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SHORT COMMUNICATIONS 

Inhibition of hepatic drug metabolism and carbon tetrachloride toxicity in 
Fischer-344 rats by exercise* 

(Received 22 October 1990; accepted 23 January 1991) 

Clinical studies have appeared in the literature suggesting 
that exercise affects the pharmacokinetics of numerous 
drugs (see Van Baak [1] and Somani et al. [2] for recent 
comprehensive reviews). This is not unexpected since many 
of the factors that can affect the kinetics of drugs are 
altered during exercise (e.g. body temperature, G.I. 
motility, blood pH, and blood flow). Since blood flow to 
the liver is decreased during exercise, hepatic clearance of 
certain flow-dependent (high extraction) drugs would 
similarly be expected to be altered. However, this 
anticipated effect has not been proven. In this regard, early 
investigations were primarily directed at identifying effects 
of exercise on hepatic clearance using a common marker 
of hepatic blood flow, indocyanine green. Although acute 
exercise decreased liver blood flow 30-60% depending on 
exercise intensity [3, 4], the anticipated change in the 
clearance of flow-dependent compounds such as verapamil 
and propranolol was not found [5, 6]. Conversely, in a 
paper commonly referenced in discussions on this topic, 
Sweeney [7] did find a reduced clearance of lidocaine 
duringexercise. However, numerous criticisms of Sweeney's 
data have been presented [1], including the fact that only 
a single subject was used. 

In contrast to conflicting data with flow-limited drugs, 
evidence supports the conclusion that the clearance of 
capacity (metabolism)-limited (low clearance) drugs such 
as antipyrine, diazepam and amylobarbitone is not changed 
during acute exercise [8-10]. Acute exercise represents a 
single bout of physical activity in a trained or untrained 
individual, while chronic exercise is defined by a more 
regimented program of exercise over an extended period 
of time. When results with chronic exercise on capacity- 
limited hepatic clearance are reviewed, evidence is 
inconclusive. Aminopyrine metabolism was found to be 
unchanged [11] or slightly greater [10, 12] in physically fit 
(chronically trained) individuals. In subjects used as their 
own controls, several months of physical exercise produced 
only a slight (12%) increase in the metabolism of antipyrine. 
This latter effect correlated with changes in maximum 02 
uptake (Vo2 max), an index of physical fitness [10]. 

While the above discussion raises the question that there 
may be changes in the hepatic clearance of drugs during 
chronic exercise, the minimal number of carefully- 
controlled studies, the use of only a few substrates, and 
the lack of specific hepatic biochemical (enzymatic) 
determinations prevent definite conclusions from being 
drawn at this time. In light of these facts, a series of 
experiments were designed to characterize and quantify 
the effects of exercise on components of the hepatic drug- 
metabolizing systems in animals. To accomplish this, whole 
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t Abbreviations: CCL, carbon tetrachloride; pNA, p- 
nitroanisole, pNP, p-nitrophenol; and pAP, p-amino- 
phenol. 

cells and subfractions of livers from Fischer-344 rats that 
were chronically exercised on a treadmill were used. In the 
course of initial exercise studies on levels of cytochrome 
P450 (P450), oxidative and reductive metabolism of 
xenobiotics, and related toxicity, it became apparent that 
a protective effect occurred with the metabolism/toxicity 
of one substrate, carbon tetrachloride, (CCLt). This 
protective effect of exercise on CC14 toxicity and data 
which illustrate the possibility that exercise specifically 
affects specific isozymes are presented. 

