ;
BNF, 3,3',5,5-tetramethylbenzidine,  Aldrich
Chemical Co., Milwaukee, WI; aniline hydrochlo-
ride, Coomassie brilliant blue R-250, N, N-methy-
lenebisacrylamide, p-nitroanisole, N,N,N’, N'-tetra-
methylethylenediamine, Eastman Kodak Co.,
Rochester, NY; and phenobarbital sodium, Amer-
ican Pharmaceutical Co., New York, NY. All
enzymes, cofactors and reference proteins were
obtained from the Sigma Chemical Co., St. Louis,
MO. Benzphetamine was donated by the Upjohn
Co., Kalamazoo, MI.

RESULTS

Effect of age on the hepatic microsomal monooxy-
genase system. Microsomes isolated from livers of
old rats (24 months of age) contained less cyto-
chrome P-450 and NADPH-cytochrome ¢ reductase
activity than those from young-adult rats (3-
5 months of age) (Table 1). However, drug metab-
olism activities were not uniformly decreased as a
consequence of the age-related decline in the two
major protein components of the microsomal
monooxygenase system. Although aniline hydroxyl-
ase and benzphetamine N-demethylase activities

Table 1. Effects of age and treatment with inducers on hepatic microsomal cytochrome
P-450 and NADPH-cytochrome ¢ reductase activity*

Cytochrome P-450

Age (nmoles/mg Cytochrome ¢ reductase
Treatment (months) protein) (umoles/min/mg)
Control 3-5 0.79 £ 0.01 0.24 £ 0.01
24-25 0.55 = 0.04% 0.12 = 0.01+
PB 3-5 1.33 = 0.08+ 0.29 + 0.01%
24-25 1.07 £ 0.074§ 0.17 £ 0.01+%
BNF 3-5 1.28 = 0.06% 0.21 £ 0.01%
24-25 1.24 + 0.04% 0.12 = 0.01¢

* Treatments were phenobarbital (PB), 40 mg/kg, daily for 4 days and S-naphtho-
flavone (BNF), 80 mg/kg, 40 hr prior to killing the animals. Values are means + S.E.;

N=6.

1 Significantly different from 3-5 month values, P < 0.01.
1 Significantly different from untreated rats of the same age, P < 0.01.
§ Significantly different from 3-5 month value, P < 0.05.



Aging and monooxygenase induction

2341

Table 2. Effects of age and treatment with inducers on hepatic microsomal monooxygenase

activities®
Activities
(nmoles/min/mg protein)

Age
Treatment (months) BND NOD AH
Control 3-5 4.89 +0.11 1.02 £0.04 0.72 £0.02

24-25 1.22 + 0.07t 1.78 + 0.12% 0.36 = 0.02t
PB 35 18.5 = 0.6% 2,90 = 0.23% 1.55 = 0.08%

24-25 6.1 £0.97¢ 2.74 £ 0.16% 0.94 = 0.03t%
BNF 3-5 1.59 + 0.10% 5.91 = 0.76% 0.71 = 0.03

24-25 0.76 = 0.107% 8.95 = 0.561% 0.72 £ 0.03%

* Activities were benzphetamine N-demethylase (BND), nmoles formaldehyde formed per
min per mg microsomal protein at 37°; nitroanisole O-demethylase (NOD), nmoles
p-nitrophenol formed per min per mg protein at 37°; and aniline hydroxylase (AH), nmoles
p-aminophenol formed per min per mg protein at 37°. Treatments were the same as in Table

1. Values are means =+ S.E.; N = 6.

1 Significantly different from 3-5 month values, P < 0.01.
1 Significantly different from untreated rats of the same age, P < 0.01.

decreased 50 and 75%, respectively, nitroanisole
O-demethylase activity increased 75% as a result of
aging (Table 2).

