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Age-Related Changes in Hepatic Microsomal Drug Metabolism
are Substrate Selective1

ABSTRACT
Rikans, Lora E. and Bruce A. Notley: Age-related changes in
hepatic microsoma! drug metabolism are substrate selective.
J. Pharmacol. Exp. Ther. 220: 574-578, 1982.

Microsomes were isolated from livers of male Fischer 344 rats
at 3 to 5, 1 4 to 1 5 and 24 to 25 months of age for the
determination of monooxygenase components and drug me-
tabolism activities. Microsomal cytochrome P.450, cytochrome
b5, NADPH-cytochrome c reductase activity and phospholipid
were decreased in middle-aged and old rats compared with
young-adult rats, but the enzymatic reduction of microsomal

cytochrome P-450 was unchanged. Drug metabolism activities
both decreased and increased as a consequence of aging,
depending upon the substrate used. Differences were observed
between young-adult and old rats in the CO maximum of
reduced microsomal cytochrome P.450, in microsomal fatty
acid composition and in the amounts of microsomal polypep-
tides having molecular weights of 52,500 and 53,000. The
substrate selectivity of the age-related alterations in hepatic
microsomal drug metabolism may be due to qualitative changes
in the cytochrome P.450 and phospholipid components of the
monooxygenase system.

A number of studies suggest that hepatic microsomal drug

metabolism diminishes in old age, but the basis for this decline

remains uncertain. Although the early work of Kato and Tak-

anaka (l968a,b) indicated that cytochrome P.450 content and

NADPH-cytochrome c reductase activity were diminished in

liver microsomes from old rats, more recent studies of the

effects of aging on concentrations of microsomal monooxygen-

ase components have yielded contradictory results. For exam-

ple, some investigators reported that hepatic microsomal cyto-

chrome P-450 content diminished in old rats (Kao and Hudson,

1980; McMartin et al., 1980; Schmucker and Wang, 1980, 1981),

whereas others found that concentrations of the cytochrome

were unaffected by aging (Baird et al., 1975; Birnbaum and

Baird, 1978a,b). Decreased levels of cytochrome c reductase

activity were usually found in conjunction with diminished

cytochrome P-450 content (Kao and Hudson, 1980; McMartin

et al., 1980; Schmucker and Wang, 1980, 1981); however, one

study found that aging affected only the reductase activity

(Baird et al., 1975). Although age-related decreases in rat

hepatic microsomal phospholipid content have also been re-

ported (Grinna and Barber, 1972; Grinna, 1977; Birnbaum and

Baird, l978b), the decreases were not always associated with a

decline in drug metabolism activity (Birnbaum and Baird,

1978b). In contrast to other monooxygenase components, mi-

crosomal cytochrome b5 content in rat liver was reported to

increase slightly or remain unaltered with aging (Birnbaum and

Baird, l978a; McMartin et al., 1980). Finally, a study with

senescent mice demonstrated that hepatic microsomal drug

metabolism activities could be altered markedly (either in-

creased or decreased) while cytochrome P.450 content, cyto-

chrome c reductase activity and phospholipid content remained

unchanged. Some of these conflicting fmdings may be due to

differences between the various studies in animal species, strain

and sex or in the ages used for comparison. Unfortunately, the

results neither provide a clear picture of the effects of aging on

microsomal monooxygenase components nor suggest a uniform

mechanism for age-associated changes in drug metabolism ac-

tivity.

A systematic study of the effects of aging on the microsomal

monooxygenase system from rat liver was undertaken in this

laboratory. Monooxygenase components and drug metabolism

activities were measured in liver microsomes from male Fischer

344 rats maintained under identical conditions throughout

adulthood. Young-adult, middle-aged and old rats were 3 to 5

months, 14 to 15 months and 24 to 25 months old, respectively.

The effects of aging from young adulthood to middle age have

been reported (Rikans and Notley, 1981).

