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Changes in rat liver microsomal cytochrome
P-450 and enzymatic activities after the
inhalation of n-hexane, xylene, methyl ethyl
ketone and methylchloroform
for four weeks
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TOFTGARD R, NILSEN OG, GUSTAFSSON J-A. Changes in rat liver microsomal cyto­
chrome P-450 and enzymatic activities afber the inhalation of n-hexane, xylene, methyl
ethyl ketone and methylchloroform for :flour weeks. Scand j work environ health 7 (1981)
31-37. Groups of Sprague-Dawley rats were exposed, by inhalation, to n-hexane
(900 ppm, 3,240 mg/m3), xylene (600 ppm, 2,625 mg/m:!), methy11 ethyl ketone (800 ppm,
2,345 mg/m3) and methylchlorofolm (800 ppm, 4,345 mg/m3) :£or fuur weeks. Increased
liver weights and liver to body weight ratios were observed ~or all the ,solvents except
n-hexane. An ,increased in Vlitro formati'on of certain metabolites of all the investigated
substrates was found only illl the raits exposed to xylene. The in vitro microsomal
metabolism of biphenyl, benzo(a)'PY'rene, 4-androstene-3,17-d~one and 5a-androstane­
3a, 17ji-diol in combination wHh sodium dodecyl sullfate-polyacrylamide gel electro­
phoresis showed that n-hexane was wi1!hout effect on rat liver microsomal cytochrome
P-450 and that methyl ethyl ketone and mebhylc'hloroform depressed the formation of
two metabolites of androstenedione but did not alter the concentration of cytochrome
P-450 under the experimental e,onditions used. Xylene was shown to be a phenobar­
bital-like inducer of rat liver microsomal cytochrome P-450.
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Organic solvents are of great interest in
the field of occupational /health because of
their frequent use in d~fferenl1; types of
industrties.

H is now evident that effects such as
hepatotoxicity and carcInogenicity are the
results of metalbolic activation occurring
in the 'body. THis phenomenon has been
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shown for the hepatotoxicity and carcino­
genicity o'f carbon tetraclhlor'ide, chloro­
form, 'and trichloroethylene (2, 18, 30), the
carcinogenicity of dioxane (33), the hepato­
toxicity of ,caroon disulfide (5, 6, 17), the
leukemogenic effect of benzene (25), and
the neurotoxicity of n-hexane and methyl
n-butyl ketone (4, 27).

The enzyme system responsible for such
activation 1!hrough the formation of epox­
ides or other r€acllive meta'bolites is, in
most cases, the one dependent on liver
mi,crosomal cytochrome P-450. The activ­
ity of 1!his enzyme system, which consists
of separate isoenzymes with different sub­
strate specificities (12, 31), can be modu­
lated 'by exogenous factors, including ex­
posure to Qrganic solvents. This modula-
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tion may lead to an altered susceptibility
to the toxic effects of the solvent i1self or
to other environmental contaminants. An
inducing effect on liver microsomal cyto­
chrome P-450 in rats has been shown after
the inhalation of methylchloroform, ben­
zene, carbon tetrachloride, and trichloro­
ethylene (10, 20). On the other hand, both
methylchloroform and caT'bon tetrachlo­
ride have been reported to decrease the
liver microsomal content of cytochrome
P-450 When administered intragastrlically
(28, 32), and th'is finding underlines the
importance of using relevant adm~nistra­

tion routes in the evaluation of the hio­
logical effects of hydrocarbon solvents.

The present study was undertaken to in­
vestigate the effect of four commonly used
hydrocarbon solvents with widely dif­
ferent chemical structures, n...:hexane, xy­
lene, methyl ethyl ketone and methyl­
chloroform, on the liver microsomal cyto­
chrome P-450 enzyme system in the rat
after inhalation. Changes in the different
forms of cytodhrome P-4504 and in the in
vitro microsomal metabolism of biphenyl,
benzo(a)pyrene, and the steroids 4-andro­
stene-3,17-dione and 5a-androstane-3a,
17fi-diol were investigated.

Material and methods

Animals and experimental design

Male Sprague-Dawley rats weighing about
300 g were obtained from Anticimex
(Sweden). The rats were kept in cages 5 d
prior to treatment. They had free access
to water and food and were kept in a room
with controlled temperature and light (14
h light - 10 h dark).

