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ABSTRACT

Nitric oxide (NO) has recently been shown to decrease cytochrome P450 (P450) enzyme activity
rapidly (< 30 min), concentration-dependently, and enzyme-selectively in the rat liver.
Interestingly, among all the studied P450 enzymes, only CYP2D1 was not affected by NO
donors. However, these studies were conducted using only a single concentration of the
subgtrates, thus lacking information about the possible simultaneous changes in both maximum
velocity (Vmax) and affinity (Kn) of the enzymes. In the present study, we systematically
evaluated the effects of NO on the enzyme kinetic parameters of marker substrates for a range of
PA450 enzymes, including 2D1. Livers were perfused (1 h) in the absence (Control) or presence of
two NO donors with different mechanisms of NO release. At the end of the perfusion,
microsomes were prepared and used for kinetic analysis. Except for 2D1, NO reduced the Vpax of
all the model reactions studied, although to a varying degree. However, the effects of NO donors
on Ky, were more diverse. Whereas the K, values for testosterone 6B- (3A2) and 160 (2C11)
hydroxylation significantly decreased, the values for chlorzoxazone 6-hydroxylation (2E1),
dextromethorphan N-demethylation (3A2), and high affinity ethoxyresorufin O-dealkylation
(1AL/2) significantly increased in the presence of NO donors. Further, the K, values for the high
affinity component of dextromethorphan O-demethylation and benzyloxyresorufin  O-
dealkylation remained unchanged. These results indicate that NO can potentially change both the
Vmax @nd K, of various substrates selectively and confirm our previous findings that the activity

of CYP2D1 is not affected by NO donors.
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Cytochrome P450 (P450) enzymes are heme-containing proteins critical to the
metabolism and subsequent excretion of a large number of drugs and toxic agents as well as
endogenous compounds. It iswell established today that the ability of the liver to carry out P450-
dependent drug biotransformation is compromised in patients with infectious diseases or disease
states that are associated with inflammation (Morgan, 1997; Morgan, 2001; Renton, 2004;
Riddick et al., 2004). Despite wide acceptance that the stimulation of immune system can inhibit
drug metabolism, the exact mechanisms responsible for this down-regulation are still not well
understood. Large quantities of cytokines, produced during inflammation, are believed to be
responsible, at least in part, for mediating suppression of P450 enzymes at the transcriptional
level (Morgan, 1997). Indeed, several reports (Ghezzi et al., 1986; Warren et al., 1999) have
shown that the administration of inflammatory cytokines depresses P450 activities and contents
both in vivo and in vitro.

In addition to cytokines, inflammatory states induce the expression of iNOS and result in
excessive production of nitric oxide (NO) in both hepatocytes and Kupffer cells (Nathan, 1992).
Although some reports (Sewer et al., 1998; Sewer and Morgan, 1998; Takemura et al., 1999)
suggest that P450 enzyme down-regulation occurs independently of NO, others (Stadler et .,
1994; Khatsenko and Kikkawa, 1997; Khatsenko, 1998) have shown that NO may also play a
role in this event. Besides these indirect evidence for an NO role in inflammation-induced P450
depression, attempts have also been made at delineating the effects of NO directly using NO
donorsin the microsomes or purified enzyme systems (Khatsenko et al., 1993; Wink et al., 1993;
Minamiyama et al., 1997). Supporting the above findings, very recently (Vuppugala and
Mehvar, 2004a) we showed the inhibitory effects of NO on P450 to be rapid, concentration-

dependent, and enzyme-selective in an isolated perfused rat liver (IPRL) modd. Furthermore, we
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also conducted the time course studies to assess the mechanisms responsible for the NO-
mediated P450 inhibition and demonstrated that the short-term inhibitory effects of NO are time-
dependent, consisting of both reversible and irreversible components (Vuppugalla and Mehvar,
2004b).

