_Hélogenaied hydrocarbon

Solvents’).

1533 Chloroform ¥

. J993 Carbon tetrachloride ;'
BPTTENTO : s :

% 251 ()

; 3 ,A,;,w;v.ﬁ%,“—ci;g o
1,2-Tetrafluoroethane
1,2-Dibromomethane
¢ Ethylene dibromide
:1953:Vinyl chloride -
jq93 Vinyl bromide
(493 Trichloroethylene

h

: Anesthetics

.Halothane j

- DR-0J31 A= | :
: K,%'qgté“ .‘.“ mity
Rl Roger O. McClellan |

APR 12 1893 oo TR SR

L g g

Dow Chemical-1803

Do i “0‘-‘1“)}5- -_:1'.,,(
Vol
et .

SI80SLS%BY




Crtttead Reovioas on Toucology, 23000 1T=20 (1903

: Bioactivation of Halogenated Hydrocarbons
by Cytochrome P4502E1

Judy L. Raucy* ;

Toxicology Program, College of Pharmacy, University of New Mexico, Albuquerque, NM 87131

James C. Kraner

Department of Pharmacology and Toxicology, College of Pharmacy, University of Arizona,
Tucson, AZ 85721

Jerome M. Lasker

Afcohol Research and Treatment Center, Bronx Veterans Administration Medical Center and Mt.
Sinai School of Medicine, Bronx, NY 10468

* To whom all « porwdence should be add 4

. g,
IR st -

) ABSTRACT: Numecrous halogenated hydracacbons of the alkane, alkene, and alkyne classes are metabolized

el . ¢+ by P450 cnzymes to products that clicit cytotoxic and/or carcinogenic effects. Such halogenated hydrocarbons - -

. include anesthetics (¢.p.. halothanc and enflurane) and industrial solvents (¢.g., carbon tetrachloride, chloroform,
and vinylidine chloride). Formation of reaction intermediates from these compounds oceurs via P450-promoted
dehalogenation, reduction, or reductive oxygenation, with certain hydrocarbons undergoing all three reaction
types. Of the multiple forms of P450 preseat in liver microsomes, P4502E] has been identified as the primary
catalyst of hydrocarbon bioactivation in animals and, most likely, in humans as well. As hepatic concentrations
of this P450 enzyme are highly inducible by ethanol and similar agents, prior exposure to 2El-inducing com-
pounds can play a pivotal role in halogenated hydrocurbon toxicity. Considering that metabolism governs the
cytotoxicity and carcinogenicity of halogenated hydrocarbons, an understanding of the mechanism(s) underlying
2E1 induction in man becomes all the more important.

KEY WORDS: P4502E1, P450, bioactivation, halogenated hydrocarbons.
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stock. The general utility of halogenated hydro-

1. INTRODUCTION
AT carbons leads to the manufacture and use of bil-". , |

. o s

3E ?‘\Halo-ge‘natedA hydfoéarbons are a structurally

diverse class of chemicals that have been widely
used as solvents, pesticides, plasticizers, fuel ad-
ditives, flame retardants, anesthetics, and as pre-
cursors, intermediates, or byproducts of indus-
trial organic syntheses.' Several of these
halogenated compounds have been identified as
environmental pollutants, and have been detected
in air, food, water, soil, and in tissues of live-
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lions of pounds of these compounds each year,-".

resulting in environmental and occupational ex-
posure. Because of this exposure, it is important
to understand their potential human toxicity. ..

The toxic effects of halocarbons can be both .

general and specific. The effects observed in ex-
perimental animals or in occupational settings

depend on many factors, including solvent struc- '

ture, level and frequency of exposure, concom-

|
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want exposure o othet agents. and individual sen-
sitivity, General elfects include those en the
central nervous of cardiovascular systems, such
s depression. paralysis, convulsion, and death
from respiratory or cardiovascular collapse. Spe-
cilic effects include sefechve organ toxicities.,
such as nephro- and hepatatoxicity.

Specific orgun oxicities caused by halogen-
ated hydrocarbons are related directly to mctab-
olism of these agents. The phenomenon of toxic
metabolite generation is termed bioactivation, and
it is largely mediated by P450 ensymes.” How-
cver, not all metabolism ol a given compound
results in bioactivation, Usually, multiple P450s
convert the compound 9 one of several metab-
olites, with only one enzyme promoting forma-
tion of & reactive intermediate. The other P450s
involved convert a large percentage of the dose
10 nontoxic metabolites, a process termed detox-
ication. In the absence of metabolism by P450
enzymes, halogenated hydrocarbons generally do
not exhibit specific organ toxicity., |

Many halogenated hydrocarbons are low mio-

lecular weight compounds and, as such, fit the .,
substrate model for metabolism by one particular,

P450 enzyme, 2El.* This P450 is present both
in animals and man, and is found not only in
liver, but also in several extrahepatic tissucs.
Regulation of 2E1 enzyme levels involves both
endogenous and exogenous fuctors, and the ex-
tent to which the enzyme is expressed may play
an important rolc in the outcome of human ex-
posure to halogenated hydrocarbons. Endoge-
nous regulation of 2E1 expression entails phys-
iological conditions such as fasting, diabetes, and
obesity.* Exogenous factors include exposure to
xenobiotics such as alcohol, which can result in
the marked induction’of 2E1 enzyme levels.*

. This review focuses on three different areas |
of investigation. The first area discussed is the.

rescarch on the metabolism of halogenated hy-
drocarbons, including those that require biotrans-
formation to exhibit toxicity. The emphasis is on
haloalkanes and haloalkenes; aromatic halogen-
ated compounds are not considered here. Evi-
dence also is provided for the involvement of
specific P450 enzymes in the bioactivation pro-
cess. Another area focused on is the functional
characteristics of 2E1, the P450 enzyme that pro-
duces reactive intermediates from many halo-

e i

genated hydrocarbons, Foadls - content theories
on the mechanisoms thiough which cellular levels

ot 2151 are repulated are doserbed

il. METABOLISM

Biotransformation of halogenated hydrocar-
bons has been known 1o occur lor guite some
time. Metabolism is promoted primarily by P350
enzymes, which often caialyze the initial steps
in both activation and dJetoxilication of xeno-
hiotics and comprise o supertumily of multifune-
tional forms encoded by distinet genes that are
independently influenced by factors such as he-
redity, sex, tissue, and age.* Factors that affeet
the relative balance between activation and de-
toxification as catalyzed by the P450 cnzymes
can affeet the oucome of exposure to toxins.
Among these factors is the alteration in enzyme
cexpression that occurs as a result of either genctic
polymorphisms or exposure o compounds that
induce or repress individual cnzymes. The fact
that several P450 enzymes with differing sub-
strate stlectivity and modes of regulatory control

- existéd led to the concept of variability in relative -

rates of substrate metabolism to both toxic and

nontoxic products. Therefore, from a quantitative

standpoint, the formation of toxic metabolites de-
pends on the concentrations of specific P450s
present at the time of exposure to halogenated
hydrocarbons.