Methods
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Animals. Rats (Fischer 344 males) were purchased from Charles
River Breeding Laboratories (Wiln#{252}ngton, MA) at 7 weeks of age and
maintained in the Animal Facilities of the University of Oklahoma

ABBREVIATION: SDS, sodium dodecyl sulfate.
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Health Sciences Center for the duration of the study. They were group-
housed under filter caps on heat-sterilized, hard-wood bedding. Tern-

perature, humidity and lighting cycles remained constant and exoge-

nous chemicals (fumigants, disinfectants, pesticides and cigarette

smoke) were avoided. The rats were fed a semipurified diet (AIN 76

Semipurified diet; ICN Nutritional Biochemicals, Cleveland, OH) to

avoid seasonal variations in the composition of commercial rations.
These conditions yielded values for enzyme activities and cytochrorne
P450 concentrations that remained constant over a 3-month period

when the animals were 3 to 5 months of age. Only clinically healthy
animals were used in the study. Sections from each of the old rat livers
were removed for histologic examination and data are included only for

those livers with no significant lesions other than moderate cytoplasmic
vacuolation (a common finding in old rats). The mean survival age for
our colony was 24 months.

Some experiments required simultaneous analysis of microsornes

from young and old rats (mixing experiments and gel electrophoresis).
For those experiments, male Fischer 344 rats were purchased from the
colony maintained for the National Institute on Aging by Charles River
Breeding Laboratories. The rats were kept for 6 weeks in our facilities

before their use and the conditions for their maintenance were exactly
as described above.

Microsomal monooxygenase components. Rats were kified 3 hr
after the onset of the 12-hr light period and liver microsomes were
prepared by differential centrifugation (Rikans and Notley, 1981). Re-

covery of microsomes, based on NADPH-cytochrome c reduct.ase ac-
tivity, was similar in all three age groups (42 ± 2, 43 ± 2 and 45 ± 3%).

Cytochrome P-450 was determined from the reduced CO difference
spectrum in a Pye Unicam SP8-100 spectrophotometer and cytochrome

b5 was determined from the NADH-reduced difference spectrum
(Omura and Sate, 1964). Cytochrome P-450 reduction in microsomes
was measured at 15#{176}Cby following the formation of the reduced#{149}
cytochrome P-450-CO complex after NADPH addition under anaerobic
conditions (Zannom et al., 1972); cytochrome c reduction by NADPH

was measured at 23#{176}Cin a high ionic strength buffer (Vermilion and

Coon, 1978). Lipids were extracted from microsomes with chloroform-
methanol (2:1, v/v) and the fatty acid methyl esters were analyzed by
gas chromatography (May and McCay, 1968). Phospholipids were
determined as inorganic phosphate in the total extracted lipid (Fiske

and Subbarow, 1925). A modified Lowry procedure, which included 1%

SDS in the alkaline copper reagent for solubilizing membrane samples,
was used to assay microsomal protein (Markwell et al., 1978).

Monooxygenase activities. Freshly prepared microsomes were
used for the drug metabolism assays. The procedures used have been
described elsewhere in detail (Rikans and Notley, 1981). In brief,
benzphetamine N-demethylation was determined by measuring the

production of formaldehyde according to Nash (1953); aniline hydrox-
ylation was determined from the production ofp-aminophenol by the
phenol-indophenol reaction (Imai et al., 1966); and p-nitroanisole 0-

demethylation was determined from the production of p-nitrophenol
(Netter and Seidel, 1964). The conditions used for these assays resulted
in activities that were linear with incubation time and proportional to

the amount of microsomal protein.
SDS gel electrophoresis. Polyacrylamide slab gel electrophoresis

in the presence of SDS was carried out as described by Haugen and

Coon (1976), except that the samples contained 10 j�g of microsornal

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. A slight modi-
fication (Rikans et al., 1978) of the herne staining procedure of Thomas

et al. (1976) was used for the detection of the peroxidase activity of

cytochrome P-450 in SDS gels.

Statistics. Groups of data were compared by Student’s t test to

determine whether a significant difference existed.