One of the novel findings of our IPRL studies (Vuppugala and Mehvar, 20043;
Vuppugalla and Mehvar, 2004b) was the apparent lack of the effect of NO donors on CYP2D1
enzyme along with different degrees and time courses of inhibition or reversal of activities for
other P450 enzymes. These studies were carried out only with a single substrate concentration.
Therefore, one may argue that the observed enzyme-selective effects of NO may have been due
to different positions of substrate concentrations along their respective Michagis-Menten (MM)
kinetic curves. Thisis especially true if NO alters both Vi and K, of P450 enzymes. Although
the interaction of NO with P450 heme (Kim et al., 1995) suggests a reduction in Vg, the
possibility of alterationsin K, cannot be ruled out based on the available data. Additionally, the
significance of NO-induced inhibition of P450 enzymes to the overall pharmacokinetics of a
drug can be better appraised if the effects of NO on the P450 enzyme kinetic parameters (K,
Vmax, and Cl;;) are known. However, to the best of our knowledge, this information is not
available in the literature. Thus, in the present study, we investigated the direct effects of NO
donors sodium nitroprusside (SNP) and isosorbide dinitrate (ISDN) on the kinetic parameters of

various P450 probe substrates using an IPRL model.

M aterials and M ethods

Materials. The following chemicals were purchased from Sigma-Aldrich (St. Louis,

MO): SNP, ISDN, chlorzoxazone (CLZ), 6-hydroxychlorzoxazone (6-HCLZ), NADPH, NADP",
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magnesium  chloride, glucose  6-phosphate,  glucose-6-phosphate  dehydrogenase,
dextromethorphan (DM), methoxymorphinan (MXM), dextrorphan (DT), resorufin (R),
cortexolone, umbelliferone, isocitrate, and isocitrate dehydrogenase. Benzyloxyresorufin (BR)
and ethoxyresorufin (ER) were purchased from Molecular Probes (Eugene, OR). Testosterone
(T), 6B-hydroxytestosterone (63-HT), and 160.-hydroxytestosterone (160-HT) were purchased
from Steraloids (Wilton, NH). All the other reagents were of analytical grade and obtained from
commercial sources.

Animals. Male Sprague-Dawley rats weighing between 230-320 g were purchased from
Charles River Laboratories, Inc. (Wilmington, MA). Animals were housed in a temperature- and
humidity-controlled room under a 12-h light/dark cycle, with free access to food and water.
Texas Tech Health Sciences Center Animal Care and Use Committee approved the study
protocol, and all the animals received humane care in compliance with guidelines set by the
National Institute of Health (publication no. 85-23, revised 1985, Bethesda, MD).

Liver Perfuson and Microsomal Preparation. The procedures for isolation of the
livers, their ex vivo perfusion with NO donors, and subsequent preparation of microsomes have
been reported in detail in our previous study (Vuppugalla and Mehvar, 2004a). Briefly, after
isolation from untreated animals, livers were perfused for 1 h either in the absence (Control) or
presence of 200 uM of SNP or ISDN (n = 4/group) in a single-pass mode. At the end of the
perfusion, the livers were blotted dry, weighed, and subjected to the preparation of microsomes
using well-established ultracentrifugation methods. Protein concentrations were measured by the
Bradford method.

Measurement of P450 Enzyme Activities. In preliminary studies, al the assays were

checked for linearity of rate of metabolism with respect to the incubation time and microsomal
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protein concentrations. Additionally, substrate consumptions were determined at the lowest and
highest substrate concentrations included in the study.

The activities of CYP3A2 and 2C11 were analyzed based on the formation of 63- and
160-hydroxytestosterone, respectively, from testosterone, based on our modification
(Vuppugalla and Mehvar, 2004a) of a previously published method (Purdon and Lehman-
McKeeman, 1997). The microsomal protein concentration and incubation time were 200 pg/ml
and 10 min, respectively. The substrate (testosterone) concentrations were 10, 20, 50, 100, 200,
and 300 uM.