Scveral human P450 cnzymes have been
identificd whosc expression can be influenced by
cither polymorphism or induction.® These include
members of the 1A, 2A, 2C, 2D, 2E, and 3A
subfamilics.” With regard to toxicity, 2E genc
subfamily proteins are among the most important
due to their extensive capacity to metabolize
drugs, solvents, and environmental procarcino-
gens 1o cytotoxic and/or carcinogenic metabo-
lites.>” Studies to date indicate that structural
features of the substrate play a critical role in
determining whether catalysis by 2E1 will result
in toxication or detoxication.*

The initial step in the bioactivation of halo-

carbons occurs with the breakage of the C-H |

bond, which is usually the rate-limiting step in
metabolism.? Hepatotoxicity of these agents has
been associated with the ease with which a hal-
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ogen’can be removed o produce a reactive me-
tabolite. The toxicity of halogenated hydrocar-
bons is known to increase as the numbers of
halogens, size, and case of homolytic cleavage
of the molecule incréase.” Toxicity from halo-
genited hydrocarbons may arise as cither cytlo-
loxicity or carcinogencsis, und generally oceurs
in the liver and/or kidney. Of the many halogen-
ated hydrocarbons, cvidence for carcinogenicity
has been found in the case of chloroform, carbon
tetrachloride, vinyl ¢hloride, vinyl bromide,
vinylidene chloride, and Tris (2.3-dibromopro-
pyhphosphate.! Mcthylene chloride, 1,1,2,2-
tetrachloroethane, tetrachlorocthylene, and
trichlorocthylenc are strongly suspected 10 be
carcinogenic.! The known hepalotoxins among
these agents include carbon tetrachloride, chlo-
roform, 1,2-dibromocthanc, trichlorocthylenc,
vinylidene chloride, tetrachlorocthane, and 1,2+
dichlorocthane. Thesc same compounds' also are
nephrotoxic, as is ethylene dibromide.?

For the many halogenated hydrocarbons that
undergo bloacuvauon, our discussions are di-
vndcd mto two: arcas, solvcms ?and ancsthetics,

KAy

1. Trihalomethanes

" The trihalomethancs cause damage to both

N

the liver and kidney, and have.been found to, |

" promote cancer in those organs.'® The most widely
studled of this class of compounds is chloro-
t'orm '* Chloroform-promoted liver damagc has
.been observed in humans as w'-ll as_ in experi-
,:mcmal ammals 2The mecha-usm hy which chlo-

4

',";:1;—.9\»' L

et

I rot‘orm produccs toxmlty ll'lVOlV\.a mctaboh:.m to.

toxicity with chronte tissue regeneration rather
than from the formation of chioroform-derived
DNA adducts,

Evidence for the involvement of a specific
12450 in the bioactivation of chioroform was pro-
vided by Brady et al.,'* who demonstrated that
purified 2E1 from rat liver microsomes metab-
olized chloroform to trichloromethanol more
cfficiently than other purificd P450 enzymes (Ta-
ble 1). Chloroform metabolism by liver micro-
somes also was potentiated (threefold) when an-
imals were pretreated with 2E1 inducers, such as
the secondary ketones acctone, 2-butanone, and
2-hexunone.'* Morcover, antibodies against this
P450 inhibited 81% of the chloroform metabo-
Jism in microsomes obtained from acctone-treated
rats'* and also were clfective inhibitors of trich-
loromethanol formation by human liver micro-
somes.”

1t has been proposed that the hepatotoxic and
nephrotoxic cffects of chloroform occur inde-
pendently as a result of the differential metabo-

lism of chloroform in the two tissucs.'* Further- -
more, gender-specific chloroform metabolism: - -

Fappears to promote toxicity in mlcc.*Malc mi

renal 2E1, which is under regulation by testos-
teronc. Hong ¢t al.* reported that 2E1 was found
in kidney from male mice but not from female
mice; however, treatment of females with tes-

tosteronc resulted in renal expression of the en-- -

zyme. In contrast, the comesponding liver en-
zyme docs not appear to be rcgulalcd in a sex-
specific manner. Strain differences in the sus-

. ceptibility to chloroform kidney toxicity also have ',
.bcen shown 0 cxxst."‘ DBA/2)’ mice are more’

|splay both lwcr and’ kldney xxcnty. whcrcas a1é)

version of chloroform 1o a reactive mctabolite by ¥

e

reacuve intermediate that acylates protems gnv-a ,
mg rise to the hepatic cemnlobular necrosis and .- *
» renal’ proxxmal tubular necrosis’ observcd with - % y
chloroform poisoning,. Carcmogcncsxs occumng - telrahalogcnated methane, is metabolized by re-
; ducuve pathways to rcaclive mlcrmednates thal ‘
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TABLE1

Halogenated hydrocarbon

e Solvents
R . Chioroform
: Carbon tetrachionde

1,1,1,2-Tetrafiuoroethane
1.2-Dibromomethane
Ethylene dibromide

Vinyt chloride

Vinyl bromide
Trichloroethylene

Anesthetics

Halothane

- .: Enflurane
; " Sevollurane
Methoxyﬂurane )

mccham%"rﬁ'*gf toxlcuy 'has s as yet te

lipid pcroxldauon and covalcnt b

derived reactive metabolites have been impli-
cated in the process.'” The reductive pathway
mmally involves'a P450-mediated onc clectron
rcducuoq‘ lcadmg t0 the clcavage of 2 C-Cl bond
“to ylcld a tnchloromcthyl radical (CCl;) anda
chloride radical (Cl-).'* The trichloromethy] rad-
ical may dismutate to give chloroform, bind co-
. valently, to crmcal _cellular macromolcculcs or
‘attack enonc fatty acxds wnthm the mcmbrancs of .

e

wxdl .:f*““‘l",l' -

‘mblecular oxygen e to form an‘even more reacu\ie
specxes, the tnchloromethylperoxyl fre.q rag
‘?whlch also cxhl

- CCl. mctabohsm can result in carbene: lypc prod-

A

.

P450 Enzymes Involved in the Bioactivation of
Halogenated Hydrocarbons

in bioactivation Ref,
21 8,13
2E1 8, 25-28,

30, 31,

105 -
2B4 23 -
2E1, 1A1 38
2E1 8
2E1 8
2E1, 2B1/2 8, 41, 42
2E1, 28172 8, 41, 42
2E1, 2B1/2, 2C11/6 46-51, 85
2E1, 2B4, 2B1/2, 2A2 67,68

_ 2E1 71,72
2E1 .. 71
2E1, 2B1/2, 2B4

T ucts that bmd to_protems and ‘nucleic. acnds ",‘-
Thus n appears that aerobnosxs promotes cova-
. lent blndmg and llpld pcroxldatxon by CCl.. via

b i e s e _— — b s . R —

Major P450 involved

71,73

(or richloromethylperoxyl) free radical, whereas
éarbcn%“melabohtes may play an important role
m CCl;, toxxcuy whcn oxygen tcnswn is low.?
S s.jixpcnmcmal evidence suggests that 2E1 and
mssnbly, phcnobarbual -inducible P450 enzyme
arc involved in the metabolism of CCl, (Table
1). In early studies, it was shown that animals
treated with phenobarbital exhibited greater hep-
atotoxicity upon CCl, exposurc than untrcated
animals,® an effect most likely due to the gen-
eralized inductive properties of phenobarbital on
drug-metabolizing cnzymes. A majority of recent
studies, however, implicate 2E|1 as the major ca-
talyst of both reductive and oxidative CCl, bioac-
; uvauon *Prctreatment of rats with acetone or iso-
propanol results in enhanced lipid peroxidation®* - -
% and covalent binding of CCI, metabolites to pro-
" tein.* This enhanced bioactivation occurred with
. a concomitant increase in metabolism of two spe-
: _‘_cmc 2E1 substrates, N-nitrosodimethylamine
1(NDMA)® and p-nitrophenol.? Ethanol pretreat- -
ment also results in an increase in the rate of CCI,
" metabolism by rat liver microsomes.. This in-
"crease in CCl, metabolism was accompanied by

