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Induction of liver microsomal mixed-function oxidases by volatile hydrocarbons*

(Received 24 September 1974 accepted 19 March 1975)

Within the past decade. numerous reports have been con-
cerned with environmental factors which modify drug acti-
vity and toxicity in experimental animals. For example,
the insccticides DDT and chlordane have an inductive
effect on the microsomal drug-metabolizing cnzymes. lead-
ingtoanenhanced oxidation of various drugs in therat [1, 27.
Ferguson [3] reported a decrease in the hexobarbital and
pentobarbital sleeping times in mice housed in red cedar-
chip bedding. One year later. Vesell [4] observed a 2- to 3-
fold induction of drug-metabolizing enzymes in mice and
rats placed on softwood bedding (white pinc. red cedar
or ponderosa pine); this inductive effect was reversed when
the animals were switched to hardwood bedding (maple.
birch. beech). or when the red cedar bedding was extracted
with hexane. Extraction of cedarwood with diethyl cther
resulted in the isolation of cedrol and cedrene. which were
the agents responsible for enhanced drug metabolism [5].
Jori et al. 6] found that eucalyptol, a component of cssen-
tial oils, increased N-demethylation of aminopyrine, O-
demethylation of p-nitroanisol and para-hydroxylation of
aniline in female rats.

Since our laboratory is concerned with mixed-function
oxidationreactionsandsince a new animal room deodorizing
agent (TRAILY) is becoming widely used and is being con-
sidered in our animal care facilities. studies were designed
to determine whether the constituents of this agent had
any inductive cffects on the hver microsomal mixed-func-
tion oxidase system of rats and rabbits. thereby subsc-
quently altering drug metabolism and modifying drug acti-
vity and toxicity.

Animals. Male ARS Sprague-Dawley rats (125 150 g)
from Madison, Wis. and male New Zealand white rabbits
(15 to 20 kg) from Ancare, Long Island were used in
the experiments. All animals had free access to Purina
laboratory chow and tap water at all times. The animals
were housed in stainless stecl suspended wire-bottom cages:
underneath cach cage was a waste product collection tray.
In the experimental groups. 4 oz. of the deodorizing agent
concentrate, TRAIL. was diluted with 1 gallon of water
and placed into cach collection tray to a depth of one-half
inch. as suggested by the manufacturer. The diluted con-
centration of TRAIL was 50 per cent of the manufacturer’s
recommended usage. The control groups were housed in
different animal rooms in the absence of the deodorizing
agent. The solution was changed every other day through-
out the cxperimental period. Ventilation in all rooms
resulted in 14 complete air changes per hr. Exposure of
the experimental animals to the deodorizing agent was for
periods of 1, 2. 4. 7 and 14 days. No deaths were observed
throughout the periods of exposure. At the end of cach
period. both control and experimental rabbits and rats
were sacrificed by decapitation.

Rats were also given intraperitoncally various quantities
of a-terpineol or isobornyl acetate, two volatile com-
ponents of TRAIL. These two volatile hydrocarbons were
generous gifts of Pharmacal Research Laboratoriecs. Con-
trol groups were injected with cquivalent volumes of
warmed isotonic NaCl.

In Tables 1 and 2. the control groups consisted of a
total of 15 rats. 3 from each of the days of treatment.
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Since the values of the control rats used for days 1. 2
4. 7 and 14 did not differ significantly [rom onc another.
they were combined and represent the means for 15 rats.

Preparation of microsomes. After decapitation. livers were
removed and treated as described previously [7]. The livers
were homogenized in 5 vol. of cold 0-25 M sucrose with
a glass- Teflon homogenizer; microsomal fractions were
prepared by the CA™ “-sedimentation procedure described
previously [8]. Identical results were obtained from micro-
somes prepared by the classical differential ultracentrifuga-
tion method [9].

Enzyme assays. Fach drug-metabolizing reaction mixture
contained the following components: Tris- HC1 buffer (0-2
M), pH 7-5. NADP* (0-4 mM). isocitric acid (80 mM).
MgCl, (50 mM). isocitric dehydrogenase (15 pg/ml, Sigma
Type 1V), microsomal protein (I mg/ml) and cither ethyl-
morphine or aminopyrine (80 mM) in a final volume of
3-0 ml. Incubations were carried out acrobically with shak-
ing at 37" for 8§ min in a Dubnoff metabolic shaker.