The activity of CYP2E1 was measured based on the formation of 6-HCLZ from CLZ. A
detailed description of the incubation conditions and high-performance liquid chromatographic
analysis of the drug and the metabolite has been reported by us before (Vuppugalla and Mehvar,
2004a). The microsomal protein concentration and incubation time were 800 pug/ml and 15 min,
respectively. The substrate (CLZ) concentrations were 5, 10, 25, 50, 100, 250, and 500 uM.

The activities of CYP2D1 and 3A2 were measured based on the formation of DT and
MXM, respectively, from DM. The details of the procedure have been described by us before
(Vuppugalla and Mehvar, 2004a). The microsomal protein concentration and incubation time
were 500 pg/ml and 5 min, respectively. The substrate (DM) concentrations were 0.5, 2.5, 5, 10,
50, 100, 200, and 500 uM.

The activities of CYP2B1/2 and 1A1/2 were assessed based on the formation of resorufin
from BR (Burke et al., 1985) and ER (Rutten et al., 1992), respectively. Rate of formation of
resorufin was monitored fluorometrically based on a kinetic analysis over 150-300 sec of

incubation, and the microsomal protein concentration was 200 pg/ml. The substrate
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concentrations were 20, 40, 80, 160, 320, 1250, 2500, and 5000 nM for BR and 10, 20, 40, 80,
320, 625, 1250, and 2500 nM for ER.

Estimation of Microsomal Protein Binding. Binding of various substrates to
microsomes was determined by an ultrafiltration technique. Samples contained the same
concentration of microsomes and the lowest and highest substrate concentrations used in the
kinetic study, described above. After incubation at 37°C for indicated times, an aliquot was
transferred into 10,000 kDa molecular weight cutoff filters (Centricon 10; Amicon, Danvers,
MA) and centrifuged at 2000 g for 20 min. Subsequently, the substrate concentrations were
determined in the filtrates and the initial samples.

Analysis of Nitrate/Nitrite (NOy) in the Perfusate. The NOy concentration in the outlet
perfusate was measured using the Griess reagent (Active Motif, Carlsbad, CA) at the end of the
1-h perfusion with SNP or ISDN.

Data Analysis. The kinetic parameters were estimated based on nonlinear regression
analysis using WinNonlin program (Pharsight, Mountain View, CA). Biotransformation of all

the substrates was modeled using a subset of the following general equation:

n(1) n(2)
VoIS VoS
n n n n(2
Km(l) (1)+[S] [ Km(z) (2)+ [S] (2)

D

where Vinax) and Ky are related to the high-affinity, low-capacity site, and Vimaxz) and Ky are
the corresponding parameters for the second low-affinity, high-capacity site. This equation
allows single- or dual-enzyme metabolite formation with or without sigmoidicity. In its simplest
form, the equation is reduced to a classic hyperbolic Michaglis-Menten relationship, when the
metabolite is formed by a single enzyme in the absence of sigmoidicity (i.e., n=1):

Virex [S]

max

VKo S @
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Other variations of Equation (1) tested were the single-enzyme model with sigmoidicity or
sigmoidal Hill equation (i.e., n >1) and dual-enzyme models with no sigmoidicity, one simple
and one sigmoidal enzyme kinetics, or both enzymes with sigmoidal kinetics.

Model selection was based on the examination of Eadie-Hofstee transformed plots (rate
versus rate/[s]), which suggested a subset of Equation (1) (e.g., single- versus dual-enzyme
models or presence or absence of sigmoidicity). Further model selection from the possible
subsets was based on criteria that included: Akaike's information criterion (AIC), visua
inspection of the fit, the random distribution of residuals, and the standard error of the parameter
estimates. All fittings were carried out with aweight of 1/v.

In the absence of sigmoidicity, the intrinsic clearance (Cl;) value for each enzyme was
calculated by dividing the corresponding enzyme Viex by its K. The total intrinsic clearance
(Cliotar) Was then determined by the summation of the individua Cl;iy values:

Clia = Cliny + Cliz) 3
For sigmoidal models, Clma, Which was obtained graphically from the clearance plot (rate/[]
versus [9] plot) (Houston and Kenworthy, 2000), was used instead of Cli: or Clioal.