. a parallel increase in immunoreactive 2E1 cont

; tentin liver microsomes.* Administration of pyr-

. azolc acetone, or other aliphatic alcohols to rats
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causes i 15- to 30-fold potentintion of CCl-de-
pendent hepatotoxicity.™ * All of these agents
are known to be potent 2E1 inducers.* A role for
. this enzyme in the reduction of CCl, also was
provided by Johansson and Ingelman-Sund-

berg,® who showed that purificd rubbit 2151, upon
reconstittion, was 100-fold more active in me-
tabolizing CCl, to chloroform und in initiating
lipid peroxidation compared to P4501A2 or
P4502B4. Inhibition studies with sclective inhib-
itors or antibodies also have demonstrated the
involvement of 2E1 in the bioactivation of CCl,.
Disulfiram, a chemical inhibitor of the cnzyme,
was shown to block CCl, hepatoxicicity in rats.
Furthermore, anti-2E1 1gG produced marked in-
hibition (80%)' of CCl, reduction mediated by
human liver microsomes, ¥ mdxcalmg that 2E1
participates in CCl; metabolism in man as well.,

-+ CCl, metabolism has been shown to be closely -
" lmkcd with the concomitant destruction of P450.

{ndccd mctabohc rcducuon of CCl, was accom-

A estruction of. P4 CCl was”
mlcrosom%:é‘frgr#pyra ole trea

mlcrofo'rffes from untreated ‘animals>

dccrcasc in both low K,, NDMA demethylase and
“ the conversion of CCl, to chloroform has been
reported in rats treated with CCL,,** again sug-
gcsung that 2El was thc larget of dc:,trucuon

rocthane, also are hepatonic.” Tetrachloroethane
is oxidatively dechlorinated by, P450 10 2,2-di-
chloroacetyl chloride, which is then hydrolyzed
1o dichloroacetic acid and acylates protcins. ™ ¥
Administration of the 2[51-inducing agent pyri-
dine o rats results in an cightfold clevation in
the rate of tetrafiuoroethane metabolism by liver
microsomes. Morcover, in reconstituted systems,
purificd 2E1 catalyzes reductive defluorination
of 1,1,1,2-tetrafluorocthane at high ratcs com-
pared to other P450s including P4501A . which
is somewhat active toward the substratc. and
P4502B1 and P4501A2, which display ncgligible
rates of defluorination (Table 1).*

4. Halogenated Alkenes

. Monosubsluulcd halocthylenes, such as vi-
nyl chloride and vinylidenc chloride, arc metab-
olized 10 compounds that are mutagenic and car-
cinogenic.? A common mechanism for haloalkene

oxidation may be through formation of an oxy-

gcnatcd mtcrmcdnale that'dircctly. forms haloa
. dchydc and haloacylhahdc’dcnvauvcs. The n
ture; of the m(ermcdlate has been ‘postulated ‘as

‘an ‘oxo-iron complex that can cither collapse to:

a haloaldehyde (in the case of vinylidenc chlo-
ride) or an cpoxide (in the case of vinyl chloride),
or can result in heme alkylation and P450 de-
struction.'* Evidence demonstrates that of the

halogenated cthylenes, vinyl chloride, vinyl bro- .

mide, and 1,1,2-trichlorocthylenc (trichlorocthy-
lene) arc oxidized primarily by 2E1 to cytotoxins
(Table 1).

The human carcinogenicity of vinyl chloride

*was established in 1974, when 50 cases of hepatic
anglosarcoma ‘were found within 1 year after

workers were exposed 1o this compound. ', Al
mal studies then confirmed the tumorigenic ac-

“ tivity of vinyl chloride as'well as that of vinyl -

_. bromide. Oxidative metabolism of vinyl chloride

v by P450 was found to result in the producuon of”

" "a reactive epoxide, 2-chloroethylene oxide, and ™

. vicinal haloaldehydes,* with evidence favoring
the epoxide as the ultimate carcinogenic metab- - . -
“olite.*! The haloaldehyde, 2chloroacetald¢hyde, .-

also is an important alkylating agent derived from
“vinyl chloride.*! At least two P450 enzymes may -

be involved in the activation of vinyl chloride -

028051584




and. vinyl bromide, Microsomes from rats pre-
treated with phenobacbital exhibited high con-
version rates of these compounds to their cor-
responding epoxides compared 10 microsomes
from naive animals. Purified rug PA5S02B81, the
mujor P450 enzyme induced by phenabarbital
treatment, was highly active in the conversion of
vinyl chloride to its corresponding epoxide.*!-+
More recently. inhibitors of 2E1, ¢.g., disulli-
ram, were shown to prevent epoxidation of vinyl
chloride and vinyl bromide by human liver mi-
crosomes,* implying that 2E1 also is involved in
the activation of halogenated alkenes in man.
. Trichlorocthylene (TCE) has been widely used
as an orgunic solvent and gencral anesthetic. It
is weakly hcp.ttocarcmogcmc in B6C3F micc and
hepatotoxic in rats and humans.** TCE oxide
has been detected as an oxidative metabolite, and
_ may.be rcsponsnblc for the covalent binding to
- liver proteins! and’ nucleic acids noted with
TCE. " The only other TCE metabolite formed
P450 in dclcctablc amounts is chloral hydratc
, cheral P4 0’ cg&zﬁ.ymcs m.xy be myolvcd in

:tions be 5 maj
prcdommatgg (Tt ablc

2 gpﬁs‘g“"'ucate.d with’ P cnobarbnal or “ethanol’ ‘exhibit en-

“hanced ratés of TCE mctabohsm,*“'“‘ the latter”
treatments also potentiate TCE hepatoxicity.
Howevecr, this enhancement of TCE toxicity by
 Lthanol is noted when the animals arc exposed

to low TCE conccntrauons In contrast, exposure .....

1o ‘markedly hlghcr TCE conccnirations are re-
“+quired to obscrve potentiation of TCE toxicity
_by phenobarbital.**#” Nakajima et al.*** showed

- that 2E1 anubodlc_s were potent mhnbltors of TCE

gglow TCE; concemrauon "
tand: P4502B 12B2 anubodle

mduc:ble P4505 are apparently ‘involved in me-’
“tabolism ‘only at “much higher substrate’ levels.
. 2El-catalyzed metabolism of TCE also has been
shown to occur in human liver microsomes.* -
<7 Factors othcr than exposure to inducing agents -
ppear to affect mctabohsm of TCE Age and

preguancy, which are factors that influenee 2E1
expression, bath alter the extent of TCE oxidation
in rats. ! Three-weeh-old animals converted TCE
to CH at faster rates than Jid 18-week-old rits
(an approximate twolold differencee). With regard
to pregnancy, TCE metabolism in animals at day
21 of gestation was deereased 50% compared 0
nonpregnant rats or Lo those at day 10 of gesta-
tion.® These changes in microsomad TCE me-
tabolism parallcled those of microsomal 2EL con-
tent, suggesting that TCE metabolism is
influcnced by the same physiological factors that
regulate 2E1 levels.

