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Abstract. Several definitive statements concerning the effect(s) of animal age on liver 
drug metabolism are made, and at the same time certain crucial questions that remain to be 
resolved are posed. Between 16 and 30 months of age, or maturity and senescence, the male 
Fischer rat exhibits a significant loss of hepatic smooth-surfaced endoplasmic reticulum 
(SER) which constitutes a real quantitative change. However, this does not exclude the 
possibility of qualitative age-related changes in this membrane, such as compositional alter- 
ations which may be reflected in its functional integrity. Second, there is a significant decline 
in the noninduced activities or amounts of enzymes and hemoproteins, respectively, of the 
microsomal mixed function oxidase system. With the exception of the loss of cytochrome 
P-450, which represents a quantitative change, the age-dependent alterations in the two 
enzymes may reflect quantitative and/or qualitative changes. Last, the reduced hepatic 
responsiveness to phenobarbital is manifested not only in the slower rates of induction and 
the lower induced activities or amounts of these microsomal constituents, but also in the 
age-related declines in the hepatomegalic response and the induction of microsomal protein. 
The exact relationship between the phenobarbital-induced proliferation of the SER and the 
induction of drug-metabolizing enzymes as a function of age remains unclear. A sequential 
stereological analysis of the SER in response to phenobarbital in young, mature, and senes- 
cent animals may permit uncoupling of SER proliferation from enzyme induction and evalu- 
ation of the effect(s) of aging on each response separately. 

Background. Within the past 20-30 
years, the number of elderly, or people over 
the age of 65 years, has undergone a 
marked increase, especially in the United 
States. Although the maximum life span has 
not increased significantly, more people are 
attaining the mean estimated life span than 
ever before. This phenomenon is demon- 
strated in data from life expectancy tables (1) 
and in Dr. Hayflick’s presentation at this 
symposium (2). In addition, the elderly rep- 
resent the most medicated segment of soci- 
ety. For example, approximately 25% of all 
prescription drugs in the United States is 
destined for this aged subpopulation (3, 4). 
There is considerable evidence, largely 
from clinical studies, which demonstrates 
an age-dependent decline in the rate of 
overall drug disposition (see (5) for a re- 
view). The incidence of adverse drug reac- 
tions increases in the elderly, particularly in 
cases of polypharmacy (6). Unfortunately, 
the amount of available information con- 
cerning specific effects of aging on drug 
disposition and the mechanism( s) involved 
is extremely limited. This is attributable, in 

large part, to the paucity of studies on drug 
metabolism or disposition in geriatric pa- 
tients and the limited data from experi- 
mental studies in senescent animals. 

There are a number of factors which 
probably contribute to the age-related de- 
cline in the rate of drug disposition and 
most are included under changes in (a) the 
intestinal absorption of drugs; (b) body 
composition; (c) hepatic drug metabolism; 
and (d) renal and hepatic clearance of drugs 
and their metabolites. The effect of aging on 
intestinal drug absorption has not been well 
studied and there is little definitive evi- 
dence which demonstrates an age-related 
change. The significant reduction in splanch- 
nic blood flow, approximately 40 - 50% 
by age 70, may contribute to slower ab- 
sorption rates of lipid-soluble compounds 
and drugs which exhibit first-pass kinetics, 
for example, propranolol (see (7, 8) for re- 
views). 

The age-related increase in body fat 
mass, generally at the expense of muscle 
mass, may extend the retention times of 
lipid-soluble drugs. In addition, the re- 
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ported 10-15% decrease in body water 
content may contribute to a reduction in the 
volume of distribution of certain drugs (see 
(9, 10) for reviews). Another factor which 
may affect the plasma levels of unbound or 
pharmacologically active drugs is the de- 
gree of plasma protein binding, primarily to 
albumin ( 1  1). There appears to be a direct 
correlation between the estimated 20% re- 
duction in the serum albumin concentration 
and reduced plasma protein binding of 
drugs as a function of age. Age-related de- 
clines in the renal clearance of drugs or 
their metabolites is well documented (see 
(12) for a review). This probably results 
from a combination of factors, including (a) 
a reduction in renal blood flow which 
causes a decline in the glomerular filtration 
rate and (b) a gradual loss of functional 
nephrons. 