In protein binding studies, the free fraction of substrate was estimated by dividing the
substrate concentration in the filtrate to that in the unfiltered suspension.

All the statistical comparisons were conducted usng ANOVA with subsequent Fisher’'s
test for comparison of three groups or using an unpaired t test for comparison of two groups. All

tests were conducted at a significance level of 0.05. Data are presented as mean + S.E.M.
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Results

Formation of metabolites from all the substrates studied was linear with respect to the
selected incubation times and microsomal protein concentrations. Moreover, less than 20% of
substrates were consumed during such incubations. In addition, the free (not bound to
microsomal proteins) fractions of all the studied substrates were close to unity (>0.85) under the
conditions used in this study.

Biotransformation of testosterone to 6B3-hydroxytestosterone, catalyzed by 3A2 enzyme
displayed hyperbolic saturation kinetics in all the three groups studied (Control, SNP, and ISDN)
(Fig. 1, top). Eadie-Hofstee plots of the data were monophasic (Fig. 1, bottom), indicating
apparent single-enzyme kinetics without sigmoidicity. Kinetic parameters for the formation of
this metabolite via 3A2 enzyme are reported in Table 1. Both the Ky, and Vmax Values were
significantly lower (P < 0.05) in the microsomes of the livers perfused with SNP or ISDN,
compared with their respective controls (Table 1). The percentages of reduction in the K, and
Vmax Values were, respectively, 63% and 67% for SNP and 43% and 34% for ISDN. However,
because of the simultaneous NO donor-induced declines in both Vi and Ky, the Cliy values
remained unchanged after treatment with either of NO donors.

Similar to the formation of 6B-hydroxytestosterone (3A2), the formation of 160-
hydroxytestosterone from testosterone by 2C11 was best described by a simple, single-enzyme
model without any sigmoidicity (Fig. 2 and Table 1). Similarly, both SNP and ISDN treatments
resulted in a decline in the K, (~80%) and Viax (~60%) values (Table 1). In contrast to data for
3A2, however, the Cli increased after treatment with ISDN (P < 0.05) (Table 1).

Eadie-Hofstee plots for the formation of DT from DM, catalyzed primarily by CYP2D1

enzyme, displayed biphasic kinetics without sigmoidicity in all the groups studied (Fig. 3, lower

10
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panel). Therefore, the kinetic parameters were obtained using a dual-enzyme Michaeis-Menten
model with an n of 1 (Table 1). The kinetic parameters for the high-affinity component (K,
Vinax(1), @nd Climz)) of DT remained mostly unchanged after treatment with either SNP or ISDN
(Table 1). In contrast, treatment with SNP or ISDN resulted in asignificant (P < 0.05) increasein
the Kiy2 and a decrease in the Vimayz) and Clin) values for the low-affinity component (Table 1).
However, the contribution of the Cliy) for the low-affinity enzyme to the Clioa Was <10%.

Unlike the formation of DT (2D1) (Fig. 3), formation of MXM from DM (3A2) was
characterized by convex Eadie-Hofstee plots (Fig. 4, middle panel), suggesting a sigmoidal
model. Nonlinear regression analysis further showed that the data are best described by a single-
enzyme sigmoidal model (Table 1). Additionally, in contrast to the formation of DT (2D1), the
MXM (3A2) kinetic parameters were significantly affected by the perfusion of livers with SNP
or ISDN (Table 1); SNP and ISDN, respectively, resulted in 2.4 and 2.2 fold increases in Ky,
84% and 50% decreases in Vimax, and 88% and 68% decreases in Clx values (Fig. 4 and Table
1). The values of Cl.x were obtained graphically (Fig. 4, bottom panél).