Aminopyrine and ethylmorphine N-demethylation were
determined from formaldehyde production according to
Schenkman et al. [10]. Formaldehyde standard was carried
throughout the procedures with each assay and permitted
quantification of the enzymic activitics.

Cytochromes hg and P-450 were measured with the
Aminco DW-2 dual wavelength recording  spectro-
photometer as described by Omura and Sato [11]. Spectral
changes produced by the addition of substances to suspen-
sions of liver microsomes were also recorded on the same
spectrophotometer. NADPH cytochrome ¢ reductase acti-
vity was measured by the method of Phillips and Langdon
[12], whereas NADPH cytochrome P-450 reductase acti-
vity was measurcd as described previously [13]. Protein
concentrations were determined by the method of Lowry
et al. [14]. Lineweaver Burk kinetic plots [15] were deter-
mined by the method of least squares.

NADP™, trisodium isocitrate. isocitric dehydrogenase
and cytochrome ¢ were purchased from Sigma Chemical
Co. Aminopyrine was obtained from Aldrich Chemical Co.
and ethylmorphine from Mallinckrodt Chemical Works.

Based on carlicr reports that the drug-metabolizing
enzymes in liver microsomes of mice and rats were induced
by softwood bedding [4.5]. we determined whether the
mixed-function oxidase system of rats and rabbits housed
in animal quarters treated with a new deodorizing agent
(TRAIL) was affected by this agent. Male rats were placed
in quarters which contained the deodorizing agent for a
period ranging from | day to a maximum of 14 days. A
number of hepatic microsomal paramecters were studied
after 1. 2.4, 7 and 14 days of treatment. As scen in Table
1. a statistically significant increase in the content of both
cytochromes P-450 and b5 occurred after 4 days of expo-
sure to the volatile agent. The cytochrome P-450 content
was increased to 0-56 nmole/mg of microsomal protein (33
per cent stimulation); similarly. the cytochrome b5 content
was stimulated 34 per cent after 4 days. After 14 days
of treatment. a further increase in the content of both
hemo-proteins (P-450 and bg) was observed, reaching 95
and 57 per cent respectively. Interestingly, the clectron-
transferring flavoprotein. NADPH cytochrome ¢ reductase.
did not show a significant incrcase in activity until the
rats were exposed to the agent for 7 days. Similarly, both
aminopyrine and ethylmorphine demethylation activitics
were enhanced only after 7 days of exposure. Furthermore.
the percentage increase in drug-metabolizing enzyme ac-
tivities  paralleled the favoprotein  reductase  activity
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Table 1. Effect of treatment of animal care rooms with a volatile hydrocarbon-containing disinfectant agent on some
hepatic microsomal parameters in male rats*

Days of treatment

Parameters Controls t 2 4 7 4
Cytochrome hs contentd 035 + 002 040 + 004 045 + 003 47 £ 002} 052 + 0022 055 + 002§
Cytochrome P-4350 content? 042 + 003 0-46 + 0-03 051 + 004 0-56 + 0023 076 + 003§ 082 + 0034
NADPH csviochrome ¢ reductase® 49 + 2 48 + 2 5543 5244 74+ 3 79 + 48
Aminopyrine N-demothylase ™ 34+ 05 37 403 33 =05 42+ 04 49 + 021 564+ 01
Ethylmorphine V-demothylase™® 403 34+ 04 36« 08 45 4+ 02 54 4 028 57 4 01

* Procedures and assays were as described in Methods. Values represent means + S. E. for eight animals; control
values are for 15 rats {three per day of trcatment; no significant differences were found between control groups).