While the information concerning the 
age-dependent changes in the hepatic clear- 
ance of drugs is limited, Kitani et al. (13) 
demonstrated a marked age-related reduc- 
tion in the biliary secretion of ouabain, a 
drug which is eliminated in its native state. 
There is considerable evidence which 
suggests that much of the age-dependent 
decline in drug disposition may be attribut- 
able to a concomitant reduction in the he- 
patic capacity to metabolize drugs. A large 
number of drugs and other xenobiotics 
undergo mandatory biotransformation in 
the liver prior to their elimination. This re- 
quires the integrity of the microsomal 
mixed function oxidase system which in- 
cludes the drug-metabolizing enzymes. 
Furthermore, there is a large amount of in- 
direct evidence which suggests an age- 
dependent decline in liver drug metabolism. 
These data have been obtained primarily in 
clinical studies and consist of mea- 
surements of the plasma half-lives and/or 
plasma clearance rates of drugs which are 
metabolized in the liver (see ( 5 , 8 , 9 ,  14- 16) 
for reviews). Many drugs which undergo 
hepatic biotransformation exhibit increased 
plasma half-lives or  decreased rates of 
plasma clearance as a function of patient 
age, including such compounds as diaz- 
epam, lidocaine, amylobarbitone , amino- 
pyrine, and propranolol. Unfortunately, 
there are no direct studies on the effects 

of aging on liver drug-metabolizing en- 
zymes in humans. 

However, the livers of senescent rats ex- 
hibit a reduced capacity to respond to a va- 
riety of stimuli, including drugs (see (5) for 
a review). A classic series of studies by 
Kato and his associates (17-19) reported 
an inverse relationship between the chro- 
nological age of rats and the activities of 
their liver microsomal drug-metabolizing 
enzymes. Data from these studies, as well 
as those of Birnbaum and Baird (20) and 
Gold and Widnell (2 1), demonstrated age- 
related declines in the noninduced activities 
of certain liver drug-metabolizing enzymes. 
On the other hand, Adelman et al. (22, 23) 
did not observe an age-dependent loss in 
the noninduced specific activity of hepatic 
microsomal NADPH cytochrome c reduc- 
tase. 

Kato and Takanaka ( 17 - 19) also reported 
that  the responses of hepatic drug- 
metabolizing enzymes to phenobarbital and 
other inducers were impaired in old ani- 
mals. Even after the chronic administration 
of these agents, the activities or amounts of 
mixed function oxidase components in the 
livers of old rats were significantly lower 
than those in young animals. These data 
were not corroborated by Adelman et al. 
(22, 23) or Birnbaum and Baird (20) who 
reported similar maximally induced ac- 
tivities of NADPH cytochrome c reductase 
in young and old rats. Furthermore, Adel- 
man et al. (22, 23) observed an  age- 
dependent lag in the initiation of 
phenobarbital-induced synthesis of cyto- 
chrome c reductase, although this did not 
result in differences in the maximally in- 
duced levels between young and old rats. 

Thus, there is considerable controversy 
surrounding the current understanding of 
the effects of aging on hepatic drug 
metabolism and its contribution to the age- 
dependent decline in the overall rate of drug 
disposition. If there is a reduction in the 
liver’s capacity to metabolize drugs as a 
function of age, there is no indication as to 
the mechanism(s) responsible. Such an 
age-related decline may reflect qualitative 
changes, for example, increased synthesis 
of functionally impaired enzymes; quan- 
titative changes, such as less functionally 
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competent enzymes; or a combination of 
both. A thorough evaluation of this phe- 
nomenon is important to our understanding 
of the effects of aging on drug disposition as 
well as the etiology of the aging process. 
The primary clinical value of such informa- 
tion is to provide an experimental and 
theoretical framework for interpreting ob- 
servations in humans and, ultimately, for 
designing safe and effective drug regimens 
for the elderly. 

Correlation of cell structure and func- 
tion. The approach to the study of drug 
metabolism and other phenomena at the 
cellular level in this laboratory involves a 
correlated structural and functional 
analysis. Therefore, our interests include 
not only the functional capacity of the liver 
drug-metabolizing enzymes,  but their 
structural correlate as well, the smooth- 
surfaced endoplasmic reticulum (SER). The 
hepatic SER is considered to be the primary 
intracellular site of the mixed function 
oxidase system. Hepatocytes typically 
contain two types of endoplasmic reticulum 
membranes: (a) a form which appears as 
parallel lamellae of membranes whose outer 
surfaces are studded with ribosomes, the 
rough-surfaced endoplasmic reticulum 
(RER); and (b) another type which appears 
as irregular profiles of smooth-surfaced 
membrane, i.e., devoid of ribosomes-the 
SER (Figs. 10 and 11) .  Jones and Fawcett 

FIG.  1 .  The concentration of hepatic smooth- 
surfaced endoplasmic reticulum membrane (area per 
volume of hepatocyte ground substance) increases 
with age, at least up to 16 months, in both virgin and 
retired breeder male Sprague- Dawley rats. However, 
the virgin animals possess greater amounts of mem- 
brane in comparison to age-matched retired breeders. 
(Data from Schmucker, J. Gerontol. 31, 135, 1976.) 