B. Anesthetics

1. Halogenated Anesthetics

The most widely used inhalation ancsthetics
arc polyhaloalkanes or alkyl cthers containing
fluorine. Most of these anesthetics have been
shown to be oxidized and/or reduced by P450

nZymes to reactive metabolites that can bind to ..

prolcms ‘and llplds."':I - This blolransfunnauon of

= bccn linked in 2 numbcr of i mslanccs to loxnc side

cffects, including hepatotoxicity and nephrotox-
icity.™ The best studicd of the inhalation ancs-
thetics is halothane (1-bremo-1-chlore-2,2,2-tri-
tluorocthane), an agent that causcs hepatotoxicity

in man and animals.*%? Evidence supports P450-
dependent formation of the 2-chloro-1,1,f-tri-"

fluorocthyl radical as the major reactive and toxic
mctabolite produced under conditions of low ox-
ygen tension.**-%! This reductive metabolite also
" acts as a suicide inhibitor of P450 and, under®
'anaerobxc condmons, thcre is a sugmflcanl in
activation of P450_ and a parallcl loss of the pross;
lheuc heme group X ' P450 dcstrucuon by halo-

A pseudo fnrst—order kmctxcs thus fulfilling all thc‘ -
mactnvauon “res i

acllon 62 _ g
Oxndauve bnotransformauon of halothanc is’

predommam in humans and results in lesions of

a far more extensive nature than those ptoduced
" by reductive mectabolism.** Oxidation of halo-;

thane proceeds through a halohydnn to produce o

e P P A e
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o cuhcr lrnﬂuum.u.ctyl htor ide of bmmldg which
‘subsequently hydrolyzes 1o trifluoroicctic acid
and seyluies proteins.”' “* A rifluoroacetyl-P450
adduct has been detected on the outer ecll surface
- of rat hepatocyte membrancs after treatment with
halothane. This acylated P450 (Mr = 54,000)
may be immunogenic and may promote the dJe-
velopment of halothune hepatitis, %3765
The metabolism of halothane involves at least
two different P450 enzymes (Table 1). In rabbits,
both phenobarbital and imidazole induce metab-
olism of halothane, although the extent of in-
duction is much greater with imidazole.%” More-
aver, purified rabbit P4502B4 and 2E1 catalyze
the oxidation of halothanc to trifluoracetic acid.
Immunoinhibition studies have revealed that 2E1
“is the major camlyat of halothanc oxidation from
. xmxdazolc-lrcalcd rabbits, whereas the reductive
" metabolism of halothane was shown to be cata-
. lyzed mainly by phenobarbital-inducible cn-
zymes.” Utilizing purified rat liver P450 cn-
zymes, VanDyke ct}al s dcmom.lratcd that

haloth.\ne. ‘in facl at’ rates comparab]c to micro-
somes from imidazole-treated rubbits.*? Further-
" more, mclabohsm of halothane was found to be
elevated in obese individuals, as serum levels of

- is morgamc fluondc, mfluoroaceuc ‘acid, and bro- - -

mide jon ‘were hlghcr in these subjecla than in

non- obcse subjects following halothane admin-
i xstrauon °’,,Because obesity is among those

‘- pathophysxologlcal conditions that rcsults in 2El
70

, 2, xsoﬂuranc rcsulls m’" the pro
ducuon of n:acuve mtcrmedxatcs that bmd co
\ ¥ 5

,(crcase in hepatic_ enﬂumnc mcmbohsm by, clh

vulently to liver proteins in o manner analogous
10 that of halothine ™

Several studics have revealed that 211 is the
predominant catalyst’ of enflurane metabolism
(Table 1).7-* HolTman ¢t al.” demonstrated that
treatment of rubbits with imidazole resulted in a
250% increase in the microsomal oxidation of
enflurane, methoxyflurane, and sevoflurane, the
latter being a structurally related halogensted an-
esthetic. Antibodics to 2E1 were found to inhibit
microsomal cnflurane defluorination by over 90%
but inhibited methoxyflurane dehalogenation to
a much lesser extent (40%). In the case of me-
thoxyfluranc, such a finding was not uncxpecied
inasmuch as other P450 enzymes (e.g., P4502B1)
arc known to be involved in metabolism of this
compound (Table 1).* However, reconstitution
studics showed that 2E1 was capable of oxidizing
not only enflurane, but also methoxyflurane and
scvofluranc.” A role for 2El as the major en-
fluranc-oxidizing enzyme in liver microsomes also
was provided by Tsutsumi ¢t al.,” who found
that liver microsomes from cthanol-treated rats
dcﬂuormalcd enfluranc at rates CIghlfOld hxghcr
h'an mxcrosomcs “from control’ ammals. this in

nol was ancndant ‘withd potcnuauon of the com
pound's hepatotoxicity -“Antibodics ‘to 2E1"also
were used by Tsutsumi and co-workers™ o dem-
onstrate involvement of the cthanol-inducible
P450 in dehalogenation of the anesthetic. In clin-
ical studics, elevated serum fluoride ion levels
were-found in subjects who received isoniazid
prior to enflurane administration.” Qbese pa-

. tients also were found to exhibit enhanced rates - .
of enflurane metabolism.™ These alterations in _
., enflurane disposition observed in both types of -
suchcts prcsumably stcmmcd t'rom the 1somaz:d

.an mtcgral role in the metabolism’ of numcrous

halogcnawd hydrocarbons Furthcnnore, in many.

oi mstanccs. mducuon of thns P450 enzymc causes'

‘enhanccd susccpnblmy to the- tox:cuy of\suc

_compounds. In light of the’ toxxcologxcal xmpac

.of 2El the rcmamder ‘of this’ review focuses,on
: ol

[
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specific metabolic propertics of the enzyme itself
as well as on mechanisms involved in its cellular
regulation.