Various plots, depicting the kinetics of 6-HCLZ formation from CLZ are shown in Fig.
5. Formation of 6-HCLZ catalyzed primarily by CYP2E1 demonstrated homotropic activation
(Fig. 5, middle pand) in both the control and ISDN groups, and this was best fit to a single-
enzyme, sigmoidal model (i.e., Hill equation) (Table 1). In contrast, the SNP-treated group of
livers displayed a clear biphasic pattern (Fig. 5, Eadie-Hofstee plot), with a low affinity
component exhibiting a convex curvature and an additional linear high affinity component.
Therefore, a two-enzyme model, consisting of a Michaelis-Menten (n = 1; high affinity) and Hill
equation (n > 1; low affinity) best described this data (Table 1). This means that the SNP

treatment resulted in the appearance of an additional high affinity, low capacity component (K
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and Vimaxy)) that was not apparent for the Control and ISDN groups (Table 1). Therefore, only the
kinetic parameters of the low affinity component of the SNP-treated microsomes were compared
with those of the Control and ISDN groups (Table 1). Treatment with either SNP or ISDN
resulted in 40-70% decreases in the Vimay2) and the graphically-estimated (Fig. 5, bottom panel)
Cliax values (Table 1). However, the Ky value increased only by SNP pretreatment (Table 1).

The metabolic data for the formation of resorufin from BR (2B1/2) are reported in Table
1, and the corresponding plots are shown in Fig. 6. Although the Eadie-Hofstee plots were
biphasic without sigmoidicity for both the Control and ISDN groups, the SNP group displayed
sigmoidal kinetics (Fig. 6, Eadie-Hofstee plots). The kinetic parameters were, therefore, obtained
by nonlinear regression analysis of metabolite versus substrate data, using a dual-enzyme model
with (SNP group) or without (Control and ISDN groups) incorporation of the sigmoidicity into
the low affinity, high capacity component (Table 1). For the high affinity component, only the
Vimax(2) @nd, consequently, Clin) values were reduced by 70% in the ISDN group; SNP did not
affect this enzyme (Table 1). ISDN also reduced the Vyex and Cli; of the low affinity component
(Vimax(2) and Clinyz)) by ~70%. Consequently, the Clioa vValue was decreased by a factor of 3 by
ISDN. The Vimaxz and Ky values for the SNP group could not be compared with those of the
Control group because of the use of different models. However, the Clnx value for the SNP
group was significantly (P < 0.05, t-test) lower than Cl for the Control group (Table 1).

The metabolic data for the formation of resorufin from ER (1A1/2) are presented in Fig. 7
and Table 1 for the Control and ISDN groups. Similar to the formation of DT from DM (2D1),
these data were best described by a dual-enzyme mode without sigmoidicity (Fig. 7 and Table
1). However, in the case of SNP, the fit for two of the microsomal preparations (out of four

samples) was associated with large standard errors and unrealistic values. Therefore, the data for
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the SNP treatment were not included in the analysis. As for ISDN, the treatment caused ~3 fold
increase in Knyy), resulting in a proportional decrease in Clinyy) (Table 1). On the other hand, both
Kmz and Vi Sonificantly decreased, whereas Cliwy) remained unaffected after ISDN
treatment (Table 1). Nevertheless, ISDN caused a significant reduction in the Cliyy Value for the
formation of resorufin from ER (Table 1).

The NOy concentrations in the outlet perfusate at the end of the 1-h perfusion with 200

MM SNP and ISDN were 10.2 + 0.4 and 30.2 £ 2.5 UM, respectively.

Discussion

Recent reports have unequivocally demonstrated that NO reduces the activities of P450
enzymes directly, rapidly, and selectively in liver microsomes (Khatsenko et al., 1993; Wink et
a., 1993, Minamiyama et al., 1997), hepatocytes (Stadler et al., 1994), and the intact liver
(Vuppugalla and Mehvar, 2004a; Vuppugala and Mehvar, 2004b). Several mechanisms
including the reaction of NO with P450 heme, leading to its loss and degradation, and with
apoprotein thiols were held responsible for the direct inhibitory effects of NO (Minamiyama et
a., 1997; Vuppugalla and Mehvar, 2004b). While the former mechanism is expected to reduce
the Vmax Of the enzyme, the latter may affect the binding of the substrates to the enzyme, thus
changing the K, value. Indeed, our present findings show, for the first time, that NO may alter
both the K, and Vx Values of various P450 enzymes selectively (Table 1).