(24), as well as others (25), illustrated the 
structural/functional relationship between 
the SER and the mixed function oxidase 
system by demonstrating that phenobarbi- 
tal induces the activities of hepatic micro- 
soma1 drug-metabolizing enzymes and 
causes a concomitant proliferation of the 
SER. 

NADPH Cytochnmec Cytochrome P-450 Ethylmorphine Cytoctrme b 5 
Reductose N-Demethylose 

YOUNG VIRGIN (3 Months) 

RETIRED BREEDER (-ox 10 Months) 

FIG. 2. Activities or amounts of several hepatic microsomal mixed function oxidase system en- 
zymes and hemoproteins in virgin and retired breeder male Sprague-Dawley rats. There are no 
statistically significant differences in any of these parameters between these two groups of animals. 
(Data from Anthony and Jones, Biochem. Pharmacol. 25, 1549, 1976; Anthony et al., J. Lipid Res. 19, 
154, 1978.) 
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FIG. 3. The concentration of smooth-surfaced en- 
doplasmic reticulum membrane increases in both cen- 
trolobular and periportal hepatocytes during develop- 
ment and maturation ( I  - 16 months of age), but sub- 
equently declines between maturity and senescence 
16-30 months of age) in male Fischer rats. Since ( 1 )  
hese data were originally expressed as area per cm? of 
iver tissue (2) the specific density of rat liver tissue is 
.pproximately 1 ,  the expression of the results as area 
ler g of liver tissue facilitates the correlation of struc- 
ural and functional data. (Data from Schmucker et al., 
lcience 197, 1005, 1977; J .  Cell Biol. 78, 319, 1978.) 

Several years ago we employed this cor- 
elated structural and functional approach 
1 studies on the effects of plasma lipid- 
iwering drugs on the liver. Some of these 
xperiments included retired breeder rats 
j, animal models. The particular strain 
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FIG. 5. Effect of animal age on phenobarbital- 
induced activity of liver microsomal NADPH cyto- 
chrome c reductase and its subsequent postinduction 
recovery. The rates of induction and the maximally 
induced levels of enzyme activity after 6 days of drug 
treatment are significantly greater in the young and 
mature rats vs the senescent animals. Similarly, the 
rates of postinduction recovery are faster in the two 
younger age groups. (Data from Schmucker and Wang, 
unpublished.) 

employed (Sprague - Dawley) was charac- 
terized by hypercholesterolemia, an in- 
creased incidence of arteriosclerosis, and a 
shorter life span and longer narcosis time in 
comparison to virgin rats-suggesting that 
retired breeder rats may be undergoing 
premature aging. 

An extensive stereological analysis of 
hepatic fine structure revealed that the con- 
centration of the SER was significantly 
greater in the virgin rats vs retired breeder 
animals of the same age (Fig. 1) (26). This 
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FIG. 4. Age-related changes in the noninduced activities or amounts of several components of the 

liver microsomal drug-metabolizing system. The activities of NADPH cytochrome c reductase and 
ethylmorphine N-demethylase exhibit marked increases and subsequent declines during 
development/maturation and senescence, respectively. Although the difference in the concentration of 
cytochrome P-450 between the young (1 month) and mature (16 month) animals is small, there is a 
significant loss of hemoprotein during senescence. (Data from Schmucker and Wang, unpublished.) 
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FIG. 6. Effect of animal age on the concentration of 
hepatic microsomal cytochrome P-450 during and after 
phenobarbital induction. The rates of induction and 
postinduction recovery, as  well as the maximal con- 
centrations achieved after 6 days of drug administra- 
tion, were greatest in the younger age groups in com- 
parison t o  the  27-month-old rats.  ( D a t a  from 
Schmucker and Wang, unpublished.) 