The indial observation in huinans that chronic
cthinol consumption resulted in proliferation of
liver smooth endoplasmic reticulum™™ fed to the
discovery of 4 unique pathway of cthanol oxi-
dation, which was termed the microsomal ethano!
oxidizing system or MEQS. MEOS was dcpen-
dent on P450 and NADPH, and displayed in-
creased activity following chronic ethanol ex-
posurc in rats.” The P450 cnzyme responsible
for this cthanol-oxidizing activity was initiully
characterized upon purification from cthanol-
treated rabbits and was termed P450LM-3a.™ The
purificd cniymc displayed an enhanced ability to
oxidize cthanol and other primary aliphatic al-
cohols 1o their corresponding aldchydes when
compared 10 other ‘purified rabbit P450s.” An
homologous P450 enzyme, initially termed P450j,
- was then purificd from isoniazid- treated rats, %o
Rabbn LM-3a and rat P450j, now’ collectively
dcsxg ated ZEl e not only metabolized alcohols.

w‘ ?’ir;}t[nasl-'en Ly e n.""
Thls P450 enzyme also plays an lmponam role
in the gencratlon “of .cytotoxic metabolites from
acetanunophcn a wndely used therapeutic agent.™
Other’ ‘compounds whose metabolism is catalyzed
‘pnmanly by ZEl dbmcludc aniline, pyridine, 4-.
mcthylpyrazolc bcnz.cnc chlorLoxazonc, carbon *:

* disulfide; p-nllrophcnol acetone, glycerol, di-

ie,

R

zZym f"- ‘ _’ébimy o'fszl 10 metat
has‘lcd to the proposal that kclonc dlsposmon

g'compounds 3\‘)»;:

hylsulfoxlde“b“ 83 kMol

acetone fevels are elevated (e.g., starvition, di-
abetie ketoacidosis, and obesity). hepatic 2EL
levels are usually induced and, henee, increased -
conversion of acctone to acctol and methoxygly-
col. proposed gluconcogenic intermediates, may )
occur. This pathway could constitute an impor- -7
tant source of glucose during starvation or dia- s
betic ketoucidosis. -
Multiple P450s also arc present in human
liver, and 2EI constitutes onc of the cnzymes
found in most, if not all, individuals. Immuno-
chemical studies using antibodies 1o rat or rabbit
2E1 first revealed the presence in human liver of
an enzyme (Mr = 54,000) that promoted aniline
hydroxylation and low K, NDMA demethyla-
tion. ™ 2E1 was subsequently purified in a cat-
alytically active state from human liver micro-
somes and, upon its rcconstitution, was shown
to cffectively oxidize cthanol, aniline, and
NDMA, the latter at concentrations similar to :
those found int vivo.”* Other metabolic propertics . "’
later attributed to human 2E1 include activation :
of acctaminophen to the reactive metabolite N-
acctyl-p-benzoquinone imine,?} chlorzoxazone 6.
hydroxylauon,‘" benzene hydro: ylation; and sty‘
renc cpoxldauon"‘ the role of, this human P450
‘cnzymc in halocarbon bloacuvauon was nlmad
“discussed. Furthermore, the amino acid scqucncc"
of human 2E1, which was derived from the com-
plementary DNA, was found to exhibit an ex-
tensive degree of homology with both the rabbit
and rat enzymes.**? Southern blot analysis re-
" vealed that the human CYP2E gene subfamily'?
consists of only a single gene without closely -
related members.® In contrast, rabbits posscss
two CYP2E gene subfamily. members, 2E{ and .2
2E2 -which exhibit different modes of regula- ..

4 chmm

ome10. ”ﬁ%ﬁﬁ% .
% More; lmpor'.antly*:zﬁl* is? axrlong “the’ P450

enzymes that are inducible in’ ‘man ‘Invesugauons
= by anhton et al.”t and Tsutsuml et al.? % Te-,

among SUbjCC!S who had rccemly consume
cohol "or. were administered’ 1somaz.ld *In: fact
mlcrosomes from ‘these’ subjects. were, found o

Furthermore, 2E1 mductxon was found to~ ocour J
primarily. among perivenular hepatocytes,”. the
, same cells that exhlbxt most of the damagc al'ter
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exposure 1o cthanol, hudogenmed hydrocarbons,
and other 2E1-activated hepatotosing.”

A. Xenobiotic Regulation

Because 2E1-mediated metabolism is be-
lieved o play such an important role in the cy-
totoxicity and carcinogenesis of halocarbons, the
mechanisms involved in regulation of this P450
also arc of importance. Indecd, the enhanced
bioactivation of halocarbons noted after exposure
1o certain xenobiotics stems from the clevation
in 2E1 levels clicited by such agents. However,
the mechanisms underlying induction of this en-
zyme remain somewhat controversial. In this fi-
_nal section of the review, we consider the various
“modes of regulation proposed for 2E1. The tox-
icological significance of 2El rcg,ulauon as it
rcl,.ucs to halocarbon bloacuvauon also is dlb-

Thc modul:mon ofccllular 2ElL lcvcls by xe-
nobloucs has bccn dcmonalratcd in scvcml mam-

mg!yde “lncrcasegkm 2El mRNA stcmmmg from
'transcnpuona['acuvauon or MRNA’ stabllw.auon“
" enhanced_ protein synthcsxs. and decreased cn-
_zyme degradation. The three, mechanisms may
“.act mdwndually or in concert with cach other to
", increase 2El content in the liver. Spccxcs dif-
‘ifcrences.'the parucular inducing “agent, and the
-“durauon of inducer treatment (acute or chronic)

appcar to, ‘govern whlch of lhc mcchan1§ms pre-

gzt

(acetonc:é’ pyraz.olc

hﬁpcnmemal Stidies;have! faxledlq;d&ument éub

i e

%stannal lncryasﬁe'iflﬁp?patiéﬂﬁl tran

i lowmg i

i ‘ge?it},'.ﬂ.[n fact:
mRNA* lgﬁ\:ﬁt;‘ls in, rabbn hvcr actually‘d_ccmasc

T

fcm 2_?" : 'Altllough

cute‘ and/or, chromc% administration ot' \

concluded that this trunsient increase was tot suf-
¥icient to account for the marked induction of the
enzyme by imidazole.”” Wrighton et al.”! could
lind no correlation between 2ET mRNA and 2E|
protein levels in human liver, and concluded that
cthanol-mediated 281 in man, as is the case in
rodents, docs not require the accumulation of 2E1
uanscripts. Such observations led to the consen-
sus that the induction'of 2E1 caused by xeno-
biotics occurs primarily via post-translational
mechanisms.

A decrease in 2E1 protein degradation as a
result of inducer-mediated enzyme stabilization
has been proposed by a number of investiga-
tors.'9*-1% The rapid decrease in 2E1 protein lev-
cls noted in primary culturcs of rat hepatocylics
was shown by Eliasson ct al.'! 1o be prevented
by including isopropanol, dimethylsulfoxide, or
imidazole in the culture media. Song ct al.'™
mcasured the turnover of 2E1 in vive in untreated

and acetone-treated rats and found that the former | * -

animals exhibited biphasic 2EY degradation ki-

, netics with respective cstimated half-lives of 7 .

cvcr. only the'slow phasc compcihcnt (

robscrvcd . The; mcchamsmﬁbyi'whlch duccrs

mg).. R

,é,,blocl‘ "El cnzymc dcgmd:mon wns cxamlncd by~
* Tierney' et al; "7’ who found that “mice " treated

with 4-mclhylpyr.\zolc posscssed much lower
levels of ubiquitin-conjugated microsomal pro-:
tcin than did mice treated with CCl,. These work-
crs proposed that ubiquitination is an intracellular

'signal for 2E1 proteolysis, and that the inhibition .2 =

of 2E1 degradation by 4-methylpyrazole resulted
from inhibition of the formation of microsomal

. ubiquitin conjugates by this compound.'?] How- -

ever, because specific, ublqumatlon ‘of 2E1 was -
not measured in this study, the proposal that m—
ducers of the’enzyie;p

ol dthus its egradand\

. -vious mvcsngatlons ’ more “recent” studies have

. shown that clevanons in hver 2E1 mRNA content

: al‘ter the admmlstrauon of xcnobnoucs do indeed
“oocur, in several’ spec:cs In’ culturcd rabblt he-.-
‘' patocytes, an increase in 2E1 transcripts was noted .