Groups of four rats were exposed during
the light period of the day to solvent va­
pors [n-:hexane 910 ppm ± 240 (± SD)
(3,276 ± 864 mg/m3) and xylene 630 ppm
± 170 (± SD) (2,756 ± 744 mg/m3) in one
experiment and methyl ethyl ketone 760

4 The different cytochromes are referred to on
the basis of the species, tissue, subcellular
fraction, and molecular weight of the subunit
as characterized by sodium dodecyl sulfate­
polyacrylamide g,el electrophoresis. Thus,
RLvMc P-450so denotes rat liver micI"osomal
cytochrome P-450 with a subunit molecular
weight of about 50,000.
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ppm ± 200 (± SD) (2,229 ± 587 mg/m3)

and methylchloroform 820 ppm ± 130
(± SD) (4,451 ± 706 mg/m3) in another
experiment] 6 h each day, 5 d/week, dur­
ing four weeks. Control groups were ex­
posed to circulating air only. The an'imals
were killed by decapitation on the morning
of the day after the last exposure. No food
or drinking water was offered during the
exposures. Only water was allowed during
the 24 h preceding sacrifice.

Inhalation exposure

The rats were exposed in a glass des'icca tor
fitted with inlet and outlet tubing. The
volume of the desiccator was 21 1, and
an air How of 8 1 . mlin-1 wa's mainlta1ined
during the exposure. The desired composi­
tion of the exposure atmosphere was ob­
tained by the mixing of measured portions
of air and saturated solvent vapor. Every
2 h the exposure level was monitored from
0.2-ml air samples taken in the animal's
brea'thing zone with a prewarmed gas­
tight syringe. These samples were injec!ted
into a gas chromatograph (Varian Aero­
graph Series 1400). A calibra'tion curve was
constructed with the use of gas standards
containing known concentrations of the
solvent.

Preparation of liver microsomes

Rat liver microsomes were prepared as
previously described (31). The microsomes
were suspended and diluted in a 0.05 M
potassium buffer, pH 7.4, contalining
10-4 M ED'TA (etfuy1enediam'inetetraace­
'tate) to a final ,concentration of about 30
mg of mi'crosomal protein per milli'lliter.
The protein concentration was determined
by the method of Lowry (16), bovine se­
rum albumin be!ing used as the standard.

Microsomal enzyme assays

All enzyme assays were performed with
freshly prepared microsomes. The total
concentration of cytochrome P-450 was de­
termined from the reduced carbon monox­
ide difference spectrum (21).

The assays of the biphenyl and the ben­
zo(a)pyrene hydroxylase activities were
performed as descrIbed elsewhere (31). In
the high...:pressure liquid chromatographic'



separation of benzo(a)pyrene metabolites,
phenol fraction I and phenol fractiion II
were eluted with the same retention times
as 9-hydroxy- and 3-hydroxy-'benzo(a)py­
rene. Incubations with 4-(4-14C)andro­
stene-3,17-dione and 5a(4-14C)androstane­
3a,17fi-'diol were performed as described
earlier (3, 7).

Sodium dodecyl sulfate polyacrylamide
gel electrophoresis

The liver microsomes were diluted to a
concentration of 1 mg of protein per milli­
liter in 0.05 M sodium phosphate buffer,
pH 7.4, contain'ing 10-4 M EDTA. The mi­
crosomal suspensions were treated with
sodium dodecy'l. sulfate (SDS) [150 mg/mg
of prote'in (0.5 mmoIlmg of protein)] and
fi-mercaptoethanol [75 mg/mg of protein
(1.0 mmo'l/mg of protein)]. Electrophoresis
was perfoI1IIled on slalb g,els (model 220
Dual Veihical S~a'b Ge'l Electrophoresis
Cel]'!, BIO-RAD Laboratories, USA) with
the use of the diJSconitinuous buffer system
of Laemmli (14). 'I1he slalb gels contained
7.5 % acryIramli'de in 1!he separating gel
and had the dimensions 140 mm (m[gra­
fion dlstance) X 100 mm X 0.75 mm
(thikkness). Twenty sample wells were
loaded Wlitih 5 fl,g of protein each; 5 mA
was appHedper gel during s'taokling and
10 rnA per gel during separation. As
judged from the mobilities of the standard
proteins phosphorylase B (mol wt 94,000),
bovine serum a:lbumin (mol wt 68,000),
ovalbumin (mol wt 45,000), and carbonic
anhydrase (mol wt 30,000), the resolution
obtained during electrophoresis was suffi­
cient to distinguish differences of 500 in
the apparent molecular weights of the dif­
ferent types of liver microsomal cylto­
chrome P-450. The gels were stained for
protein at 60°C wirth 0.2,5 Ofo Coomassie
brilliant blue R-250 in water:ethanol:acetic
acid (5:5 :1) for 20 min and desta,ined over­
night at tihe same temperature in a'cetic
acid :ethanol:water (1.5:1:17.5).