Methods 

Barrier-reared male Fischer-344 rats, 10 months of age, 
were obtained from colonies maintained by the National 
Institute on Aging (Bethesda, MD). Animals were housed 
in a facility controlled for temperature (21-22%) and 
humidity (40-50%) and were exposed to a 12-hr light/dark 
cycle. Food (Purina Rodent Chow) and water were freely 
available. Following a 1-week acclimation period, rats were 
classified as exercised or sedentary. Exercised rats were 
run on a motorized treadmill (Omni-Pacer, model PTM; 
Omnitech Electronics, Inc., Columbus, OH) at a 10% 
grade. The protocol followed was similar to work of 
McMaster and Carney [13] with some modifications. 
Exercise sessions took place once a day 4 days per week 
for 8 weeks. In week 1, rats were run at 8 meters/min (m/ 
min) for 30 min to familiarize them with the exercise 
procedure. Thereafter, treadmill speed was increased 1 m/  
min each day of exercise and running time was increased 
5 min every other exercise day up to 20 m/min for 60 min 
by the end of week 4. This rate and time were maintained 
for the duration of the 8-week training period. Sedentary 
rats were placed on the treadmill two times per week at a 
rate of 8 m/min for 5 rain to maintain familiarity with the 
treadmill and handling. Control rats that were not handled 
or exposed to the treadmill were studied and found to have 
no significant differences in any of the parameters 
investigated as compared to sedentary rats. 

Twenty to twenty-four hours after the last exposure to 
the treadmill, rats were lightly anesthetized under ether 
and hepatocytes were isolated as previously described [14]. 
Cell viability was assessed by trypan blue exclusion [14]. 
Cell viability was used as an indicator for CCI4-induced 
toxicity. The initial viability of the hepatocytes was at least 
90% or they were discarded. Hepatocytes were diluted to 
2 x 106 live cells/mL, and 10-mL samples were incubated 
in 50-mL round bottom flasks at 37 ° in a Dubnoff metabolic 
shaking bath (100 oscillations/min) under an atmosphere 
of 95% 02/5% CO2 (carbogen). Each flask received either 
saline or CC14 (1, 5 or 10 mM final concentrations), and 
each incubation was performed in duplicate. Aliquots 
(200 #L) were removed at 1, 2 and 3 hr, and viability was 
measured. In addition to hepatocyte assays, microsomal 
P450 content and p-nitroanisole (pNA) O-demethylase, 
aniline hydroxylase and ethoxyresorufin O-deethylase 
activites were determined. After the initial perfusion with 
Krebs buffer (pH 7.4), a single lobe of each liver was 
ligated and removed. Upon removal, the lobe was blotted, 
weighed and immediately frozen in liquid nitrogen for 
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Fig. 1. Effect of CC14, l m M  (©) and 5raM (1~), on 
hepatocyte viability in sedentary ( - - - - )  and exercised 
( - - - )  rats. Control viability represents hepatocytes 
incubated with saline. The mean viability of saline controls 
for both exercised and sedentary groups was 93% at 0 
time. Each point is the m e a n - - S E M  of eight animals. 
Values for exercised rats were significantly greater 
(P < 0.05) from those of sedentary rats at all time periods. 

future analysis. Microsomes were isolated from each lobe 
as previously described [15]. 

The content of P450 was determined from the reduced 
carbon monoxide difference spectrum according to the 
method of Omura and Sato [16]. The metabolism of pNA 
was determined by measurement of the demethylated 
product, p-nitrophenol (pNP) [14]. The metabolism of 
ethoxyresorufin was determined by measurement of the 
fluorescent metabolite, resorufin, as outlined by Pohl and 
Fouts [17]. Aniline hydroxylase activity was determined 
through measurement of the metabolite, p-aminophenol 
(pAP) [18]. Protein content was determined by the method 
of Lowry et al. [19] using bovine serum albumin as the 
standard. Statistical analysis utilized Student's t-test or 
analysis of variance (ANOVA) as appropriate (P < 0.05). 