+ nmoles per mg of microsomal protein.
1P < 005,

§P < 001

i P < 0001,

* nmoles cytochrome ¢ reduced per mg of microsomal protein per min.
** nmoles formaldchyde formed per mg of microsomal protein per min.

through 14 days of trecatment. The NADPH cytochrome
P-450 reductase activity measured in two control rats was
44 and 51 nmoles P-450 reduced/mg of microsomal pro-
tein/min (three measurcments per rat). increasing to 68
and 59 nmoles/mg/min in two rats exposed to the agent
for 4 days. Averaging the two values in each group showed
a 34 per cent increase in reductase activity similar to that
observed with cytochrome P-450. After 14 days of treat-
ment, the reductase activity had increased to 84 per cent
above the control activity (81 nmoles/mg/min),

When rabbits were similarly treated with the same agent
(Table 2). none of the hepatic microsomal parameters mea-
sured differed significantly from those of the controls. Even
after 14 days of treatment, neither cytochrome P-450 con-
tent nor that of its reductase differed from control values.
Surprisingly. rabbit hepatic microsomal ethylmorphine N-
demethylase activity was only one-fourth the aminopyrine
demethylation activity. Bend ef al. [16] have reported a
2-fold difference between N-demthylation of aminopyrine
{6-6 nmoles/mg/min) and ethylmorphine (3-5 nmoles/mg/
min): however. when the absolute activities reported by
Bend et al. [16] were compared with our values. their
aminopyrine and cthylmorphine demethylation activitics
were 3- and 7-fold higher respectively, Gillette and Gram
[17] reported, in male rabbits, a microsomal ethylmorphine
N-demethylase activity of 40 nmoles/min/mg. However.
Holtzman et al. [18] did obtain cthylmorphine demethy-
lase values (0-85 nmole/min/mg of microsomal protein)
similar to ours, using smooth microsomes from adult male
rabbits. Comparing NADPH cvtochrome ¢ reductase acti-
vity in control rabbits. we found only 33 nmoles cytoch-
rome ¢ reduced per min per mg of microsomal protein,
whereas Bend ef ol [16] and Gillette and Gram [17]
obscrved approximately five times higher activity. How-
cver, the cytochrome P-450 content reported [16, 17] was
not different from our value of about 1-2 nmoles/mg of

protein. Hence the demethylase activity appears to parallel
the reductase activity,

The agent {TRAIL) which was exposed to the rats and
rabbits was found to contain three volatile hydrocarbons.
two of which belong to a class of organic compounds
designated “terpenes.” a term referring strictly to hydrocar-
bons of the composition C  H,,. The two terpenes (Fig.
1). a-terpineol and isobornyl acetate, are monocyclic and
bicyclic compounds. respectively, whose carbon skeletons
are constructed of two isoprene units, joined in the follow-
g way:

C C
\C—-C——«C o CMJTMC—C

V4

C
Both compounds apparently interact with the hepatic mic-
rosomal mixed-function oxidase system. as cvidenced by
the type I spectral change obtained upon addition of each
terpene to a microsomal suspension (Fig. 1). This was not
surprising. since camphor, a terpene closely related to iso-
bornyl acetate, is a well known substrate of the bacterial
(Pseudomonas putida) cytochrome P-450 (P-450,,.) enzyme
system [ 19, 20].

If indeed both a-terpineol and isobornyl acetate are sub-
strates of the hepatic microsomal mixed-function oxidase
system, then a competitive inhibition should be observed
when two substrates of the enzyme system are simul-
taneously present. Such an inhibition is depicted in Figs.
2 and 3. Both iscbornyl acetate and x-terpineol increase
the apparent K, without affecting the ¥, (4-8 nmoles/min/
mg of microsomal protein). In the absence of either ter-
pene. the apparent K, for aminopyrine N-demethylation
was 0:29 mM ; in the presence of 100 uM isobornyl acetate,
the apparent K,, increased to 063 mM (Fig. 2), while in
the presence of 110 M x-terpineol a S-fold increase in

Table 2. Effect of treatment of animal care rooms with a volatile hydrocarbon-containing disinfectant agent on some
hepatic microsomal parameters in rabbits*

Days of treatment

Pararmeters Controls 2 4 7 14
Cytachrome b content? 66 + 003 469 + 004 462 + 005 073 3 006 059 4+ 006 057 ¢ 006
Cxtochrome P-350 contentd 17+ 013 148 + 015 102 4 009 142 + 016 093 + 018 149 + 018
NADPH cytochrome ¢ reductased x4 2548 28 + 4 RLE PN R
Aminopyrine N-demethylase§ 19+ 02 19+ 02 20402 4+ 04 6+ 03 17 403
Ethylmorphine N-demethylascy 052 + 003 0-55 + 001 047 + 004 051 + 003 045 + 002 052 + 003

* Procedures and assays were as described in Methods. Values represent means + S. E. for six animals; control
values are for 15 animals (three per day of treatment; no significant differences were found between control groups).