The qualitative identification, based on
heme staining, of four different protein
bands, induced by either phenobaribital or
3-methylcholanthrene, as cytochrome P­
450s (RLvMc P-45050, RLvMc P-450iYh

RLvMc P-45055 and RLvMc P-45058) has
'been described e'1sewhere (31). Relative
quantitation of the amount of protein in

the different bands was performed by den­
siitometric scann'ing on a Beckman scan­
ning densitometer model R-112 at 500 nm
after the gels had been stained Wlith
Coomassie brilliant blue R-250. A linear
relationsh'ip between peak area and the
amount of protein applied has been re­
ported earlier (19).

Statistics

Student's t-test was used, and p-values of
less than 0.05 were considered significant.

Chemicals

The follOWing chemicals were purchased:
2-hydroxy1biphenyl, 4-hydroxybiphenyl,
ben:w(a)pyrene, and 5a-arrdrostane-3a 17II
dio'! from the Sigma Chemical Co, St L~ui~,
LA, USA; ethyl methyl ketone analytical
grade (ag) and n-hexane (ag) from E Merck,
Darmstadt, Federal RepUblic of Germany;
xylene from Aristar, BDH, Chemicals Ltd,
Poole, England; 1,1,I-trichloroethane from
Fisher Scientific Co, Fair Lawn, NJ, USA;
'bovine serum albumin (Fr, V) from Miles
Laboratories Ltd, Stokes Poges, England;
biphenyl from Merck-Schucardt, Munchen,
Federal Republic of Germany; 3-hydroxy­
biphenyl from ICN Pharmaceuticals Inc,
Plainview, NY, USA; [G-:lH]benzo(a)pyrene
(specific actiVity 26 Ci per mmo!) and 4­
(4-14C)androstene-3,17--d.ione (specific ac­
tiViity 0.06 Oi per mmol) from Radiochemi­
cal Centre, Amersha:m, England; and refer­
ence benzo{a)pyrene metaibol'ites from IIT
Research Insti1ute, Oh:icago, IL, USA. The
purity of the organic solvents was deter­
mined by gas chromatography. Xylene
contained 23 Ofo e'thy'l!benzene, 2 Ofo o-xy­
lene, 64.'5 % m-xylene, 10 % p-xylene, and
0.5 % toluene. 'I1he level of benzene con­
tamination wa's 4 ppm; 11 ppm of 1,1,2-tri­
chloroethane was found in the methyl­
chloroform.

Results

Of the organic solvents investigated, only
xylene sign'ificarrtly impaired the growth
of the rats during the four weeks' exposure
[35 ± 3 g (± SD) increase ,against 61 ± 2 g
for the con'tr'Ol group].

The effects 'On liver weight and the total
concentration of liver microsomal cyto-
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chrome P-450 are summarized in table 1.
Significantly increased liver weights and
liver to body weight ratios were observed
after exposure to all the solvents studied
except n~hexane. Xylene exposure caused
a 20 Ofo increase (not statistically signifi­
cant) lin the total concentration of cyto-

chrome P-4'50, while there was no increase
for the other solvents.

The SDS-polyacrylamide gel electro­
phoresis of liver m:icrosomes revealed no
significant changes in the different forms of
cytochrome P-450 after exposure to n-hex­
ane, methyl ethyl ketone or methyl-

Table 1. Effects of n-hexane, xylene, methyl ethyl ketone, and methylchloroform inhalation on rat
liver - Mean ± SO.