Results

Components of the monooxygenase system. Hepatic

microsomes from middle-aged and old rats contained dimin-

ished concentrations of monooxygenase components compared

with those from young-adult rats. Because microsomal recov-

eries and microsomal protein contents were similar, the results

are the same whether expressed per milligram of microsomal

protein or per gram of liver. Aging from young to middle

adulthood was accompanied by significant decreases in micro-

somal cytochrome P-450 content (32%), NADPH-cytochrome

C reductase activity (42%), phospholipid content (41%) and

cytochrome b5 content (22%) (table 1). Similar decreases were

found in hepatic microsomes from old rats except that the

decrease in cytochrome b5 content was only 11%. Although

reductase activity with cytochrome c as the substrate dimin-

ished markedly with increasing age, activity with cytochrome

P-450 as the substrate was unchanged.

Analysis of the reduced cytochrome P-450-CO absorption

maxima in microsomes from young-adult and old rats revealed

a small but significant difference (P < .01) between the two age

groups. The CO maximum in microsomes from old rats was

448.6 ± 0.1 am compared with 449.4 ± 0.1 run in microsomes

from young-adult animals.

Monooxygenase activities. Liver microsomal monooxy-

genase activities were not uniformly decreased as a consequence

of the decline in microsomal components (fig. 1). Benzpheta-

mine N-demethylase activity was unchanged by aging to middle

adulthood but declined markedly in old age. Aniline hydroxy-

lase activity was decreased in middle-aged compared with

young-adult rats and was decreased further in old rats. On the

other hand, mtroanisole 0-demethylase activity was greater in

liver microsomes from middle-aged and old rats than in those

from young-adult rats. The substrate selectivity of the age-

related changes in drug metabolism can be visualized best by

relating the amount of drug metabolized to the concentration

of cytochrome P.450 available (i.e., nanomoles of product

formed per minute per nanomole of cytochrome P-450). When

TABLE 1

Effect of age on hepatic microsomal monooxygenase components
Male Fischer 344 rats were housed under strictly controlled environmental
conditions and maintained on a semipurified diet and water ad libitum. Young-

adult rats were 3 to 5 months of age and averaged 270 to 350 g b.wt. . middle-
aged rats were 1 4 months and 530 g; and old rats were 24 months and 480 g.
values are means ± SE.; N � 6.

Young Adult Middle Aged Old

Microsomal protein 29.0 ± 0.9 30.2 ± 0.7 31 .7 ± 1.2
(mg/g liver)

Cytochrome P-450 0.79 ± 0.01 0.54 ± O.03� 0.55 ± o.o3�
(nmol/mg protein)

Cytochrome C re- 240 ± 10 140 ± 1O� 120 ± 1O�
ductase”
(nmol/min/mg pro-

tein)
Phospholipids 750 ± 20 440 ± 1O� 410 ± 208

(nmol lipid P/mg pro-
tein)

Cytochrome b5 0.46 ± 0.01 0.36 ± 0.01 � 0.41 ±
(nmol/mg protein) 0.01 8. C

Cytochrome P-450 re- 0.67 ± 0.04 0.76 ± 0.08 0.66 ± 0.03

duction
(nmol/min/mg pro-

tein)

a Significantly different from young-adult value, P < .01.
b Nanomoles of cytochrome c reduced per minute per milligram of

microsomal protein at 23#{176}C.
C Significantly different from middle-aged value, P < .01.
d Nanomoles of cytochrome P-450 reduced per minute per milligram

of microsomal protein at 15#{176}C.
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a. b. c Values within columns which differ statistically from each other (P < .01)

are designated with different superscripts.

a Significantly different from young-adult values, P < .01.

b Significantly different from middle-aged values, P < .01

C Significantly different from young-adult values, P < .05.