observation was of considerable interest in 
view of the reported age-related decline in 
liver drug metabolism and, therefore, per- 
mitted us to speculate that this might repre- 
sent a structural correlate of the loss of 
functional capacity. However, subsequent 
studies compared the noninduced levels of 
several components of the microsomal 
mixed function oxidase system in 3- 
month-old virgin and - 10-month-old re- 
tired breeder rats (27). These results dem- 
onstrated that there were no statistically 
significant age-related differences in the 
specific activities of the enzymes or in the 
amounts of hemoproteins (Fig. 2). These 
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FIG. 7. Effect of animal age on the activity of liver 

microsomal ethylmorphine N-demethylase during and 
following chronic phenobarbital  administration. 
Phenobarbital causes a rapid induction of this enzyme 
in both young and mature rats, but not in senescent 
animals. Although the peak induced activities are sig- 
nificantly higher in the younger age groups vs the 27- 
month-old animals, the former return to near nonin- 
duced values within 2 days of the cessation of drug 
treatment. (Data from Schmucker and Wang, unpub- 
lished.) 

data did not suggest any correlation of cell 
structure and function with regard to age- 
dependent changes in the amount of hepatic 
SER and the capacity of the liver micro- 
soma1 drug-metabolizing system. In view of 
the uncertainties associated with the use of 
retired breeder rats in aging studies and 
their unresolved status as a model of pre- 
mature aging, we extended our studies to a 
well-characterized animal model widely 
employed in experimental gerontology- 
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FIG. 8. Effect of animal age on the phenobarbital-induced hepatomegalic response and subsequent 
recovery in male Fischer rats. The increases in liver weight are similar in the young and mature 
animals, although the 1-month-old rats responded more rapidly during the first 2 days of phenobarbital 
administration. The net increase, the rate of increase, and the rate of postinduction recovery were all 
considerably greater in the younger age groups in comparison to the senescent rats. (Data from 
Schmucker and Wang, unpublished.) 
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male Fischer 344 rats from the aging colony 
maintained by the National Institute on 
Aging. 

Stereological analysis of the livers of 
these animals demonstrated a significant 
age-dependent decline in the concentration 
of SER between maturity (16 months) and 
senescence (30 months) (Fig. 3). The in- 
crease in the amount of this membrane 
between 1 and 16 months of age corrobo- 
rates a similar finding in the virgin and re- 
tired breeder Sprague - Dawley rats (Fig. 1) 
(28). In order to facilitate any comparisons 
between the stereological results for the 
Fischer rats and subsequent data on the 
specific activities and concentrations of mi- 
crosomal enzymes and hemoproteins, re- 
spectively, both sets of data are expressed 
per gram of liver tissue. 

The noninduced levels of three compo- 
nents of the microsomal mixed function 
oxidase system in young, mature, and se- 
nescent Fischer rats-NADPH cytochrome 
c reductase, cytochrome P-450, and ethyl- 
morphine N-demethylase-exhibited very 
significant age-related declines between 
maturity and senescence (Fig. 4). Interest- 
ingly, the noninduced activity of NADPH 
cytochrome c reductase is similar in the 
young (1 month) and senescent (27 months) 
animals, perhaps confirming the earlier ob- 
servation of Adelman et al. (22, 23). Fur- 
thermore, these data clearly demonstrate a 
critical problem inherent in two-point aging 

studies-if only very young and old age 
groups are compared, the real age-related 
change(s) may go unnoticed. 

There is a reasonably good correlation 
between these structural and functional 
data which may be indicative of an age- 
related change in the quantity of hepatic 
SER and, thus, in its constituent enzymes 
and hemoproteins. Subsequent studies 
were designed to evaluate the effect(s) of 
animal age on the hepatic response to a 
drug stimulus. Male Fischer 344 rats at 1 ,  
16, and 27 months of age were treated with 
sodium phenobarbital or saline for up to 6 
days, at which time the drug was withdrawn 
and the animals permitted to recover for an 
additional 4 days. Phenobarbital (60 mg/kg 
body wt/day) caused a greater and more 
rapid induction of microsomal NADPH 
cytochrome C reductase activity in young 
and mature rats in comparison to senescent 
animals (Fig. 5). Even after 6 days of 
phenobarbital administration, the level of 
activity in the old rats did not approach that 
measured in either of the younger age 
groups. However, as early as 2 days post- 
induction, there were no significant age- 
related differences in the specific activity of 
this enzyme. Similar patterns were found 
for the rates of induction and postinduction 
recovery of the hemoprotein cytochrome 
P-450 (Fig. 6) and the enzyme ethylmor- 
phine N-demethylase (Fig. 7). 