Liver weight nmoles P-450
Substance" Liver weight (g)

Body weigh mg microsomal protein

n-Hexane 11.3 ± 0.8 0.028 ± 0.0007 0.57 ± 0.13
Xylene 12.2 ± O.4!' 0.031 ± 0.0005" 0.70 ± 0.05
Control 11.2 ± 0.1 0.027 ± 0.0004 0.59 ± 0.12
Methyl ethyl ketone 11.5 ± 0.5" 0.029 ± 0.00081> 0.63 ± 0.05
Methylchloroform 11.7 ± 0.7i, 0.029 ± 0.00141> 0.56 ± 0.07
Control 10.2 ± 0.5 0.025 ± 0.005 0.59 ± 0.04

" The experimental rats were exposed to 900 ppm of n-hexane (3,240 mg/m'), 600 ppm of xylene (2,675 mg/m'),
800 ppm of methyl ethyl ketone (2,345 mg/m') or 800 pp m of methyl chloroform (4,345 mg/m') lor 6 h a day, 5 d a
week, during four weeks. The controls were exposed to circulating air only.

1> Significantly different from control (p < 0.05, N = 4).

Table 2. Hydroxylation of biphenyl and benzo(a)pyrene in rat liver microsomes after exposure to
n-hexane, xylene, methyl ethyl ke'tone and methylchloroform Mean ± SO.

Biphenyl (pmol meta- Benzo(a}pyrene"
Substance" bolite . mg protein-' . min-') (pmol metabolite' mg protein-' . min-')

2 - OH 3 - OH 4 - OH 9,10-0iol 4,5-0iol 7,8-0iol Phenol Phenol II Quinones

n-Hexane 66±7 < 30 1,210 ± 210 31 ±12 25±4 18±8 25±11 336±59 30±6
Xylene 96±6° 33±2 1,380 ± 50" 45±8" 84±8" 20±2 57±14 438±58 34±4 "
Control 53±10 < 30 1,050 ± 260 29±2 17±8 21±6 47±39 367±59 20±7

Methyl ethyl ketone 30±5 32±12 1,030 ± 165 23±2° 47±8 17±3 110±25 284±44 " 22±9
Methylchloroform 22±5 c < 30 760±155 c 19±6" 36±6 13±4 52±12 252±62" 14±3
Control 32±6 < 30 1,030 ± 70 35±4 41±8 16±3 76±23 384±49 20±8
-- -~~--~- .- ------- -----

" The experimental rats were exposed to 900 ppm of n-hexane (3,240 mg/m'), 600 ppm of xylene (2,675 m~/m'), 800
ppm of methyl ethyl ketone (2,345 mg/m'), or 800 ppm of methylchloroform (4,345 mg/m') for 6 h a day, 5 d a week,
during four weeks. The controls were exposed to circulating air only.

1> Abbreviations: 4,5-diol: trans-4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene; 7,8-diol: trans-7,8-dihydroxy-7,8-dihydrobenzo­
(a)pyrene; 9,10-diol: trans-9,10-dihydroxy-9,10-dihydrobenzo(a}pyrene.

c Significantly different from control (p < 0.05, N = 4).

Table 3. Metabolism of 4-androstene-3,17-dione and 5a-androstane-3a, 17P-diol in rat liver micro­
somes after exposure to n-hexane, xylene, methyl ethyl ketone and methylchloroform - Mean ±
SO.

4-and rostene-3,17-d ione
(nmol metabolite' mg protein-' . min-')

5a-and rostane-3a,17/I-d iol
(nmol metabolite' mg protein-' . min-')

Substance"

7a - OH 6f! - OH 16 - OH
2a,3a,17;'1- 2;'1,3«,17;'1- 3a,7",17/1- 3a,7/1,17;'1- 3«,17/1,18-

triol triol triol triol triol

n-Hexane 0.22±0.03 1.40±0.10 0.80±0.11 0.71 ±0.05 0.25±0.05 0.25±0.04 0.12±0.08 0.30±0.01
Xylene 0.26±0.07 1.42±0.19 1.33±0.18" 0.54±0.03h 0.22±0.05 0.24±0.02 0.13±0.01 h 0.35±0.01 h