+nmoles per mg of microsomal protein.

i nmoles cytochrome ¢ reduced per mg of microsomal protein per min,
§nmoles formaldehyde formed per mg of microsomal profein per min,
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Fig. 1. Isobornyl acetate- and o-terpineol-induced type 1
spectral changes in control rat liver microsomes. Liver mic-
rosomes from adult male rats were suspended to 2-7 mg
protein/ml in 0-1 M Tris-HCI (pH 7-4) and were distributed
between two cuvettes: the cytochrome P-450 concentration
was 1-13 uM. Curve A: 10 ul isobornyl acctate (1-7 mM.
final concentration) was added to the sample cuvette. while
an equivalent volume of Tris buffer was added to the refer-
ence; curve B: 20 ul isobornyl acetate (3-4 mM. final con-
centration); curve C: addition of 10 gl x-terpineol (1-7 mM,
final concentration) to a new suspension of microsomes
containing 2-7 mg protein/ml. Both terpenc compounds are
similar in structure in that. excluding the acetate moiety.
a-terpincol is an isomer of isoborneol.

the K,, (14 mM) was observed. These data suggest that
a-terpineol has a greater affinity for the microsomal
enzyme system than does isobornyl acetate. This is also
suggested by the data in Fig. | in which curve A represents
the type I spectral change that follows the addition of 17
mM isoborny! acetate and curve C represents the same
spectral change obtained with the same concentration of
2-terpineol.

In an attempt to determine which volatile component
of the commercial product was cnhancing the content of
cytochrome P-450 and the activities of NADPH cyto-
chrome ¢ reductase and N-demcthylase, various con-
centrations of each terpenoid compound were injected in-
traperitoneally for 3 days (Table 3). Surprisingly. rats
treated with a-terpineol did not have higher aminopyrine
or ethylmorphine N-demcthylase activities: instead. there
was a tendency toward lower cytochrome bs and cytoch-
rome P-450 content and decreased N-demethylase activi-
ties. Increasing the administered dose of x-terpineol above
80 mg/100 g of body weight resulted in the death of the
animal. On the other hand. a 100-mg dose of isobornyl
acetate per 100 g of body weight caused a 2-5-fold increase
in cytochrome P-450 content, a 2-6-fold increase in both
N-demethylase activities and a 2:0-fold increasc in
NADPH cytochrome c reductase activity. Further evidence
suggesting that isobornyl acetate is responsible for the in-
duction of the microsomal mixed-function oxidase system
was provided when a solution of TRAIL. with isobornyl
acetate left out, was injected intraperitoneally for 3 days
at concentrations ten times the manufacturer’s recom-
mended use; both the mixed-function oxidase activities and
the cytochrome P-450 content did not differ from those
seen in untreated rats.
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Fig. 2. Effect of isobornyl acetate addition on aminopyrine
N-demethylation. Linewcaver-Burk plot of the cnzyme
activity in the presence of 25 M. 100 M or no isobornyl
acetate. Both the inhibitor and substrate were present in
the assay medium. which was preincubated for 5§ min at
377 to generate NADPH from (-5 mM NADP™. The reac-
tion was initiated by addition of microsomes (I mg/mi)
to the medium and the incubation was continued for ¥
min at 377, Activity is expressed as nmoles HCHO per min
per mg of microsomal protein. The K,, (mM) values in
the presence of 0. 25 and 100 uM isobornyl acetate were
0-29. 0-48 and 0-63. respectively, as determined by the
method of least squares. The ¥, was 48 nmoles/mg/min.

max

The third volatile hydrocarbon component of TRAIL,
isopropanol. had no inductive cffects when administerd in-
traperitoneally at concentrations ranging from 10-200
mM: when isopropanol was omitted from the TRAIL solu-
tion. induction still occurred. The concentration of isopro-
panol in TRAIL after dilution was 25 mM.