o

m cells that had bce.n treated wuh acetone for
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shon pu'md\ ufllme (6 (4} '74 h) WhICh p‘ll‘.lllulkd
the increase in newly synthesized 2E1 protein. -
The concomitant ¢xposure of rubbit hepatocytes
to acetone and ocamanitin, an inhibitor of gene
transcription, blocked the increase of both 2E1
mRNA and protcin produced by the former com-
pound,'® suggesting that the enhanced rate of
2.El' protein synthesis found in acctonc-treated
hepatocytes may stem from increascd transcrip-
tion of the CYP2E! gene, at least in rabbits.
Treatment of acetonc appears to stimulate rates
of 2E1 protein synthesis in rats as well.*™'™ A
single injection of acetone was found to increasc
aniline hydroxylation by liver microsomes both
30'min and 48 h, after admmuslrauun "The more
rapld increase m lhls drug- mcmbohzmg acuvuy
(69%), which was maximal at 0. 5 h, returned to -
comrol lcvcls aﬂcr 4 h while the slowcr increase
in activity- (168%) pcaked after 48 h. Because

_._lrcatmcnt thh cyg:lohcxxmldc,,an mhlbnor of <

,werc nvolvcd ‘at; least. 1mlh é_‘lowcr phase of v
mducgg{{“'" EleVations'of 2E 1} mRNATand: proses

enon Was nolcdﬁ wuh the —conunuous mfusnon '
model of cthanol trealmenl Dcspllc the fact that
‘ elhanol was mt'uscd mtragaslncall) at a constant
o rate.‘glood cthanol levels were cyclical in Jawre,
ﬁf‘? ndiranged froms10'10* 500 mg/dl overia - day ¥

pcnod 112" At blood ethanol levels <250 mg/dl
<8, 6-f"ld mcreasc in hepatic 2E1’ content, was

“ whcn blood alcohol cormtrauons were hl?h‘bfhe
fr2ETFMRNA Gecurmedsvia

Rt Ay,
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Other-specxes m whxc
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“clude h' sters#and,.

accurring within the hepatic perivenular zone is
accompanicd by an increase in 21 transcripts
within the same acinar zone. Furthermore, it was
found that levels of 2E1 protein and mRNA in

perivenular, pericentral, and periportal hepato- ~ «

cytes were significantly correlated nmong all pa-
tients studied."'? :

Translational contro! of protein symhcsns also
may play a role in the 2El induction process.
For instance, Kim and Novak'** found that pyr-
idine (and acetonc) incrcased the hepatic 2EI
conlent, not by cnhancing levels of 2E1 tran-
scripts but by increasing the efficiency with which
preexisting transcripts were translated. The two-

. to fourfold increase in 2E1 content noted 6 to 24,

h following a single pyridine injection could be -
completcly blocked by prior administration of -
cyclohcxlmndc, whereas actinomyein D, an in-;
- hibitor of transcription, had no cffect. The stim-

g ulauon of mRNA translational efficiency by pyr- ;
p [N idine was auributed to'a shift in 2E1 (ranscrnpls

from light to heavy polynbosomcs. Wthh are’

1. Fasting/Dlet/Obes:ty

. Fasting markedly enhances microsomal drug-
mctabolizing activitics, including those mediated,
by 2E1. Twenty-four- and 48-h fasts were found St
Lo cause 59 and 116% increases, rcspcctxvely, in -
microsomal NDMA demethylation in rats. These

increascs in enzyme aclivity were accdmpanicd O

fasted rabbits, although renal 2E1 prolem levels ;-

% were enhanced more than _hepatic levelsTof! thc;wt."

enzyme.” The ‘molecular évents’ underlyixig thev‘-‘)&“{

fastmg are under pretranslational control that i in-
»olvcs gither CYP2E1 gene transcription or sta:

ikl lhzauon of 2El mR\IA 98119120 Inmally,
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creased circuluting ketone levels were proposed

as the cause for induction inasmuch as the admin-

istration of ketogenic compounds, such as n-hex-

. , anc, 2-hexanonce. and acetonyl acctone, in-

R creased 2E1 concentrations in the liver.'?

However, even prolonged fusting docs not pro-

duce blood ketone levels high enoueh to account

for the cxtent of 2E1 induction ob~erved. There-

fore, physiological factors ather than increased

: ‘ circulating ketones are apparently responsible for

0 : the clevation of 2E1 that occurs when animals
are starved.

Dictary alterations also may result in the in-

duction of 2E1 protein. Ketogenic dicts, includ-

2 ing those deficient in carbohydrate or high in fat,
oo are known 10 enhance metabolism of chloroform,
~ CCl,, 1,2-dichlorocthane, 1,1,-dichlorocthylcne,

trichlorocthylenc, and enflurane in rats. '3 The
increased rates of metabolism obscrved with these
halogenated hydrocarbons most likely stem from
the increase in 2E1 elicited by the high levels of
cu‘culatmg kctoncs attendant with the dicts. Com-
red 10 amrnals fcd fat-frce dncls. ani mals fed
dlcls cnnchgd in fal' 20%) Khibited higher serurm

\ acuvuy. ‘NDMA dcmcd'yl:mon. in liver micro-
- somes.'> Both hepatic and renal 2E1 were in-
¢ duced by high fat dicts, and the increase in en-

zyme was accompanied by a threcfold increasc
eges .. - in 2E1 mRNA.{2 Such results indicate that high
fat diets can mﬂucncc expression of 2E1, pos-
sibly i ina manner similar to that obscrved with
fasung In addmon, the long-term (6 months)
" feeding of high fat diets to render rats obesc also
resulted in induction of 2E1 protein and it= cor-

e
xS Qmmals' exhlbltg’an Wt'zlevauon mlscrum kctoncs,
~3"wc|thcr thc ketogenic’ dxet or obesnty nsclf may be

tratlons Thc abxhty of high fat diets, as well as"
thc obcsnty produccd by these’ diets, to elevate
thauc ZEl‘content may have significant impli-’

cations for man,"considering that these dicts re-

flect to'a certam dcgn:e ‘the human dict. This
S could place the obese individual at greater risk
to halogenated ‘hydrocarbon-promoted toxicity.
Moreover, it has been shown that high fat dicts
potentiate thc 2El induction mediated by xeno-

~neously diabetic (BB) rats that plasma B-hy-
".droxybutymtc levels (bul not those of glucosc or
_insulin) correlated with microsomal 2E1 content_

% lation"and NDMA demcthylation.'™ Morcover,

hmspondmg camlyuc acnvme:«;."o Becausc obese

; thc Cause of the i mcmasc in 2E1 enzyme concen-

LTS T

biones, aginn demonstrating the nteraction be-
wween acnobiotics and phyanlogicsl Tactors in
terms of 2121 regulation. Adimmuistraoon of cth-
anol to rats in liquid diets containing 35% it
resulied in a greater induction of 2E1 compared
1o animals fed cthanol in liquid diets containing
5% (a7 Finally, feeding rats a diet deficient in
thiamine resulted in an increase in 2E1 content
and NDMA demethylase activity in liver micro-
somes. 7 As thiamine deficiency does not affect
ketone levels. the mechanism of 2E1 induction
remains obscure.