Control 0.20±0.03 1.22±0.18 0.84±0.07 0.83±0.11 0.22±0.04 0.27±0.03 0.11 ±0.01 0.30±0.02
~~.,~._.~ "T' ·,.F

Methyl ethyl ketone 0.24±0.01" 1.06±0.06" 0.68±0.07" 0.90±0.18 0.45±0.09·' 0.36±0.06 0.14±0.02 0.38±0.07
Methylchloroform 0.18±0.01 0.82±0.13" O.45±O.O3" 0.75±O.03 0.28±0.06 0.30±O.O2 0.10±0.02" 0.29±0.06
Control 0.17±0.03 1.32±0.19 0.85±0.10 0.78±0.12 0.28±0.06 0.36±0.03 0.14±0.02 0.34± 0.01

" The experimental rats were exposed to 900 ppm of n-hexane (3,240 mg/m'), 600 ppm of xylene (2,675 mg/m'), 800
ppm of methyl ethyl ketone (2,345 mg/m') or 800 ppm of methyl chloroform (4,345 mg/m') for 6 h a day, 5 d a week,
during four weeks. The controls were exposed to circulating air only.

1> Significantly different from control (p < 0.05, N = 4).
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chloroform, while increases in two forms
were noted after exposure to xylene. Rel­
ative quant'ita1Jion of these forms by den­
sitometric scanning revealed a 100 % in­
crease in RLvMc P-45050 and a 35 % in­
crease in RLvMc P-45054•

Following exposure to xylene, signifi­
cant increases were noted in the in vitro
liver microsomal metabolism of biphenyl
to 2- and 4-hydroxY'biphenyl (tahle 2). n­
Hexane and methyl ethyl ketone had i10

significant effects, while methylchloroform
reduce~ the formation ad: 2- and 4-'hy­
droxyblp1lenyl. The formation of 4,5-dihy­
droxy-4,5-dihydrobenzo(a)pyrene from
'benzo(a)pyrene was selectively increased
five times after exposure to xylene, and
t~e formation of 9,10-dihydroxy-9,10­
dlhydrobenzo(a)pyrene was increased by
50 % (tab'le 2). Exposure to methyl ebhyl
ketone and methylchloroform Significantly
decreased the formation of both 9,10-di­
hydroxy-9,1O-dihydrobenzO'(a}pyrene and
phenols in phenol fraction II. Exposure to
n-hexane did not affect the liver micro­
somal metabolism of benzo(a)pyrene.

The effects of solvent exposure on the
liver microsomal metabolism of 4-andro­
stene-3,17-dione and 5a-androstane-3a
17,8-diol are shown in table 3. The forma~
tion of 16-hydroxylated androstenedione
metabolites increased 60 % fonowing ex­
posure to xylene. ThIs phenomenon was
mainly due to an increased formation of
16-ketotestosterone, as demonstrated by
gas chromatography/mass spectrometry.
Exposure to methyl ethyl ketone increased
the formation of 7a-hydroxyandrostene­
dione but decreased the formation of both
6,8...Jhydroxyandrostenedione and 16-hy­
droxyandrostenedione. Exposure to meth­
y1chloroform also decreased the f,ormation
of ,the two latter metabolites. No effects
were observed following the exposure to
n-hexane.

Exposure to xylene increased the in vitro
liver microsomal formation of 5a-andro­
stane-3a,7p,17v5'-ttiol and 5a-androstane­
3a,17,8,18-triol and decreased the forma­
tion of 5a-androstane-2a,3a,17,8-triol from
5a-androstane-3a,17fJ-diol. Methyl ethyl
ketone increased the formation of 5a­
androstane-2fJ,3a,17,8-triol, while methyl­
chloroform reduced the formation of Sa­
androstane-3a,7,8,17fJ-triol. No effects

were observed follOWing the exposure to
n-hexane.

