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Nitric Oxide Mediates Hepatic Cytochrome P450
Dysfunction Induced by Endotoxin

Claudia M. Mdller, M.D.,* Annette Scierka, M.S.,t Richard L. Stiller, Ph.D.,1 Yong-Myeong Kim, Ph.D.,§
D. Ryan Cook, M.D.,|| Jack R. Lancaster, Jr., Ph.D.,# Charles W. Buffington, M.D.,**

W. David Watkins, M.D., Ph.D.t1

Background: Animals subjected to immunostimulatory con-
ditions (sepsis) exhibit decreased total cytochrome P450 con-
tent and decreased P450-dependent drug metabolism. Cyto-
chrome P450 function is of clinical significance because it me-
diates the metabolism of some opioid and hypnotic drugs.
The authors tested the hypothesis that reduced P450 function
and decreased drug metabolism in sepsis are mediated by en-
dotoxin-enhanced synthesis of nitric oxide.

Methods: Hepatic microsomes were prepared from male
Sprague-Dawley rats in nontreated rats, rats pretreated with
phenobarbital and rats receiving aminoguanidine or N°-L-
monomethyl-arginine alone. Nitric oxide synthesis was aug-
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mented for 12 h with a single injection of bacterial lipopoly-
saccharides. Nitric oxide synthase was inhibited with ami-
noguanidine or N°-L-monomethyl-arginine during the 12 h of
endotoxemia in some animals. Plasma nitrite and nitrate con-
centrations were measured in vivo, and total microsomal P450
content, and metabolism of ethylmorphine and midazolam in
vitro.

Results: Administration of endotoxin increased plasma ni-
trite and nitrate concentrations, decreased total cytochrome
P450 content, and decreased metabolism of ethylmorphine
and midazolam. Inhibition of nitric oxide formation by ami-
noguanidine or N®-L-monomethyl-arginine partially prevented
the endotoxin-induced effects in the nontreated and pheno-
barbital-treated groups. Aminoguanidine or N°-L-monomethyl-
arginine alone did not have an effect on either total cyto-
chrome P450 content or P450-dependent drug metabolism.
Plasma nitrite and nitrate concentrations correlated signifi-
cantly negatively with P450 content (nontreated r 0.88,
phenobarbital r 0.91), concentrations of formed formal-
dehyde (nontreated r 0.87, phenobarbital r 0.95), and
concentrations of midazolam metabolites (4-OH midazolam
0.88, phenobarbital r 0.93, and 7'-OH mid-
azolam nontreated r 0.88, phenobarbital r 0.97).

Conclusions: Altered hepatic microsomal ethylmorphine and
midazolam metabolism during sepsis is mediated in large part
by nitric oxide. (Key words: Biotransformation: hydroxyl-
ation; induction; microsomal; N-demethylation. Enzymes, cy-
tochrome P450: CYP2B1; CYP2C6/11; CYP3A1/2. Interactions,
drug: nitric oxide; sepsis. Metabolism, drug: ethylmorphine;
midazolam.)

nontreated r

HEPATIC metabolism of drugs is reduced in sepsis.’
Although this phenomenon was described 40 years ago,
the mechanism is still not completely understood. Im-
munostimulation by endotoxin during sepsis produces
substantial quantities of nitric oxide, a free radical that
interferes with a number of key metabolic enzymes in
the body by oxidizing heme or nonheme iron and iron
sulfur complexes. " Nitric oxide transformation of he
moglobin to methemoglobin is a well-known example
of this reaction. The cytochrome P450 isoenzymes in
the liver that metabolize drugs also contain iron, raising
the possibility that nitric oxide is a factor in decreased

drug metabolism seen during sepsis.” This phenomenon
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has been previously demonstrated,”'” but the specific-
ity of nitric oxide for various isoforms has not been
examined.

We measured plasma nitrite and nitrite (NOX) as
markers for nitric oxide production and correlated the
concentrations of these compounds with total hepatic
microsomal cytochrome P450 content in a rat sepsis
model. We also correlated plasma NOx with the met-
abolic function of P450 isozymes responsible for the
biotransformation of a an opioid (ethylmorphine) and
a hypnotic drug (midazolam). We used microsomal
enzyme induction with phenobarbital and nitric oxide
synthesis inhibition to modulate the system in intact
animals.