2. Diabetes

Chemically induced and spontancous dia-
betes are conditions that may influence the out-
come of exposurce to halogenated hydrocarbons
bioactivated by 2El. Unconirolled diabetes re-
sults in a dramatic clevation of serum kctone
levels. In fact, it has been shown in spomta-

and “associated activitics, i.c., aniline hydroxy-

in rats made diabetic by the administration of
streptozotocin or alloxan, both the 2E1 protein
and 2E1 mRNA were clevated to levels found in
fasted rats.'®** Intercstingly. insulin treatment
was f{ound to reverse the induction of 2E1 caused
by diabetes™'** via a mechanism that most likely
involves reversal of the ketosis rather than through
a direct cffect on the CYP2E] gene. Indeed, in-
sulin has no effect on 2E1 expression when added
to cultured hepatocytes.'® With regard to dia-
betes itself, the elevations noted in 2E1 protein
and 2E1 transcripts are reportedly due to mRNA- %
stabilization."* However, as kctones have been .
shown to increase 2E1 mRNA levels by activat-
ing CYP2E] gene transcription in fasted animals, -
it seems likely that a similar mechanism is at
work in the diabetic animal.

3. Hormonal Regulation

A3

At least two hormones, growth hormone and
testosterone, have been implicated in the regu-

gza0sisBy
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lation of 2E| cxpression, Testosterone appears
to be important in regubating 211 levels in the
Kidney and is discussed in the next section, In-
vestigations into the effects of growth hormone
on 2E1 have been performed mainly with hy-
pophysectomized rats, which exhibit multiple
hormonal deficiencies. Hypophysectomy resulis
in an increase in 2E1 and, in a parallel fashion,
is corresponding mRNA.YY¥-17 Replacement
therapy with growth hormone reverses the hy-
pophysectomy-mediated increase in ¢nzyme con-
tent. These results imply that of the various hor-
moncs altered by removal of the pituitary, growth
hormone is the most important in regulating he-
natuc 2E1 expression. That 2El protein and
mRNA Icvels are both coordinately induced by

hypophysectomy indicates that growth hormone
acts directly on the CYP2EI gene and suppresses

its expression by inhibiting gene transeription. '™
It also has been suggested that growth hormone
suppresses 2E1 concentrations through a soma-
togenic receptor-mediated process.'* Although
2E1 protein content is markedly increased by hy-
pophybcclomy. catalytic activitics associated with

= he cnz,ymc (p—muophcnol hydroxylauon ‘NDMA'

-dcmcthylallon,'and ‘aniline’ hydroxylauon) were
lcvatcd only slightly:*This' dis§ociation”of 2E1%

genated hydrocarbons, Because itis now rgalized
that 2121 i not only expressed but also is indueed
in extrahepatic tissues. the halocarbon-pramaoted
toxicity observed in these tissues also may be due
to 2ET-mediated bioactivation. Most often, im-
munochemical procedures have been used 1o lo-
calize the enzyme in extrahepatic tissues. For
instance, Shimizu et al,™*? used protein blouing
W show that 251 was present and inducible by
cthanol treatment in rat lung, kidney. and nasal
epithelial microsomes. A more sensitive tech-
nique, immunohistochemistry, was used by these
investigators to reveal expression and ethanol-
mediited induction of the enzyme ia rat duodenal
and jejunal villous cells, and in epithelial ceils
derived from the cheek mucosa, tonguc, esoph-
agus, forestomach, and proximal colon.’** In rab-
bits, 2E1 has been found in kidney, nasal mu-
cosa, and, interestingly, in bone marrow, -1
Treatment with cthanol or acctone induced the
enzyme nearly 5-fold in kidney and over 12-fold
in bone marrow but was without cffect in nasal
mucosa. The clevation of enzyme content in kid-
ncy and bonc marrow was accompanied by a

sinular enhancement of 2E!-catalyzed ‘activitie

(c.g.. anilinc and benzene hydroxylases) in thes
tissues. 18 2E] is present mainly within th

., content and activity is ‘most likely the result of @ <2 proxtmal wibules of mouse kidney. In contrast t

decrease in P450 reductase concentrations causcd
by hypophysectomy; P450 reductase content fails
to return to control levels after growth hormone
replacement therapy.'*-'* Thus, the depression

-. of P450 reductase, which is the rate-limiting cn-
zyme in many P450-dependent reactions, may be
responsible for the lower 2E1-mediated drug me-
tabolizing activities noted in hypophysectomized
rats. .

1

: - - ;,..1 n X 4 S

Snmlar to most othcr P450 enzymcs, the
. highest concentrations of 2E1 are found in the
- !i\:cr." Both prior to and after induction, 2El

* expression predominatcs among hepatocytes

comprising the perivenular zone of the liver aci-
nus, 93120140444 This repjospecific patten of 2E1
expression in liver has been invoked to explain
the enhanced susceptibility of perivenular cells

1o damage from hepatotoxins, including halo-

the rat and rabbit homologs, however, mouse
renal 2E1 is regulated in a sex-dependent manner.
Kidney microsomes obtained from adult male
mice exhibit substantial levels of immunoreactive
2E1 and also demcthylate NDMA, whereas those
obtained from female and immature male mice
do not.**** The role of testosterone in regulation
of mouse renal 2E1 was shown by the appearance
of a new microsomal low K,, NDMA demeth- .
ylase as well as 2El mRNA in kidneys from .

female animals treated with the hormone. With.
".“regard to halocarbon toxicity, this gender-spe-

cific expression of renal 2E1 in mice most likely
explains the kidney damage observed in male but
not in female mice aﬂer exposure to chloro—

Bcsxdcs the endoplasmlc rcuculum (i.e., mi

crosomes), 2E1 also is found in the plasma mem- * ~

branc of rat hepatocytes.'*? In fact, purified prep-
arations of plasma membranes demethylate
NDMA. at rates ncarly one third of those obtained
with microsomes, reflecting the difference in 2E1 -




gt

comtent’ between the two organchles, 2821 levels
in the hepatocyte plasma membrane have proved
inducible. " an obsersation that may have Wi
cological significance with regard to the produc-
tion of acvluted protein addtcts on the cell sur-
face. The fornmution of acylated 2131 adducts in
plisma membranes as a result of halocarbon
bioactivation may, in twrn, elicit the immuno-
genic (and toxic) response observed in certitin
types of drug-promoted heputitis, such as that
described for halothane, 7%

D. Polymorphism in Human 2E1
Expression

Various genetically linked polymorphisms in
oxidative drug metabolism have been described
in man. Such polymorphisms play an important
role in the differcnees observed among individ-
uals with regard to drug response and drug tox-
icity. One of these polymorphisms, namely that
involving the C }’P2D6 debrisoquine hydroxylase
locus, stems® “from “a “single base change in‘a’

CYP2D6i m(romc splice site. This point mutation | 1

causes abcrrnnt sphcmg of 2D6 pre-miRNA and,

hence,the production of a very unstable 2D6 =

protein.™*'"*¥ Inasmuch as the mechanisms un-

derlying other inheritable defects in human drug

metabolism are far less understood, these poly-
morphisms also may involve base changes 2s well
as deletions in the corresponding P450 gene. Such
mutations may result not only in the absence of
P450 proteins, but also in the production of func-
tionally deficient enzymes. For instance, the S-
mephenytoin 4-hydroxylase polymorphism ap-
pears to stem from a mulation in a CYP2C gene

subfamily member (e 2., 209, 2C10, 2C18) wuh ‘

altered catalyuc properties, 15015t - 7.