Effect of PB and BNF treatment. The dose of
phenobarbital used in these studies (40 mg/kg, daily
for 4 days) produced a hepatomegalic response in
the young-adult rats (35% increase in liver weight,
10% increase in microsomal protein content) but the
response was less than that reported for higher doses
of PB [3,8]. PB-treated old rats showed no increase
in liver weight or microsomal protein content com-
pared with untreated rats. PB-treatment increased
cytochrome P-450 content, cytochrome ¢ reductase
activity and drug metabolism activities in both age
groups (Tables 1 and 2). The largest induction effect
was on benzphetamine N-demethylase activity,
which increased about 4-fold in young-adults rats
treated with PB. Treatment with BNF also resulted
in increased concentrations of cytochrome P-450 in
liver microsomes from young-adult and old rats. The
activity that responded most to BNF treatment was
nitroanisole O-demethylase, with about a 6-fold
increase in the young-adult rats. The effects of PB
and BNF treatment on monooxygenase components
and activities were consistent with those reported by
other investigators [6,8,10].

Effect of age on monooxygenase induction.
Although the qualitative aspects of PB and BNF

induction were mostly similar in young-adult and old
rats, there were quantitative differences in the induc-
tion response that occurred as a consequence of
aging. PB-induced levels of hepatic microsomal
cytochrome P-450 content and cytochrome ¢ reduc-
tase activity were lower in old rats than in young-
adult rats (Table1). Nevertheless, the extent of
induction produced by PB treatment was similar in
the two age groups, because the non-induced con-
centrations of monooxygenase compounds were
lower in old than in young control rats. On the other
hand, BNF-induced concentrations of cytochrome
P-450 were similar in liver microsomes from
young-adult and old rats; thus, the increase produced
by BNF was greater in old rats than in young-adult
rats. Interestingly, the BNF-induced decrease in
cytochrome ¢ reductase activity observed in young-
adult rats did not occur in old rats. Differences in
the effect of aging on the ability of PB and BNF to
induce microsomal drug metabolism activities are
shown in Table 3. The results are given as absolute
increases in activity (as opposed to percentage
increases) because there were significant effects of
aging on non-induced levels of activity. PB induction
of monooxygenase activities was diminished in old
rats, and benzphetamine N-demethylase was the
activity that showed the greatest age-related loss in
inducibility. In contrast to the results with PB,

Table 3. Effect of aging on elevation of microsomal cytochrome P-450-dependent activities*

Increase in

Increase in

Age cytochrome P-450 Activity
Treatment (months) (nmoles/mg) (nmoles/min/mg)
BND NOD AH
PB 35 0.54 13.6 1.9 0.83
24-25 0.52 4.9 1.0 0.58
BNF 3-5 0.49 49 0
24-25 0.69 72 0.36

* Increases were calculated by subtracting mean values of control rats from mean values
of induced rats. Treatments and activities are the same as in Tables 1 and 2.
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Fig. 1. Induction of hepatic microsomal polypeptides in young-adult and old rats. Densitometric scans
are shown of a Coomassie blue-stained SDS polyacrylamide gel after electrophoresis of microsomes
from (a) young-adult control and PB-induced, (b) young-adult control and BNF-induced, (¢) old control
and PB-induced and (d) old control and BNF-induced rats. The extent of induction is indicated by
shading. Each sample contained 10 ug of protein, and migration was from left to right. The cytochrome
P-450 contents, in nmoles/mg microsomal protein, were: young-adult control, 0.54; old control, 0.36;
young-adult PB-induced, 1.24; old PB-induced, 0.93; young-adult BNF-induced 1.0; and old BNF-
induced, 0.87. Numbers are molecular weights x 1073, averaged from six or more gels; the reference
proteins were bovine serum albumin, catalase, glutamate dehydrogenase, ovalbumin and carbonic
anhydrase.

inducibility by BNF was greater in old than in
young-adult rats. BNF produced a greater increase
in nitroanisole O-demethylase activity in old than in
young rats and, in addition, produced a 2-fold
increase in aniline hydroxylase activity in old rats
compared with no increase in young-adult rats (Table
3).