Whereas NO generally caused a reduction in Vi, it resulted in a decrease, increase, or
no change in the K, values of different enzymes (Table 1). The enzyme-sel ective magnitude of
decreases in Vmax may be due to differential accessibility of heme and/or cysteine thiolate of

various enzymes (Gergel et al., 1997). NO can aso form reversible nitrosyl-heme complexesin
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the intact liver, which can potentially decrease the Vo Of different enzymes selectively.
However, as we demonstrated recently (Vuppugalla and Mehvar, 2004b), the ferric-NO complex
could not be detected in our experimental design which requires preparation of microsomes. As
for K, the reaction of NO with thiol groups of amino acid residues observed by us (Vuppugalla
and Mehvar, 2004b) and others (Minamiyama et al., 1997) has been proposed as one of the
mechanisms for the decrease in the enzyme activities by NO donors. Although not shown before
experimentally, this suggests a decrease in the binding of the substrate to the enzyme, thus an
increase in Ky, In agreement with this postulate, we also observed enzyme-selective increases in
the Km, values for some enzymes (Table 1). Surprisingly, however, we also noticed a decrease in
Km for some reactions such as the formation of 6B3- (3A2) and 160 (2C11) hydroxytestosterone
from testosterone and the low affinity component for the formation of resorufin from ER (1A1/2)
(Table 1). This suggests that the previously reported (Minamiyama et al., 1997; Vuppugalla and
Mehvar, 2004b) reaction of NO with the thiol groups of P450 apoprotein may facilitate the
binding of substrates to some enzymes, thus expediting their metabolism. However, in all cases
of the observed decrease in Kp, the Vi values were also decreased, such that the Cli values
remained mostly unchanged in the presence of NO donors (Table 1).

In single-substrate concentration studies, we have recently (Vuppugalla and Mehvar,
2004b) shown that the activities of all the studied P450 enzymes, except for 2D1, were reduced
by pretreatment of IPRLs with NO donors. The lack of effect of NO on 2D1 in these studies may
have been due a s multaneous change in both the Vyux and Ky, values, not manifested as a change
in activity at the particular substrate concentration selected. In agreement with earlier studies
(Kerry et al., 1993; Witherow and Houston, 1999), the kinetics of DM O-demethylation in our

study was best described by a two-site Michaelis-Menten model consisting of a high-affinity,
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low-capacity and a low-affinity, high-capacity site. The high- and low-affinity Ky and Vimax
values of CYP2D1 activity in our control microsomes (Table 1) were also similar to those
reported by these authors (Witherow and Houston, 1999). In our studies, the kinetic parameters
of the high-affinity component (Kmy, Vimaxz), and Cliny), whose Cliy, contributed to 93% of the
total intrinsic clearance, were not substantially affected by NO donors (Table 1). Only the high
affinity component of the formation of DT from DM is attributed to the 2D1 enzyme (Kerry et
a., 1993). Therefore, the apparent lack of NO effect on this component confirms the validity of
the previous single-substrate concentration studies. It should be noted, however, that because of
the small number of samples (n = 4) and substantial variability in the Cliya) data for DT
formation in the control livers (Table 1), the power of our study to detect a small difference
between Control and ISDN or SNP groups (Table 1), if indeed true, is low. Addition of three
IPRL experiments to the control group resulted in a Clina) value (ul/min/mg protein) of 620
+ 200 (n = 7), which is within 10% of the average values for the SNP (690 + 230) and ISDN
(630 + 60) groups (P > 0.05). Although not conclusive, the closeness of the mean values in all
three groups suggests that the lack of effect of NO donors on Cliny for DT formation is likely
real and not due to alow statistical power.