Materials and Methods

The rat isoforms CYP 2B1, CYP 2C6/11, and CYP
3A2 have high catalytic activity for N-demethylation of
ethylmorphine'' (CYP 3A3 in humans'?), and CYP 3Al
has main metabolizing activity for midazolam (CYP
3A3/4 in humans'?).

Chemicals

Midazolam, 4-OH and I'-OH midazolam (8-Chloro-
6 (-2-fluorophenyl)-4H-imidazol[1,5-a][ 1,4 ]benzodi-
azepine-1-methanol) were donated by Hoffman La-
Roche (Nutley, NJ). Unless specified, reagents were
obtained from Sigma Chemical (St. Louis, MO).

Preparation of Hepatic Microsomes

The protocol was approved by the Institutional Ani-
mal Care and Use Committee. Microsomal cytochrome
P450 was induced in adult male Sprague Dawley rats
(weighing 250-300 g) by intraperitoneal injection of
phenobarbital in saline (80 mg/kg, every 24 h for 4
consecutive days).'* Rats had free access to water and
food. General anesthesia was initiated with pentobar-
bital (70 mg/kg, intraperitoneal), and oxygen by mask.
The portal vein was cannulated and blood samples were
drawn for subsequent plasma nitric oxide analysis. Liv-
ers were perfused with 200 ml iced saline to remove
most of the blood and then were quickly excised and
stored at —80°C. Microsomes were prepared by ho-
mogenizing the liver tissue, thawed in ice water in
seven volumes of phosphate-buffered solution (PBS)
containing NaCl 136.9 mm, KCI 2.2 mm, NaH,PO; 8.1
mM, KH,PO, 1.5 mm, pH 7.4, in a glass homogenizer
with a polytetrafluorethylene pestle for 3 min on ice.
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Homogenates were centrifuged at 10,000 X g 4°C for
30 min to remove unbroken cells, lysosomes, and mi-
tochondria. Microsomal pellets were obtained by fur-
ther centrifugation of the supernatant at 105,000 X g
for 1 h at 4°C. The pellets were washed in cold PBS,
recentrifuged for 40 min at 105,000 X g 4°C to obtain
washed microsomes, which were resuspended in PBS
and used for further assays as described later. Micro-
somal protein concentrations were determined by the
method of Lowry et al. using bovine serum albumin as
the protein standard.'” Total microsomal cytochrome
P450 content was quantified spectrophotometrically
(Hitachi Double Beam Spectrophotometer, Danbury,
CT) from the carbon monoxide-reduced difference
spectrum.'®'’

Stimulation and Inbibition of Nitric Oxide

Table 1 outlines the experimental design used to
compare the affects of aminoguanidine and N¢-L-
monomethyl-arginine (L-NMMA), phenobarbital treat-
ment, lipopolysaccharide (LPS) treatment, and nitric
oxide synthase (NOS) inhibition on nitric oxide for-
mation, cytochrome P450 content, and drug metabo-
lism. To test the effect of nitric oxide production in
vivo on hepatic cytochrome P450 activity, rats were
divided into two groups: either nontreated receiving
saline only or phenobarbital-treated (as described ear-
lier). Rats were given purified endotoxin (LPS, E. coli:
0111:B4, Sigma) as a single dose (10 mg/kg, intra-
peritoneal). To inhibit nitric oxide formation, rats re-
ceiving LPS were treated with either aminoguanidine
(80 umoles/kg in PBS, intraperitoneal) or LLNMMA (80
pmol/kg in PBS, intraperitoneal) beginning 90 min af-
ter the LPS treatment and repeated at 3-h intervals
thereafter, for a total dosage of 320 umoles/kg. To ex-
amine the effects of aminoguanidine and L-NMMA
alone, the same regimen was given to untreated ani-
mals. Rats were killed 12 h after LPS injection by cardiac
arrest during the perfusion with iced saline.