Discussion

The results of this study and another re­
cent study by Savolainen et al (26) imply
that aromatic hydrocaflbon solvents such
as xylene are potential inducing agents for
cytochrome P-450 and cytochrome P-450­
dependent reactions in the liver. This as­
sumption is also supported by the Similar
effects of toluene on cytochrome P-450 (re­
sults to be published). Methyl ethyl ketone
and me'thylchloroform do not seem to in­
fluence the total amount of liver micro­
somal 'cytochrome P-450 significantly, but
they tend to depress some cytochrome P­
450 dependent reactions. Although n­
hexane did not influence either the liver
microsomal cytochrome P-450 or any of
the ,cytochrome P-450-mediated reactions
investigated, an induction of cytochrome
P-450 has been reported after the exposure
of mice to a higher dose during a short
period of time (13). Similar results have
also been reported with respect to the
effects of me'thylchloroform on rats (10).
These findings may suggest a dose-de­
pendent influence of n-hexane and methyl­
chloroform on cytochrome P-450, and they
indicate the importance of the length of
exposure. The inducing capacity of xylene
may partly be due to the large uptake of
xylene in comparison to the uptake of
methylchloroform and aliphatic solvents
(1, 29).

SDS-polya'Crylamide gel electrophoresis
revealed that xylene induced RLvMc P­
45050 and RLvMc P-45054, which are the
same cytochrome P-450 forms that are
induced to the greatest extent by pheno­
barbital (31). Furthermore, both xylene
and phenobarbital increased the formation
of 2- and 4-hydroxyb'iphenyl. Phenobarbi­
tal increased the formation of 4,5-dihy­
droxy-4,5-d~hydrobenzo{a)pyrene more
than tenfold (31), while xylene increased
the formation of this metabolite f'ivefo'ld.
The metaboiism of androstenedione and
androstanediol was also affected in a sim­
ilar manner following exposure to xy­
~en~ or phenobarbital. These data strongly
mdlcate that xylene is a phenobarbital­
like inducer of liver microsomal cyto-
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chrome P-450 in the rat. Methyl ethyl ke­
tone, methylchloroform, and n-hexane did
not cause any detectable induction either
in the total amount of liver microsomal
cytochrome P-450 or in the multiple
forms, as demonstrated by SDS-polyacryl­
amide gel electrophoresis. No increases
were detected in the formation of the dif­
ferent metabolites of biphenyl or benzo{a)­
pyrene. However, methyl ethyl ketone
and met'hylchloroform reduced the meta­
bolism of the two mentioned substrates
to some extent.

Since cytochrome P-450 metabolizes
endogenous substrates such as steroids, an
induction of liver microsomal cytochrome
P-4'50 may cause endocrine disturbances
(22, 24). Whether the increased in vitro
formation of 16-hydroxy-androstenedione
after xylene exposure or the decreased
formation of 1!he same metabol'ite after
methyl ethyl ketone and methylchloroform
exposure are relevant for the in vivo
situation remains to be established. It may
be noted that reproduction disturbances
have been reported in men exposed to
organic solvents (8).

The induction of hepatic cytochrome
P-450 by xylene has several toxicological
implications. An increased metabolism of
xylene j'tself with an increased formation
of p-tolualdeihyde from p-xylene can lead
to the destruction of lung microsomal
cytochrome P-450 after transport of the
metabolite to the lung, as proposed by
Patel et al (23). The increased formation
of 4,5-dihydroxy-4,5~dihydrobenzo{a)py­

rene implies an accelerated formation of
the mutagenrc 4,5-epoxy-4,5-dihydrobenzo­
(a)pyrene (15). The toxicological impor­
tance of this metabolite may be question­
able, however, in view of recent reports
on the efficient deact'ivation of this com­
pound by epoxide hydrase and gluta­
thione-S-transferase (11, 34). In contrast
further metabolism of 7,8-dVhydroxy-7,8­
dihydrolbenzo(a)pyrene can lead to the
formation of the very potent carc'inogen
and mutagen 7,8-dihydroxy-9,10-epoxy­
7,8,9,10-tetrahydrobenzo{a)pyrene (15).
When animals given phenobarbital are
exposed to n"':hexane, an increased forma­
tion of 2~hexanol occurs (9) and probably
leads to an ac'celerated production of the
neurotoxic metaJbolite 2,5-hexanedione.
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The hepatotoxicity of trichloroethylene
and the covalent binding of trichloro­
ethylene metabolites to DNA (deoxyribo­
nucleVc add) increase after pretreatment
with phenobarbital (2). Since xYilene is
shown to be a phenobarbital-like inducer,
it is reasonable to assume that synergistic
toxic effects may occur upon simultaneous
exposure to xylene and other solvents.
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