The apparent lack of effects of NO donors on 2D1 Vi is likely due to inaccessibility of
heme and/or cysteine thiolate of this enzyme (Gergel et al., 1997). Additionaly, the lack of
effects of NO donors on the K, value of this enzyme may be due to the lack of importance of
thiol-containing amino acid (i.e., cysteine) residues in binding to the substrate. Indeed, recent
reports (Paine et al., 2003) have clearly shown that the critical amino acids for the interaction of
2D6 with basic nitrogen-containing ligands are negatively-charged carboxylate-containing amino

acids, such as Aspartate-301 and Glutamate-216, and not cysteine residues. Nevertheless, these
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studies confirm that CYP2D1 is unique among the studied P450 enzymesin that it is not affected
by NO donors.

In our present studies, the metabolic kinetics of 3A2 activity were determined by using
both the 6B-hydroxylation of testosterone (Bogaards et al., 2000) and formation of MXM from
DM (Witherow and Houston, 1999) (Table 1). Whereas the former did not show any
sigmoidicity (Fig. 1), the latter demonstrated sigmoidal kinetics (Fig. 4 and Table 1). This
sigmoidal pattern is indicative of autoactivation of the metabolism (Ekins et al., 1997),
suggesting that binding of one substrate molecule facilitates the binding of the next molecule
(Houston and Kenworthy, 2000). Other investigations of MXM formation (Witherow and
Houston, 1999) have also shown sigmoidal kinetics, with a K, value (81 uM), close to that
observed in our controls (53 uM, Table 1). The absence of autoactivation kinetics for 6[3-
hydroxylation of testosterone would indicate that the autoactivation phenomenon depends on the
substrate and/or substrate-enzyme interaction, as demonstrated before (Ekins et al., 1998).

It is interesting to note that although both 6B3-hydroxytestosterone (Bogaards et al., 2000)
and MXM (Witherow and Houston, 1999) formation are catalyzed by the same CYP3A2
enzyme, NO decreased the K, for 6B-hydroxylation, whereas it increased the K, for MXM
formation (Table 1). The opposing effects of NO donors on the two reactions catalyzed by the
same enzyme could arise because NO may dlicit a conformational, electronic, and/or steric
change in the enzyme that increases the testosterone' s affinity for the catalytic site, but decreases
the metabolism of DM to MXM. This effect has also been demonstrated earlier (Schwab et al.,
1988) for the ability of a-naphthoflavone to directly inhibit or stimulate rabbit CYP3C enzyme,

depending on the substrate employed.
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Our results with regard to the enzyme models and the magnitude of kinetic parametersin
Control microsomes (Table 1) are in agreement with the literature data for the formation of 6p3-
hydroxylation from testosterone via 3A2 (Bogaards et al., 2000), MXM from DM via 3A2
(Witherow and Houston, 1999), and DT from DM via 2D1 (Witherow and Houston, 1999).
However, formation of 6-HCLZ from CLZ via 2E1 showed sigmoidicity in our Control
microsomes (Fig. 5), a pattern not reported before (Jayyos et al., 1995; Court et al., 1997;
Bogaards et al., 2000; Howard et al., 2001). Despite this difference, the K, values reported in
these studies are close to that observed in our Control group (Table 1). As for resorufin
formation from BR via 2B1/2, our two-enzyme kinetic model (Table 1) is different from the
previously reported (Mayer et al., 1990) single-enzyme model. This discrepancy is most likely
due to a narrower substrate concentration range employed by these investigators. Overall, most
of our data and selected metabolic models for untreated microsomes are in agreement with the
literature data.

Despite some quantitative differences between the effects of SNP and ISDN on the
kinetic parameters of different substrates, qualitatively the two NO donors were similar in most
cases (Table 1). One exception was the minor increase in the Vimay1) for the formation of DT from
DM in the presence of ISDN and not SNP (Table 1). Similar to the SNP group, however, this
minor increase, which might be due experimental variability, did not result in a change in the
Clinyay of the metabolic pathway.