Assays

Plasma Nitrate. Total NOx (nitrite plus nitrate,
NO, plus NO3 ) in plasma was determined by con-
version to the corresponding 1-nitro-2,4,6-trimethox-
ybenzene (NTMB) derivatives in the presence of an
internal standard ('’N)NaNO, and subsequently ana-
lyzed by gas chromatography/mass spectrometry,
monitoring m/z NTMB = 213 and m/z '>’NTMB = 214.'®
This assay proved to be reproducible in our laboratory,
withan r* = 0.999 + 0.00027 and a coefficient of vari-
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510, Millipore Waters, Milford, MA), a programmable
absorbance ultraviolet detector (Model 785, Applied
Biosystems, Foster City, CA) adjusted to a wavelength
of 213 nm: the column (4.6 X 125 mm) was packed
with Nucleosil 5-C18 (Phenomenex, Torrance, CA).
The eluent solution consisted of 10 mm potassium
phosphate, pH 7.4 /acetonitrile/methanol (366:280:
200, v/v/v) and was delivered at a constant rate of 1.2
ml/min. Chromatograms were quantitated using a
Hewlett-Packard 3396A integrator (Hewlett-Packard,
Avondale, PA). Least-squares linear regression analysis
was used to determine the concentration range for 4
OH and I'-OH midazolam. The peak-area ratios of 4-
OH and I'-OH midazolam were compared to an internal
standard (diazepam). The calibration curves prepared
with chemical standards were linear over a range of
30-800 ng/ml for both 4-OH and I'-OH midazolam.
The standard curve had an r* = 0.998 + 0.00082 with
a coefficient of variation of 6.2%. The lower limit of
sensitivity of this assay was 15 ng/ml for both metab-
olites.

Statistical Analysis

Two-way analysis of variance was used to determine
if phenobarbital induction or LPS administration af-
fected plasma NOx levels or cytochrome P450 content
and activity. Transformed (logarithm—Dbase 10) data
were used in the analysis to homogenize the variance
(the max:min variance ratios of the transformed data
were less than 5). An interaction term was included to
test the hypothesis that a supraadditive or infraadditive
effect of phenobarbital induction and endotoxemia was
present. The effect of NOS inhibition with aminogua-
nidine and L-NMMA was assessed by unpaired 7-test.
Regression analysis using the least-squares method was
performed with NOx levels as the independent variable
and P450 content and metabolism as the dependent
variables. Data are presented as mean =+ standard error
of mean (SEM) from six rats in each group. Duplicate
measurements in each animal were averaged before
means were calculated. P < 0.05 was taken as the level
of significance.

Results
Lipopolysaccharide-mediated Nitric Oxide Release
Inhibits Cytochrome P450 In Vivo

Pretreatment with phenobarbital caused enzyme in-
duction manifest as a 2.8-fold increase in cytochrome
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P450 content, a 2.3-fold increase in formaldehyde for-
mation from ethylmorphine, and a 32-fold increase in
the rate of 4-OH and 1I'-OH midazolam formation from
midazolam compared with that in nontreated animals
(table 1). Lipopolysaccharide induced a septic state
that reduced cytochrome P450 content and activity ing
both nontreated and phenobarbital-treated animals?_)
Total microsomal cytochrome P450 content decreaseds
36.6 + 2.8% in nontreated animals and 45.7 = 1. S‘UZ
in the phenobarbital-treated group. N- d(m(thsl‘m()ni
of ethylmorphine decreased 55.8 £ 1.2% in n()ntrut(d,,,
and 51.3 £ 1.6% in phenobarbital-treated rats after 1 7~
h of endotoxemia. Similar results were obtaine
hydroxylation of midazolam. 4-OH midazolam forma
tion decreased 67 + 0.9% in microsomes from nont
treated and 63.4 = 1.3% in phenobarbital-induced a
imals; 7'-OH midazolam formation decreased 65.7
1.3% in nontreated rats and 59.8 £+ 2.7% in phenobarg
bital-treated rats. No interaction between phcn()b.lrbltalg\,
induction and endotoxemia was found for either theg
content (P < 0.084) or the drug metabolizing activit)%
of ethylmorphine (P < 0.429) and midazolam (P <3
0.337; table 2). Plasma NOx concentrations increased
approximately 30-fold after 12 h of LPS administrations
in both nontreated and phenobarbital-treated rats (ta
ol 1))
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Nitric Oxide Synthase Inbibition with

Aminoguanidine or N°-L-monomethyl-arginine

Prevents Loss of Cytochrome P450 Content and

Activity In Vivo

Coadministration with aminoguanidine or L-NMMA
decreased, but did not completely suppress nitric ()x1d(‘§
synthesis. Plasma NOx concentrations were still iné’
creased tenfold compared with control rats (table 1)3
Nevertheless, this degree of inhibition of nitric oxid&
synthesis was associated with a significant reduction irE
the effect of LPS on cytochrome P450 content. Inhi-
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Table 2. Analysis of Variance Results