Fig. I . Effect of aging on hepatic microsomal monooxygenase activi-
ties. Liver microsomes from rats at various ages were incubated at

37#{176}Cwith the appropriate substrates and an NADPH-generating sys-
tem. The activities are benzphetamine N-demethylase (BND), in nano-
moles of formaldehyde per minute per milligram of microsomal protein;
aniline hydroxylase (AH), in nanomoles of p-aminophenol per minute
per milligram of protein; and nitroanisole 0-demethylase (NOD), in
nanomoles of p-nitrophenol per minute per milligram of protein. The
values are means ± SE. for six or more rats. Values which differed

significantly (P < .01 ) from those for 3- to 5-month-old animals are
indicated with an asterisk.

TABLE 2

Effect of age on cytochrome P-45O.dependent drug metabolism
Liver microsomes from young-adult (3-5 months), middle-aged (1 4 months) and
old (24 months) rats were incubated at 37#{176}Cwith the appropriate substrates and
an NADPH-generating system. Values are means ± SE. ; N � 6.

A Benzphetamine N- Nitroanisole 0- Aniline Hydroxyl-ge Demethylation Demethylation ation

nmol product/min/nmol cytochrome P-450

Young adult 6.08 ± O.10� 1 .28 ± 0.038 0.90 ± 0.038
Middle aged 10.06 ± 0.33b 2.68 ± 0.1 1 b 0.89 ± 0.038

Old 2.26 ± 0.16C 3.38 ± 036b 0.67 ± 0.04”

the activities were expressed in this fashion, the age-related

changes in metabolism of mtroanisole and benzphetamine were

accentuated (table 2). Nitroanisole metabolism in microsomes

from middle-aged and old rats was 2.1 to 2.6 times greater than

in those from young-adult rats. Benzphetamine metabolism in

old age declined to less than one-fourth of the activity in

middle-aged rats. On the other hand, the metabolism of aniline

was decreased only slightly (25%) in microsomes from old

compared with younger rats.

SDS gel electrophoresis. SDS polyacrylamide gel electro-

phoresis of liver microsomes from young-adult and old rats

consistently showed that aging was associated with decreases

in two polypeptide bands with apparent molecular weights of

52,500 and 53,000 (fig. 2). Although the two bands were not

resolved under the electrophoretic conditions that are necessary

for the heme-staining procedure, there were observable de-

creases in the amount of heme staining in the 50,000 to 55,000

MW region of the gels.

Lipid analysis. Gas chromatographic analysis of fatty acid

methyl esters indicated that the composition of the microsomal
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fatty acids was significantly altered by the aging process (table

3). The changes were progressive as the animals aged from

young to middle adulthood to old age and the percentages for

individual fatty acids were completely different in microsomes

from old rats compared with those in microsomes from young-

adult rats. Importantly, the saturated to unsaturated fatty acids

ratio increased significantly as the animals aged (0.68 ± 0.01,

0.75 ± 0.02 and 0.82 ± 0.01 in microsomes from young-adult,

middle-aged and old rats, respectively).

Mixing experiments. Equal quantities of liver microsomes

from young-adult and old rats were combined and the drug

metabolism activities in the mixtures were compared with those

in the original microsomes. In each case, the specific activity of

the mixture equaled the sum of the specific activities contrib-

Fig. 2. SDS gel electrophoresis of hepatic microsomal proteins from

young (Y) and old (0) rats. The gels were stained with Coomassie blue
and scanned at 540 nm with a densitometer. Both samples contained
1 0 �zg of protein and migration was from left to right. Cytochrome P-
450 concentrations were 0.87 (Y) and 0.50 (0) nmol/mg of microsomal

protein. The numbers are molecular weights x 1 O� and represent the
average values obtained from eight experiments with bovine serum
albumin, cataiase, glutamate dehydrogenase, ovalbumin and carbonic
anhydrase as reference proteins. The positions of catalase (MW 58,-
000) and glutamate dehydrogenase (MW 53,000) are indicated by

bars at the top of the figure.

TABLE 3

Relative composition of liver microsomal fatty acids
Fatty acid composition was determined by using the Folch extraction procedure
and gas chromatographic analysis of fatty acid methyl esters. Ages were 5, 16
and 25 months. Values are means for six rats ± SE.