Results and Discussion 

Exercise had no effect on body weight, liver weight, liver 
to body weight ratio, hepatic microsomal protein levels or 
hepatocyte viability. There was no differencein the viability 
of hepatocytes from sedentary or exercised rats when 
comparing the saline controls at any time interval. The 
mean viability of saline controls for both exercised and 
sedentary groups was 93% at 0 time and was 72% at 3 hr. 
During the 3-hr incubation of i mM CC14 with hepatocytes 
from sedentary rats, a decline in cell viability to 46% 
(representing 64% of control) was measured, with maximal 
toxicity reached at 3 hr (Fig. 1). In contrast, hepatocytes 
from exercised rats had no decline in cell viability at any 
time interval (0-3 hr) with I mM CCi4 as compared to the 
saline control• Concentrations of 5 and 10 mM e e l  4 were 
incorporated into the study to determine if additional 
toxicity could be induced and if the cells exhibiting 
protection could be overwhelmed. No additional toxicity 
was found in either exercised or sedentary rats. For clarity, 
Fig. 1 only shows 1 and 5 mM CC14 since little additional 
effect was found with 10 mM CC14. This maximal result 
with these doses is similar to the effects of comparative 
concentrations (2.5 to 12.5 raM) of CC14 used in a previous 
study on lipid peroxidation and on viability indices of 
hepatocytes comparing carbogen to air [20]. 

The results for the microsomal studies are presented in 
Table 1. P450 levels declined 30% in exercised rats, from 
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0.900 to 0.607 nmol/mg protein. Sedentary rats metabolized 
pNA at a rate of 2.57 nmol pNP/mg protein/min, whereas 
the rate of metabolism of pNA in exercised rats was 1.78, 
a decline of 31%. No significant difference in metabolism 
of ethoxyresorufin between exercised (3.66 pmol/mg 
protein/min) and sedentary (4.05 pmol/mg protein/min) 
rats was found. Exercise caused a decline of 21% in the 
microsomal activity of aniline hydroxylase, with rates 
declining from 0.550nmol pAP/mg protein/min in 
sedentary rats to 0.433 in exercised rats. 

These results indicate that exercise is capable of inhibiting 
the metabolism of specific substrates. Along with decreased 
levels of P450, the metabolism of pNA and aniline 
was inhibited, whereas ethoxyresorufin metabolism was 
unaffected. Since exercise resulted in complete protection 
of hepatocytes at all CCI4 concentrations, it can be reasoned 
that the effect may be related to a decreased formation or 
increased elimination of the toxic metabolite. The 
mechanism for the activation of toxicity of CC14 has been 
determined to be a P450-mediated reduction to yield a 
trichloromethyl radical (-CC13), a short-lived reactive 
intermediate which covalently binds to macromolecules 
[21, 22]. Thus, since exercise was found to inhibit P450 by 
30% as well as inhibiting by 21% the metabolism of aniline 
(a substrate metabolized by the same P450 isozyme as CC14 
[23]), it is possible that the activation of CCI 4 to its toxic 
radical was decreased to a level which could be subsequently 
managed by intracellular free radical scavengers (e.g. 
superoxide dismutase and catalase) or by antioxidants (e.g. 
glutathione and vitamin E). Another possibility which 
cannot be overlooked is that exercise may stimulate the 
above described intracellular protective mechanisms. In 
this regard, it has been shown that acute bouts of exercise 
in trained or untrained rats can increase significantly hepatic 
catalase [24]. Since there was a complete reversal of 
the decreased viability usually associated with CC14 
hepatotoxicity, it is likely that several factors are involved 
in the protection. 

In other studies which have found that external factors, 
such as aging, diet, or smoking, could selectively modify 
xenobiotic metabolism [25-27], it was suggested that the 
effects were related to selective modification of specific 
isozymes of P450. The present results with exercise are not 
unlike those previous findings and indicate that exercise 
may selectively affect isozymes of P450. In this regard, 
ethoxyresorufin has been shown to be metabolized by 
P450IA1 [28], whereas aniline and CC14 are primarily 
metabolized by P450IIE1 [23]. Thus, P450IIE1 may be one 
of the more sensitive isozymes which responds to the effects 
of exercise. In addition, other isozymes may be involved 
since the metabolism of pNA was decreased (31%). The 
hypothesis that exercise may selectively inhibit specific 
isozymes of P450 is currently being investigated through 
quantification of specific forms of P450 mRNA following 
exercise. 