Treatment

Interaction
Phenobarbital Endotoxemia Term

Variable (P value) (P value) (P value)
NOx formation NS <0.001 NS
P450 content <0.001 <0.001 NS
Formaldehyde formed <0.001 <0.001 NS
4-OH midazolam formed <0.001 <0.001 NS
1'-OH midazolam formed <0.001 <0.001 NS
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bition of nitric oxide synthesis also blunted the negative
effect of LPS on P450 activity as reflected in the me-
tabolism of ethylmorphine and midazolam (P < 0.002:
table 1). The regression analysis supports the concept
that nitric oxide plays an important role in the inhi-
bition of cytochrome P450 content and activity during
sepsis. Total cytochrome P450 content (fig. 1) and cy-
tochrome P450-dependent metabolism of ethylmor-
phine (fig. 2) and midazolam (fig. 3) correlated with
plasma NOx concentration in a highly significant in-
verse relationship (P < 0.001). P450 content and ac-
tivity were greater with nitric oxide synthesis inhibi-
tion. Aminoguanidine or L-NMMA given to nontreated
rats did not have an effect on P450 content or drug
metabolism of ethylmorphine and midazolam (ta-
ble 1)

Discussion

The results demonstrate an inverse relationship be-
tween nitric oxide synthesis (as reflected by NOx con-
centrations) and hepatic cytochrome P450 enzyme
content after the administration of endotoxin to rats.
This correlation was observed in nontreated animals as
well as animals with phenobarbital-induced micro-
somal P450 activity. Partial inhibition of inducible ni-
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NT % NT+LPS+AG NT+LPS+L-NMMA NT+LPS
® pB A PB+LPS+AG ® PB+LPS+L-NMMA ® PpPB+LPS

Fig. 1. Total cytochrome P450 content decreased as plasma
nitrite and nitrate concentrations increased after lipopoly
saccharide injection. Data from nontreated rats (lower line)
as well as rats pretreated with phenobarbital (upper line)
support the concept that nitric oxide reduces functional P450
content during sepsis. Fach data point (symbol) represents
the mean of appropriate duplicates from one rat liver (n
W)
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tric oxide synthase with aminoguanidine or L-NMMA
produced intermediate plasma NOx concentrations and
P450 content. Parallel changes occurred in the P450-
dependent metabolism of ethylmorphine and mida-
zolam, suggesting a relationship between nitric oxide
release and the diminished hepatic drug metabolism
seen in sepsis, possibly through a direct effect on cy-
tochrome P450. The results of this study compare with
those obtained by Khatsenko et al.” who also demon-
strated an inverse correlation between P450 activity
and plasma nitrite concentrations in septic rats. In their
study, these authors measured the activity of a different
P450 isoform probe (CYP 2B1), and used a different
nitric oxide synthase inhibitor, N“nitro-L-arginine
methyl ester. Our results confirm those of Khatsenko
et al.” and extend the concept to include two different
NOS inhibitors and two probes for different P450 spe-
cific isoforms responsible for metabolism of two major
anesthetic drug categories (CYP 2C6/11 and CYP
AT )

Genetic factors, hormones, exogenous and endoge-
nous inducers, inhibitors, and allosteric activators of
P450 regulate the expression and function of P450
isozymes in normal and disease states.*”*' A reduction
during conditions of sepsis of the activity of the cyto-
chrome P450 mixed-function oxidase system has been
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® pPB A PB+LPS+AG ®  PB+LPS+L-NMMA | pPB+LPS

Fig. 2. Formaldehyde formation by N-demethylation from

ethylmorphine decreased as plasma nitrite and nitrate con
centrations increased after lipopolysaccharide injection. Data
from nontreated rats (lower line) as well as rats pretreated
with phenobarbital (upper line) support the concept that ni
tric oxide reduces activity of the probe for P450 CYP2BI1,
CYP2ZC6/11 and CYP3A2 during sepsis. Each data point (sym
bol) represents the mean of appropriate duplicates from one
individual rat liver (n -~ 48)
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Fig. 3. 4OH-midazolam (top) and 7-OH-midazolam (bottom)
formation from midazolam decreased as plasma nitrite and
nitrate concentrations increased after lipopolysaccharide in-
jection. Data from nontreated rats (lower line) as well as rats
pretreated with phenobarbital (upper line) support the con-
cept that nitric oxide reduces activity of the probe for P450
CYP3A1 during sepsis. Each data point (symbol) represents
the mean of appropriate duplicates from one rat liver (n =
48).