The results reported here suggest that at least one of
the volatile hydrocarbons. isobornyl acctate, induces the
hepatic microsomal mixed-function oxidase system. This
is not surprising, since Vesell [4] had suggested the possi-
bility of enzyme induction by terpenoid compounds. Wade
et al. [5] showed that two volatile hydrocarbon consti-
tuents of cedarwood. cedrene and cedrol, were cffective in-
ducers of microsomal enzymes via the inhalation route of
administration. The fact that «-terpineol did not induce
the mixed-function oxidase system is. however, rather sur-
prising, since y-terpineol is simply an isomer of isoborneol.
the latter obtained by cleavage of the acetate ester. Fur-
thermore, Jori et al. [6] reported that eucalyptol (cineole).
another isomer of z-terpineol, administered via the inhala-
tion route was found to increase the metabolism of amino-
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Fig. 3. Effect of z-terpineol addition on aminopyrine N-
demethylation. Lincweaver-Burk plot of the enzyme acti-
vity in the presence of 40 uM. 110 yM or no z-terpineol.
Conditions were (and activity was cxpressed} as in Fig.
2. The K,, (mM) values in the presence of 0, 40 and 110
uM z-terpineol were 0-29, 0-36 and 1-42 mM. respectively.
as determined by the method of least squares. The I
was 4-8 nmoles/mg/min.

max
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Table 3. Effects of intraperitoncal administration of x-terpineol and isobornyl acetate on the induction
of the liver mixed-function oxidase system in male rats*

z-Terpincol Isobornyl acctate
Parameters Control A B C D
Cytochrome hg content® 0-31 = 003 16 + 004 015 + 0:04 0-58 + 0-03% 058 + 0-04%
Cytochrome P-450 content 0-40 + 04 042 + 005 029 = 003 0-67 + 0-04% 097 £+ 005§
Aminopyrine N-demethyluse 41 + 04 30 4+ 05 26 + 06 66 + (3% 10-7 + 05§
Ethvimorphine N-demethylase 45+ (3 38+ 03 32403 71+ 058 115 + 068
NADPH cytochrome ¢ reductaset 43 12 42 +2 46 + 3 61 + 3 86 + 33

% Each group of four male rats was injected with various concentrations of x-terpineol or isobornyl
acetate for 3 days. A and B 40 and 80 mg x-terpineol/100 g of body weight respectively: C and
D. 50 and 100 mg isobornyl acetate/100 g of body weight. Values represent mean + S. E.

+ nmoles per mg of microsomal protein.
TP < 00l
§P < 0-00L.

| nmoles formaldehyde formed per mg of microsomal protein per min.
4 nmoles cytochrome ¢ reduced per mg of microsomal protein per min.

** P < 0-05.

pyrine, p-nitroanisol and aniline in vitro. Although. a-ter-
pincol does not induce the mixed-function oxidase system.
it interacts with the latter, as cvidenced by the intense type
I spectral change and the competitive inhibition of amino-
pyrine N-demethylation.

Based on these results and others, once again. one can-
not over-emphasize the importance of the controlled
chemical-free environment in which experimental animals
are housed. Without such controls. data obtained from
studies concerning kinetics of drug metabolism. induction
of the cnzyme system by various xenobiotics, the
mechanism of induction. and the purification and reconsti-
tution of the drug-metabolizing enzyme system would be
meaningless.

Departments of Pharmacology and Dominick L. CinTi
Laboratory Animal Care. MARY ANN LEMELIN
University of Connecticut Health Center.  JaAYy CHRISTIAN
Farmington. Conn. 06032. U.S.A.
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Perifused fat cells—Kinetic analysis of epinephrine-stimulated lipolysis

{Received 18 October 19742 accepted 25 April 1975)

Many reports have appeared demonstrating that epineph-
rine increases the rate of hydrolysis of triglyceride in adi-
pose tissue. presumably by activation of triglyceride lipase
[1.2]. Recently, a perifused fat cell system has been de-
scribed which allows for continuous monitoring of the
changes in lipolytic activity in isolated fat cells and pro-
vides a technique by which the kinetics of these changes
can be observed [3]. Based on results from this system,
a kinetic model has been constructed which describes the

increase in lipolytic rates after the addition of epinephrine
(107° M final concentration) and the decrease in lipolytic
rates after cessation of the hormone.

It was assumed that sufficient triglyceride exists within
the cell to completely saturate the lipase enzymes. Based
on this assumption. the rate of glycerol production was
taken to be proportional to the amount of activated lipase
present in the fat cells. One unit of lipase enzyme was
defined as that amount which produced | nmole glycerol/