One approach for ldcnufymg structural '

changcs in P450 genes is restriction fragment
length polymorphism (RFLP) analysis. Muta-
tions of functional significance in the CYP2D6
gene have been detected using this type of anal-
ysis.'*? With regard to the human CYP2E1 genc,
Tagql and Dral RFLPs have been discovered, 123134
the former within intron 7 and the latter within
intron 2. Both are two allele polymorphisms that
occur with a frequency of 0.1 (Taql) and 0.24

ey, Whether cither RELP hos ranuifications
in twrms of 2B profein espression or function is
not bpown, although Uenuasu ot a7 reponed
that hiost susceptibility to lung cancer s associ-
ated with the CYP2ED Dral RELP,

More recentdy. two other RFLPs in the hu-
nman CYP2ET gene have been detected. Pyl and
Rsal polymorphisms were both found in the 5'-
flanking (i.c.. regulitory) region of the gene,
were in complete linkage disequilibrium with cach
other, and occurred with frequencics of 0.81 (¢l
= Py}, Rsal*) and 019 (¢2 = Pyl Rsal )
among 202 unrclated Japanese subjects. The pre-
dominant homozygous allele, heterozy pous al-
lele, and the homozygous rare allele were des-
ignated as type A (cl/el), type B (cl/c2), and
wype C (e2/e2). respectively.'™ Comparison of
type A and type C gene structure revealed several
point mutations within the CYP2EI distal pro-
moter region (bases — 1259 through —771) but
no changes in the proximal promoter region of
the gene.'** Nevertheless. these base substitu-
tions were shown to have a marked effect on
_ Eene tmnﬁcnpuon Hayashi et al."* subcloned
- the 5 regions from types A and C CYP2E1 DNA

N Jinto pSV40CAT (chloramphcmcol acctylirans-

"ferase) plasmids, and then ‘transfected the dif-
ferent plasmid construets into the HepG2 human
hepatoma cell line, Whercas cells transfected with
cither the type A or type C DNA pCAT plasmid
constructs expressed CAT activity, the level of
CAT expression was tenfold higher in cells with
the type C construct, indicating not only that
CYP2EI bases -~ 1259 through 771 contain a
cis-acting clement capable of activating CAT gene
transcription in HepG2 cells, but also that the
point mutations found in this CYP2E1 DNA re-
gion have a profound influence on the extent of
CAT gene transcription.'** If these polymor-
* "phisms are found to aclually influence cxpression

" of the CYP2EI structural gene itself, then indi-
. viduals of the type C genotype will express more

hepatic 2E1 protein than individuals of the type
A genotype. Moreover, the type C genotype could
give rise to a phenotype that, in all likelihood,
exhibits more extensive metabolism of 2E1 sub-
strates, including halogenated hydrocarbons. The
identification of such genotypes would be of clin-
ical importance as it could aid in predicting those
subjects at risk to exposure to halocarbons.
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V CONCLUDING REMARKS

2" Inthis review, we emphasized the importance
- of one particular P430 enzyme, cthunol-inducible
C2EL. in the bioactivation of halogenmed hydro-
. carbons. The presence of the enzyme in man can

. predict a varicty of pathological sequclac that
Y I 2 q

. slem from 2E!-medinted metabolism of these
_ ubiquitous environmental pollatants. Of the many

factors that affect halocarbon bioactivation and
its resultant toxicity, one of the most prominent
concerns variations in 2E! enzyme concentra-
tions. If conversion of a particwlar halocarbon to
its toxic metabolite is limited by the amount of
Lenzyme present, then cnzyme induction may
markedly, enhance toxicity of the compound.
Thus, the induction of 2E1 that results upon ke-

Y’ tosis or upon cxposure to any of scveral xeno-

. biotics, incl&ding alcoholic beverages, may be
“especially detrimental to individuals simulianc-

ously cxposcd to halogenated hydrocarbons. From

thc cxpcnmcnlal ‘and the clinical studics, it has
bccomc .apparent that the regulation of 2LC1
cxprcssxon by both endogenous and cxogenous

agents (e.g., benzene) requiring activation by
2E1L, tosicity would be reduced, whercas drugs
(c.g.. chlorzoxasone) normally convened by thc
enzyme to an inactive product would exhibit an
exaguerated therapeutic response. Inasmuch as
JEL ulso may play a role in ketone body ho-
meostasis, suicide inuctivation stemming from
halocarbon metabolism could have serious con-
sequences in lerms of decreased acetone conver-
sion 1o acetol and methoxyglycol, the latier being
a putative glucosc precursor. Halogenated hy-
drocarbons also could influence the metabolism
of other 2E1 substrates in a different manner,
i.e., through competitive inhibition at the sub-
strate binding site(s) of the enzyme.

Genetic variability in 2E1 expression and/or
its induction is another important factor that ¢could
influence the outcome of halocarbon exposure.
As discussed herein, inheritable polymorphisms
within the human CYP2E! structural gene and
upstrecam promoler regions have been discov-
ered. However, it is not known yet whether such
polymorphisms ultimately affect the expression
or the function of the cncodcd proicin, as has

Lrathcr complex,(and involves al, .

cast thrcé‘dxstmct mcchamsms opcraung cuhcr

g

e lggn,;ti"ahs‘lauon, or subscqucnl 10 translauon. ln

by

*fact; because of the opposing cff fects of the many
factors that influence 2E1 expression, it is some-

',-, » what difficult to predict the outcome of halogen-

e

;«

ated hydrocarbon cxposure, Age, dict, hormonal
status .and physiological status arc included

zymc levels. The ketosis that results from star-

;- vation, uncomrollcd diabetes, or high fat intake

can, by mcrcasmg 2El levels, potentiate liver

damage causcd by chloroform and‘CCl N "’_‘*" -2 .,

Own. blc_)gctwauon agam rcsulung in increased ;
24 Mt Pt "\kvf--\'x«

rga toxicity. ket -x-’aw T8 Ry e

""\h"('{;," V. ,\ - ’\»-"""'
Bccause scvcral halogenatcd hydrocarbons,
ncludmg CCl‘ and halothane; can‘act as suicide

_inhibitors of 2El halocarbon-medxa\cd destruc- °

't tion of the enzyme could cause a marked decrease
&m‘i in the mccabollsm of other subs(ratcs. This could .
, ,_rcsull m enhcr lhc rcducuon or potcnuanon of -

S e s b 1y e Py e e e T 07

“among the. endogenous factors affecting 2EI en-

. “enzymes (c.g.. -P4502D6),’ If mdccd thig'is the

£ ~case, then’ individuals’ xpressing high levels of

+.2E1 would exhibit ¢cnhanced metabolism of hal-#
ogenated hydrocarbons to reactive intermediates

and, as a result, cnhanced susceptibility to their
cytotoxic cffects,
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