observed after treatment of animals or hepatocytes in
culture with immunoactivators, including cytokines,
and cytokine-releasing agents.** As early as the 1960s,
it was demonstrated that cytochrome P450 bind nitric
oxide,*’ an observation used in numerous studies to
examine the heme ligand environment using electron
paramagnetic resonance spectroscopy.** The questions
in this study were whether binding of nitric oxide to
cytochrome P450 would affect the functional process

Anesthesiology, V 84, No 6, Jun 1996

of drug metabolism and whether its effects would be
selective for different P450 isoforms.

Induction of hepatic microsomal drug metabolism
was introduced in these experiments for two reasons.
The first reason was to amplify the quantity of P450
present in the cell system used. The second reason way
to consider possible differences between native amﬁ
induced P450 isoforms in susceptibility to the CﬂCL[‘%
of nitric oxide. Phenobarbital was selected as the ‘“3
ducing drug because of its clinical relevance, its al)ilit)%
to induce all examined subfamilies of P450, and lack
of inherent toxicity. Phenobarbital administration t(ﬁ
rats induces cytochrome P450 isoforms CYP 2B1, C )I?
2C6/11, and CYP 3A1/2.?° These isoforms are know m
to metabolize hormones, drugs, and various L}]Ll]’llg
cals.'' P450 isoforms CYP 2B1, CYP2C6/11, and CYR®
3A2 catalyze ethylmorphine N-demethylation to f()n%
formaldehyde.*” Endotoxin activates a series of mﬂ.lmg‘
matory cells and their mediators, including macros
phages, leukocytes, eicosanoids (prostaglandins ;1lu§
leukotrienes), cytokines, and tumor necrosis factors
«,?2°2¢ stimulating formation of inducible NOS in :
variety of cells, including macrophages, endothelid
cells, hepatocytes, and Kupffer cells.”**” Many of th
metabolic, hemodynamic, and inflammatory changeg
associated with Gram-negative septicemia are .mrlbo
utable to endotoxin.’ Nitric oxide synthase in the ll\(E
is regulated in part by hormones such as g,luu)u)mg
coids, glucagon, and insulin.® These regulatory mech
anisms are preserved in an intact animal model.”>

This study demonstrates that nitric oxide can be prog
duced in sufficient quantities in a living animal to ing
hibit cytochrome P450 function. Aminoguanidine ang
L-NMMA substantially suppressed LPS-induced nitri¢
oxide production and associated decreases in C\'t()g
chrome P450 content and enzymatic function. l‘hug
concurrent effects suggest a causal linkage. Aﬂ]lﬂ()m
guanidine is a NOS inhibitor reported to be more se®
lective for the inducible NOS than the constitutive iso-
form of NOS.”® Both compounds inhibit by binding
to the arginine site. Although aminoguanidine and
L-NMMA did not fully prevent the LPS-induced de-
crease, we assume that the incomplete prevention of
loss of microsomal content and activity in vivo is likely
caused by incomplete blockade of nitric oxide for-
mation (see plasma NOx concentrations; table 1). We
also considered the possibility that L-NMMA might
competitively inhibit ethylmorphine metabolism, in-
dependent of nitric oxide formation. A similar effect
has been demonstrated for the NOS inhibitor, N“-nitro-
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. L-arginine methyl ester.” Indeed, in vitro assays in our

laboratory indicate that L-NMMA in the millimolar

. concentration reduces formaldehyde formation from

ethylmorphine. This did not occur in the current study,
probably because of the relatively small amounts of
L-NMMA administered to animals (umoles/kg) com-
pared with the approximately 1,000-fold greater con-
centrations required to produce direct effects on P450
enzyme function in vitro.