Fatty acid Young Adult Middle Aged Old

% % 96

16:0 18.8 ± 0.2 18.5 ± 0.2 14.3 ± 0.48��
16:1 3.7 ± 0.1 2.8 ± 0.1� 1.8 ± O.18b
18:0 21.5 ± 0.3 24.1 ± 0.68 30.8 ± 0.58��

18:1 12.2 ± 0.2 10.0 ± 0.28 9.5 ± 0.38

18:2 8.8 ± 0.5 6.4 ± 0.2k 5.9 ± 0.2#{176}

20:4 27.4 ± 0.4 30.4 ± 0.3#{176} 28.9 ± 0.4””
22:4 4.9 ± 0.1 5.2 ± 0.4 6.7 ± �
22:6 2.8 ± 0.2 2.5 ± 0.2 2.0 ± 0.2#{176}

Saturated 40.4 ± 0.3 42.6 ± 0.5� 45.2 ± 02a,b

Unsaturated 59.6 ± 0.3 57.4 ± 0.5#{176} 54.8 ± 02a,b
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TABLE 4

Effect of combining microsomes from young-adult and old rats
Aniline hydroxylase activity (nanomoles of p-aminophenol formed per minute per
milligram of microsomal protein at 37#{176}c)was determined in liver microsomes
from young-adult (4 months) and old (25 months) rats and in mixtures containing
equal quantities of the same microsomes. The analyses were performed in
duplicate on three separate occasions using freshly prepared microsomes from
one young and one old rat each time. Duplicate values differed by less than 10%.

Microsomes Aniline Hydroxylase Activity

nmol/min/mg protein

Experiment 1
Young 0.637
Old 0.489
Young + old 0.570

Experiment 2
Young 0.892
Old 0.467
Young + old 0.720

Experiment 3
Young 0.984

Old 0.552

Young + old 0.683

uted by the microsomes from young and old rats. The results

for aniline hydroxylase activity are given in table 4. Similar

results were obtained for benzphetamine N-demethylase and

mtroanisole O-demethylase activity. These experiments pro-

vided no evidence for the presence of age-related “factors”

which stimulate or inhibit specific drug metabolism activities.

Discussion

Concentrations of hepatic microsomal monooxygenase com-

ponents were decreased in male Fischer rats as a consequence

of aging. On the other hand, aging produced increases as well

as decreases in monooxygenase activity toward selected sub-

strates. Apparently, the components that declined with age

were not rate-limiting for the oxidation of some substrates. In

fact, the putative rate-limiting step in microsomal monooxygen-

ase reactions, the enzymatic reduction of cytochrome P-450

(Gifiette and Gram, 1969; Taniguchi et al., 1979; Yang et al.,

1978), was not diminished by aging. It should be noted that

similar changes in the microsomal monooxygenase system were

observed in middle-aged compared with young-adult rats (Ri-

kans and Notley, 1981). The altered capacity for drug metabo-

11am in old animals may be the result of gradual changes

throughout adulthood rather than abrupt changes at the age of

senescence.

The substrate selectivity observed in this study with Fischer

rats is consistent with results reported for other senescent

rodents (Birnbaum and Baird, 1978a; Birnbaum, 1980). It im-

plies that age-related changes in the microsomal enzyme system

are more complicated than would be predicted from an overall

decline in concentrations of monooxygenase components. Mi-

crosomes contain multiple forms of cytochrome P-450, the

terminal oxidase and specificity conferring component of the

monooxygenase system. Age-related changes in the relative

proportions of functionally-different forms could selectively

increase or decrease the metabolism of different substrates.