Effect of age on induction of microsomal polypep-
tides. SDS gel electrophoresis indicated that the
monooxygenase inducers increased the quantities of
certain polypeptides migrating in the molecular
weight region of the cytochromes P-450. In young-
adult rats PB treatment increased polypeptide bands
with molecular weights of 50,000, 51,000, 52,500,
53,000 and 54,000. The increases were most pre-
dominant for the 50,000, 52,500 and 54,000 molecu-
lar weight bands. BNF induced microsomal poly-
peptides with molecular weights of 55,000 and
57,000. Both PB and BNF treatment increased the
intensity of heme staining in the cytochrome P-450
region of the gels. However, under the conditions
required for heme staining, polypeptides in the
50,000-60,000 molecular weight region were poorly
resolved, and it was not possible to identify all of
the induced bands as cytochromes P-450. The effects
of aging on induction by PB were variable except
for the effect on the 52,500 molecular weight poly-
peptide band. Induction of this band was consistently
decreased to a marked extent in old rats; in fact, no
detectable increase was observed in most cases

(Fig. 1). On the other hand, BNF induction of the
55,000 and 57,000 molecular weight bands in micro-
somes from old rats was equal to or greater than the
induction in young-adult rats.

DISCUSSION

Age-related changes in the induction response of
the hepatic microsomal monooxygenase system were
different when the inducer was PB than when it was
BNF. PB-induced increases in monooxygenase
activities were less extensive whereas BNF-induced
increases were more extensive in livers from old
compared with young-adult rats. The results confirm
and extend our findings with middle-aged rats [11].
Thus, it appears that changes in responsiveness to
specific monooxygenase inducers occur in middle
and old age which are analogous to the maturational
changes in inducibility that occur early in life [24,25].

The specificity of the age-related effects on micro-
somal monooxygenase induction suggests that aging
selectively affects the inducibility of certain forms
of cytochrome P-450. It is well documented that
PB and BNF induce distinct forms of rat liver micro-
somal cytochrome P-450 which differ in a number
of properties, including substrate specificity. The
major form induced by PB has a subunit molecular
weight of about 53,000 and preferentially catalyzes
the metabolism of benzphetamine, while the major
form induced by BNF has a molecular weight of
about 56,000 and preferentially metabolizes
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benzo(a)pyrene, along with several other substrates
[26-30]. Our results demonstrating a marked
decrease in benzphetamine N-demethylase and
52,500 molecular weight polypeptide induction in
PB-treated old rats probably indicate that aging
diminishes the inducibility of the major PB-inducible
form of liver microsomal cytochrome P-450. In con-
trast, induction by BNF of monooxygenase activity,
total cytochrome P-450 and microsomal polypeptides
was somewhat increased with age. The molecular
weight of the polypeptides induced by BNF (55,000
and 57,000) were similar to reported values for
cytochromes P-450 induced by other agents belong-
ing to the same class of inducers [31,32]. However,
because of the poor resolution obtained with the
electrophoretic procedure used for heme-stained gels
and because polypeptide bands in the 50,000-60,000
molecular weight region of SDS gels undoubtedly
contain other proteins, we cannot conclude unequi-
vocally that the age-related changes observed
involved differences in cytochromes P-450. Our
results on the effects of aging on microsomal
monooxygenase inducibility are consistent with those
obtained by McMartin et al. [10]. Using regioselec-
tive metabolism of R-warfarin as a probe of the
forms of cytochrome P-450 present in liver micro-
somes from variously aged rats, they showed that
the inducibility of two PB-inducible forms was
diminished in old rats but inducibility of the major
BNF-inducible form was unattenuated by aging.

We have also considered the possibility that age-
related changes in the fatty acid composition of
microsomal phospholipids may have contributed to
the changes in the inducibility of microsomal
monooxygenases. Our studies show that aging is
associated with alterations in the relative percentages
of microsomal fatty acids, with liver microsomes
from old rats having a greater percentage of longer
fatty acids (18 carbons or more) and a higher ratio
of saturated to unsaturated fatty acids than micro-
somes from young-adult rats [33]. These changes
could have significant effects on monooxygenase
inducibility, especially in view of the studies of
Becker er al. [19] which suggest that a particular
fatty acid composition is necessary for the induction
of maximal activity of certain enzymes in the micro-
somal monooxygenase system.

We conclude that the ability of the hepatic micro-
somal enzyme system to respond to phenobarbital
is diminished with aging while the ability to respond
to BNF is enhanced. Age-dependent factors may
control the induction of different forms of cyto-
chrome P-450. In addition, there may be changes in
the structure and composition of the microsomal
membrane which contribute to the specific effects
of aging on monooxygenase inducibility.