These data demonstrate that there is an 
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FIG. 9. The concentration of hepatic microsomal protein in response to phenobarbital administra- 

tion and subsequent withdrawal in young, mature, and senescent male Fischer rats. Phenobarbital 
causes a more rapid and marked increase in microsomal protein in the 1- and 16-month-old animals vs 
the 27-month-old rats. (Data from Schmucker and Wang, unpublished.) 
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FIG. 10. Portion of a hepatocyte from a 16-month-old male Fischer rat after 6 days of phenobarbital 
administration (60 mg/kg body wt/day). The cytoplasm contains large aggregates of smooth-surfaced 
endoplasmic reticulum membrane profiles (ser). The amount of rough-surfaced endoplasmic reticulum 
(rer), characterized by parallel lamellae of membranes whose outer surfaces (extracisternal) are stud- 
ded with ribosomes, does not appear to be diminished by this treatment. *, Bile canaliculus. - 5 0 0 0 ~ .  

age-dependent decline in the responsive- 
ness of the hepatic microsomal drug- 
metabolizing system and that this does not 
disappear even after chronic drug adminis- 
tration. Although the reduction in the con- 
centration of cytochrome P-450 is indica- 
tive of a loss of hemoprotein, interpretation 
of the changes in the enzyme specific ac- 

tivities is less clear. For example, are these 
declines the result of a lower rate of synthe- 
sis of these enzymes or are they function- 
ally impaired? The possibility also exists 
that the age-dependent decline in the in- 
ducibility of these microsomal components 
may be related to and, in fact, may reflect a 
concomitant reduction in the drug-induced 
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proliferative capacity of the hepatic SER. 
Studies currently in progress are attempting 
to isolate and purify these microsomal en- 
zymes and to determine whether or not 
they undergo an age-related change in 
quality, i.e., absolute activity. 

Phenobarbital, as well as numerous other 
compounds, causes hepatomegaly or an in- 
crease in liver weight and size. This hepatic 

response to drugs exhibits an age- 
dependent pattern similar to that of the 
enzymes-the extent of hepatomegaly is 
similar in the young and mature animals and 
this increase is significantly greater than in 
the senescent rats (Fig. 8). Some of this 
hepatomegalic response may be attributed 
to the increase in the concentration of mi- 
crosomal protein which is also greater in 

FIG. 1 1. Hepatocyte from a 27-month-old male Fischer rat following phenobarbital administration 
for 6 days. The cytoplasm is packed with profiles of smooth-surfaced endoplasmic reticulum (ser) 
suggesting that there is no apparent age-related decline in drug-induced membrane proliferation. rer, 
Rough-surfaced endoplasmic reticulum; * , bile canaliculus; arrowheads, Golgi complexes. -5OOOx . 
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FIG. 12. Effect of animal age on the activity of hepatic microsomal glucose-6-phosphatase. Unlike 
the marked declines in microsomal drug-metabolizing components, glucose-6-phosphatase exhibits a 
gradual age-related decline in its specific activity whether expressed per mg of microsomal protein (A) 
or per g of liver tissue (B). (Data from Schmucker and Wang, Exp. Gerontol., 15, 7 (1980)). 

the 1- and 16-month-old rats vs the 27- 
month-old animals (Fig. 9). This may be in- 
dicative of an age-related decline in the 
phenobarbital-induced proliferation of he- 
patic SER. However, we do not, as yet, 
have any definitive stereological data to 
support this assumption and a preliminary 
qualitative electron microscopic examina- 
tion of these livers did not reveal any 
noticeable differences in cell fine structure 
(Figs. 10 and 11). The cytoplasm of hepato- 
cytes from 16-month-old (Fig. 10) and 27- 
month-old (Fig. 11) Fischer rats treated 
with phenobarbital for 6 days contains large 
aggregates of SER. 

While there appears to be some correla- 
tion between these structural and functional 
data, the results are complicated and not 
easily interpreted. For example, consider 
another liver microsomal enzyme which re- 
sides primarily on the SER and is unrelated 
to the mixed function oxidase system, i.e., 
glucose-6-phosphatase. This enzyme ex- 
hibits a gradual decline in activity through- 
out the entire life span of the Fischer rat, 
rather than between maturity and senes- 
cence, and does not reflect the age-depen- 
dent decline in the concentration of hepatic 
SER (Fig. 12) (29). 
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