This hypothesis is attractive, especially as the substrate speci-

ficity of age-related changes in some monooxygenase activities

became more pronounced when results were expressed as prod-

uct formed per nanomole of cytochrome P-450 rather than per

milligram ofmicrosomal protein (table 2). It appeared as though

the cytochrome P.450 fraction in liver microsomes from old

rats was much less efficient in metabolizing benzphetamine but

much more efficient in metabolizing nitroanisole than the cor-

responding fraction from young-adult rats. Large differences in

aniline metabolism (per nanomole of cytochrome P-450) were

not observed, possibly because several different forms of cyto-

chrome P-450 hydroxylate aniline at rates that are quite similar

(Ryan et al., 1979; Haugen et al., 1975). The idea that aging

affects the individual forms of cytochrome P-450 in different

ways is supported by the work of McMartin et al. (1980). By

using regioselective metabolism of R-warfarmn to identify the

presence of different forms of the cytochrome, they showed

that liver microsomes from old rats (Wistar males) had reduced

amounts of one form of cytochrome P.450 and approximately

equal amounts of two other forms, compared with microsomes

from younger rats. Our experiments with SDS gel electropho-

resis consistently demonstrated substantive differences between

young and old rats in the quantity of two microsomal polypep-

tide bands migrating in the 50,000 MW region. Unfortunately,

the heme-staining procedure did not provide sufficient resolu-

tion to identify them as heme-containing bands. Furthermore,

it is very likely that these bands also contain other proteins (Lu

and West, 1980). Therefore, the results must be interpreted

with caution. Nevertheless, when taken together with the drug

metabolism data and the change in absorption maximum of the

reduced cytochrome P.450-CO complex, the results with SDS

gel electrophoresis are at least consistent with differences in

specific cytochromes P-450.

The substrate-dependent changes that were observed in the

present study may have resulted also from age-related changes

in the lipid composition of the microsomal membrane. Various

lines of evidence suggest that phospholipid plays an important

role in determining the substrate specificity of the monooxy-

genase system. Reconstitution experiments with purified corn-

ponents of the system have demonstrated that different forms

of cytochrome P-450 require different types and amounts of

phospholipid for maximal activity (Strobe! et al., 1970; Warner

and Neims, 1979; Ingelman-Sundberg et al., 1980). Moreover,

compositional changes in the fatty acids of microsornal phos-

pholipids have been shown to occur as the result of dietary or

pharmacological manipulations which change the activity and

substrate selectivity of the microsomal enzyme system (Becker

et al., 1978; ilyas et al., 1978; Hammer and Willis, 1979). Our

studies with aging Fischer rats demonstrated age-related

changes in weight percentages of microsomal fatty acids. Fur-

thermore, liver microsomes from old rats had a greater per-

centage of longer fatty acids (18 carbons or more) and a higher

ratio of saturated to unsaturated fatty acids than microsomes

from young-adult rats. These differences, which suggest a

change in the fluidity of the microsomal membrane, may have

important effects on the monooxygenase system.
Differences in the hepatolobular distribution of specific cy-

tochromes P.450 and monooxygenase activities have been re-

ported (James et al., 1981; Baron et al., 1978; Gooding et al.,

1978). Therefore, the possibility was considered that the sub-

strate selectivity of the age-related modification in drug metab-

olism reflected a selective loss of functioning hepatocytes from

a certain region of the liver lobule. Experiments are under way

in this laboratory to examine this possibility.

It is concluded that aging alters the hepatic microsomal

monooxygenase system in a substrate-specific fashion. The

most probable cause for this substrate dependency is that

individual forms of cytochrome P.450 are differentially affected

by aging. Because different cytochromes P-450 are concentrated
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in hepatocytes from different regions of the liver lobule, it may

be that the hepatocytes in some regions “age” at a faster rate

than those in other regions. Another possibility is that changes

in drug metabolism occur because of age-related changes in the

fatty acid composition of the microsomal membrane. Clinical

studies have demonstrated also that the effects of senescence

on liver microsomal drug metabolism in humans vary with

different drug substrates (Stevenson et al., 1979). Further stud-

ies to elucidate the basis for the marked substrate dependency

of these age-related alterations may provide a rational basis for

dosage modification in geriatric patients.
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