Acknowledgements—This work was supported by NIH
Grant AG 01202 from the National Institute on Aging.
The authors wish to thank Susan Bock for her excellent

8P 31:14 - C

2343

technical assistance and Dr. K. Roger Hornbrook for read-
ing the manuscript.

REFERENCES

1. R. Kato and A. Takanaka, J. Biochem., Tokyo 63, 406
(1968).

2. R. C. Adelman, Expl Geront. 6, 75 (1971).

3. D. L. Schmucker and R. K. Wang, Exp! Geront. 15,
321 (1980).

4. D. L. Schmucker and R. K. Wang, Mech. Ageing Dev.
15, 189 (1981).

5. M. B. Baird, R. J. Nicholosi, H. R. Massie and H. V.
Samis, Expl Geront. 10, 89 (1975).

6. L. S. Birnbaum and M. B. Baird, Exp! Geront. 13, 299
(1978).

7. L. S. Birnbaum and M. B. Baird, Exp! Geront. 13, 469
(1978).

8. J. Kao and P. Hudson, Biochem. Pharmac. 29, 1191
(1980).

9. G. Gold and C. C. Widnell, Biochim. biophys. Acta
334, 75 (1974).

10. D. N. McMartin, J. A. O’Connor, Jr., M. J. Fasco and
L. S. Kaminsky, Toxic. appl. Pharmac. 54, 411 (1980).

11. L. E. Rikans and B. A. Notley, Mech. Ageing Dev.
16, 371 (1981).

12. L. E. Rikans and B. A. Notley, Expl. Geront. 16, 253
(1981).

13. G. L. Coleman, S. W. Barthold, G. W. Osbaldiston,
S.J. Foster and A. M. Jonas, J. Geront. 32,258 (1977).

14. M. A. K. Markwell, S. M. Haas, L. L. Bieber and N.
E. Tolbert, Analyt. Biochem. 87, 206 (1978).

15. T. Omura and R. Sato, J. biol. Chem. 239, 2370 (1964).

16. T. Nash, J. biol. Chem. 55, 416 (1953).

17. Y. Imai, A. Ito and R. Sato, J. Biochem. Tokyo 60,
417 (1966).

18. K. J. Netter and G. Seidel, J. Pharmac. exp. Ther. 146,
61 (1964).

19.J. F. Becker, T. Meehan and J. C. Bartholomew,
Biochim. biophys. Acta 512, 136 (1978).

20. J. L. Vermilion and M. J. Coon, J. biol. Chem. 253,
2694 (1978).

21. D. A. Haugen and M. J. Coon, J. biol. Chem. 251,
7929 (1976).

22. P. E. Thomas, D. Ryan and W. Levin, Analyt.
Biochem. 75, 168 (1976).

23. L. E. Rikans, C. R. Smith and V. G. Zannoni, J.
Pharmac. exp. Ther. 204, 702 (1978).

24. R. L. Norman, E. F. Johnson and U. Muller-Eberhard,
J. biol. Chem. 253, 8640 (1978).

25. 8. A. Atlas, A. R. Boobis, J. S. Felton, S. S. Thor-
geirsson and D. W. Nebert, J. biol. Chem. 252, 4712
(1977).

26. A. Y. H. Lu and S. B. West, Pharmac. Rev. 31, 277
(1980).

27. F. P. Guengerich, Pharmac. Ther. 6, 99 (1979).

28. F. P. Guengerich, J. biol. Chem. 252, 3970 (1977).

29. T. Kamataki, D. H. Belcher and R. A. Neal, Molec.
Pharmac. 12, 921 (1976).

30. G. T. Miwa, S. B. West and A. Y. H. Lu, J. biol.
Chem. 253, 1921 (1978).

31. R. Toftgard, O. G. Nilsen, M. Ingleman-Sundberg and
J. A. Gustafsson, Acta pharmac. tox. 46, 353 (1980).

32. T. M. Guenthner and D. W. Nebert. Eur. J. Biochem.
91, 449 (1978).

33. L. E. Rikans and B. A. Notley, J. Pharmac. exp. Ther.
220, 574 (1982).