Direct exposure of rat hepatic microsomes to nitric
oxide inhibits P450 CYP 1A1,7'° CYP 2B1/2,7° and
CYP 3A1.%" The results of our study in intact animals
confirm the results from previous studies in isolated
tissue culture.””'"*? Inhibition of cytochrome P450
activity by nitric oxide in livers of animals not treated
or pretreated with phenobarbital®’ suggests that nitric
oxide inhibits the activity of cytochrome P450 derived
from more than one molecular family. Our results con-
firm that this is true for at least two more probes for
metabolism of P450 isoforms. This supports the view
that nitric oxide inhibition is not selective for specific
P450 isoforms

Bertini et al.*’

provide evidence of a dual mechanism
for the depression of liver cytochrome P450 by LPS
and tumor necrosis factor-o. One pathway is mediated
by interleukin-1, a potent regulator of immunologic
response and inflammatory reactions that inhibits P450;
a sccond, interleukin-1-independent pathway is in-
volved in the acute phase response.” Our data suggest
that nitric oxide may participate directly in the inter-
leukin-1-independent pathway

Nitric oxide interacts with P450 by binding to the
intact hemoprotein. Introduction of nitric oxide to
P450 proteins has previously been shown to produce
strong iron-nitrosyl complexes with both the ferric and
' Nitric oxide reacts with he-
moprotein at nearly diffusion-controlled rates,*' and

ferrous forms of P450

inhibits cytochrome P450 activity by both reversible
Therefore, the inhibition
may be explained by binding of nitric oxide to the

and irreversible mechanisms

heme moiety of the P450s, subsequently preventing
the binding of oxygen that normally occurs in the cat-
alytic cycle

Another interpretation of the results in this study
might be the suggestion that nitric oxide could impair
P450 function by nitrosation, thus promoting degra
dation of either heme or apoprotein moieties of P450 %2
It has been reported that the transcription of cyto
chrome P450 genes is decreased by immunostimulants
and cytokines”” and has been demonstrated at the mRNA

\nesthesiology. V 84, No 6, Jun 1996

level for CYP 1A1, at least under acute conditions in
vitro.'" Under the relatively acute conditions of our
experimental protocols, however, we believe the LPS
effect on drug metabolism is more likely mediated by
functional inactivation of preexisting cytochromes than
by inhibiting the process of cytochrome synthesis de
novo. Lipopolysaccharide was administered only dur-
ing the last 12 h after a 96-h microsomal induction
period, when P450 content and activity already ap-
proached maximum values.

Our findings complement previously published
observations®>7:10.25-27.293L32 thag all support the fol-
lowing mechanism for LPS inhibition of hepatic cyto-
chrome P450-dependent metabolism: (1) injection of
LPS in vivo under conditions of unchanged hormonal
and mediator regulation induces the release of a diverse
array of cytokines and immunostimulants, which, in
turn, induce NOS activity in Kupffer cells and hepa-
tocytes, thereby producing nitric oxide; (2) nitric 0x-
ide binds to heme iron in hepatic cytochrome P450
and prevents oxygen binding, thereby blocking enzyme
activity; (3) nitric oxide also may promote degradation
of cytochrome P450 by nitrosylation of heme or nitro-
sation of thiols present in P450 apoprotein, or it may
impair transcription of heme or thiols present in P450
apoprotein; and (4) in vivo inhibition of NOS sub-
stantially prevents the loss of total cytochrome P450
content and the reduced activity of isoforms CYP 2B1 ,
CYP 2C6/11, and CYP 3A1/2, as reflected in the me-
tabolism of ethylmorphine and midazolam.

Clinical Implications

Infection in patients commonly impairs drug metab-
olism as a result of compromised metabolism of the
cytochrome P450. Additionally, drugs such as cyclo-
sporine, cimetidine, nifedipine, and quinidine compete
with midazolam for CYP 3A in humans and thus prolong
the effect of the hypnotic drug.*® The results of this
investigation suggest that administration of inhibitors
of nitric oxide production in septic patients, in addition
to treating the vascular changes associated with this

condition ™" also may offer novel, improved strategics
for the choices of drugs and doses used in the treatment
of patients with severe sepsis based on the relative role
of cytochrome P450 in the disposition of these drugs

In summary, we have demonstrated a relationship
between nitric oxide production during sepsis and re
duced cytochrome P450 content and activity in intact
rats. This relationship may underlic altered drug me

tabolism in septic humans. Viewed more broadly, the
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results from this study raise further questions about
possible roles for nitric oxide in the regulation of nor-
mal drug metabolism.

The authors thank L. Cohn, for editorial comments, and Dr. N. G
Bircher and M. Young, for help with the statistical analysis
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