In summary, a substrate selective inhibition of hepatic 
metabolism was found in Fischer-344 rats which were 
exercised on a chronic basis. Microsomal metabolism of 
pNA and aniline was decreased, whereas metabolism of 
ethoxyresorufin was unaffected. Furthermore, chronic 
exercise using treadmill running provided protection from 
CC14 toxicity in hepatocytes incubated with this solvent. 
Although it was not directly determined, it appears that 
the metabolism of GEl 4 was decreased since the metabolism 
of aniline, a similar P450 isozyme substrate, was inhibited. 

* Correspondence: Myron Weiner, Ph.D., Department 
of Pharmacology and Toxicology, University of Maryland 
at Baltimore, School of Pharmacy, 20 North Pine St., 
Baltimore, MD 21201. 
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Comparison of the effects of selected monocarboxylic, dicarboxylic and 
perfluorinated fatty acids on peroxisome proliferation in primary cultured rat 

hepatocytes 

(Received 28 September 1990; accepted 22 January 1991) 

Administration of hypolipidemic agents and phthalate ester 
plasticizers to rodents increases hepatic peroxisome 
numbers and peroxisome-associated enzyme activities [1]. 
High fat diets [2] also cause peroxisome proliferation with 
an induction of the peroxisomal fatty acid fl-oxidation 
system, although the extent of the induction compared to 
xenobiotics is low. In contrast, metabolically stable 
perfluorinated carboxylic acids [3] and non-fl-oxidizable 
sulfur-containing fatty acid analogues [4] are potent 
peroxisome proliferators in vivo. Hepatic peroxisomal 
responses to xenobiotics may be mediated by interaction 
with a specific receptor(s) leading to increased synthesis of 
enzymes of the peroxisomal fatty acid/~-oxidation system 
[1, 5] or through a perturbation in lipid metabolism which 
initiates a cellular adaptive response leading to a 
proliferation of peroxisomes [6, 7]. Microsomal cytochrome 
P450IVA1 which mediates to- and (to-l)-hydroxylation of 
lauric acid (laurate hydroxylase, LH) is co-induced along 
with peroxisomal fatty acyl-CoA oxidase (FACO) by agents 
which cause peroxisome proliferation [8-10]. Dicarboxylic 
acids, products of the microsomal LH system, may be the 
proximal stimulus for hepatic peroxisome proliferation 
[6, 7]. 

To further our understanding of structural requirements 
for fatty acids in mediating peroxisome proliferation, we 
have evaluated a series of monocarboxylic, dicarboxylic 
and metabolically stable perfluorinated fatty acids of a 

chain length of 4, 8 and 10 carbons (C4, C8 and C10, 
respectively) for their induction of peroxisome-associated 
enzymes (LH and FACO) in cultured adult rat hepatocytes. 
Perliuorinated octanol was also examined to determine 
whether a carboxylic acid function is required for hepatic 
peroxisome proliferation. Clofibric acid was included as a 
positive standard for peroxisome proliferation [9, 11]. 
Structures and abbreviations of the fatty acid analogues 
used in this study are given in Table 1. A preliminary 
report of this work has appeared elsewhere [12]. 

Materials and Methods 

Materials. Biochemicals used were: clofibric acid (CPIB), 
DB, DO and DD (Sigma Chemical Co., St. Louis, MO), 
OA, DA, PFBA, PFOA, PFDA and PFOL (Aldrich 
Chemical Co., Milwaukee, WI), BA (Fischer Scientific, 
Cincinnati, OH), collagenase type IV (Cooper Biochemical, 
Malvern, PA), [1-t4C]lauric acid (58 mCi/mmol) (Amer- 
sham, Arlington Heights, IL), Nu-Serum (Collaborative 
Research Inc., Lexington, MA), Vitrogen (Collagen Corp., 
Palo Alto, CA) and Williams Medium E (Gibco, Grand 
Island, NY). Other biochemicals were obtained from the 
Sigma Chemical Co. Male Sprague-Dawley rats (225- 
325 g) were obtained from Harlan Sprague-Dawley, Inc. 
(Indianapolis, IN). 

Primary culture of hepatocytes. Hepatocytes were isolated 
from adult rats by the collagenase perfusion method as 