In our previous (Vuppugalla and Mehvar, 2004a) and current studies, we used both SNP
and ISDN, two NO donors with different mechanisms, sites, and modes of NO release (Feelisch,
1998), to assure that the observed P450 inhibitory effects are indeed due to the generation of NO

and not related to nonspecific effects of these drugs. Whereas for SNP, a membrane-bound
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enzyme is likely involved in the generation of NO in biological tissues, an NADPH-dependent
cytochrome P450 pathway and an isoenzyme of the glutathione S-transferase family have been
proposed for the bioactivation of organic nitrates. Additionally, the metabolism of ISDN, but not
SNP, may generate NOy independent of the formation of NO (Feelisch, 1998). Therefore, the
perfusate level of NOy after ISDN is likely an overestimation of the liver exposure to NO. In
agreement with these observations, our recent study showed that despite producing higher
perfusate NOy concentrations at doses of 200 and 500 uM, the inhibitory effects of ISDN were
less pronounced than those of SNP for most enzymes (Vuppugala and Mehvar, 2004a).
Nevertheless, the perfusate NOy concentrations produced in our studies for ISDN (30.2 = 2.4
MM) and SNP (10.2 £ 0.4 uM) are pathophysiologically relevant because they are well below the
values reported in the plasma of liver transplant patients (loannidis et al., 1995) and endotoxemic

animals (Li-Masters and Morgan, 2002) (250 and 800 pM, respectively).

Conclusions

In conclusion, our results show that the exposure of rat livers to pathophysiologically-
relevant concentrations of NO causes marked alterations in the kinetic parameters of various
P450 probe substrates. Whereas in most cases, the NO exposure causes a reduction in the Vpax of
the metabolic pathway, it may decrease, increase, or not change the K, of the marker substrates.
Moreover, in exception to all the studied P450 enzymes, NO did not affect any of the kinetic
parameters of CYP2D1. Further studies on individual P450 enzymes are needed to determine

the exact mechanisms responsible for the selective effects of NO on P450 enzymes.
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LEGENDSFOR FIGURES

FIG. 1. Michadis-Menten (top panel) and Eadie-Hofstee (bottom panel) plots of microsomal
formation of 6B-hydroxytestosterone from testosterone. Microsomes were obtained after
perfusing the livers for 1 h with a buffer free of NO donors (Control) or containing 200 uM of
SNP or ISDN (n = 4/group). The symbols and solid lines represent the observed (mean = S.E.M.)

and model-predicted values, respectively.

FIG. 2. Michadis-Menten (top panel) and Eadie-Hofstee (bottom panel) plots of microsomal
formation of 16o-hydroxytestosterone from testosterone. Microsomes were obtained after
perfusing the livers for 1 h with a buffer free of NO donors (Control) or containing 200 uM of
SNP or ISDN (n = 4/group). The symbols and solid lines represent the observed (mean = S.E.M.)

and model-predicted values, respectively.

FIG. 3. Michadis-Menten (top panel) and Eadie-Hofstee (bottom panel) plots of microsomal
formation of DT from DM. Microsomes were obtained after perfusing the livers for 1 h with a
buffer free of NO donors (Control) or containing 200 uM of SNP or ISDN (n = 4/group). The
symbols and solid lines represent the observed (mean = S.E.M.) and model-predicted values,

respectively.

FIG. 4. Michadis-Menten (top pand), Eadie-Hofstee (middle panel), and clearance (bottom
panel) plots of microsomal formation of MXM from DM. Microsomes were obtained after

perfusing the livers for 1 h with a buffer free of NO donors (Control) or containing 200 uM of
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SNP or ISDN (n = 4/group). The symbols and solid lines represent the observed (mean + S.E.M.)

and model-predicted values, respectively.

FIG. 5. Michadis-Menten (top pand), Eadie-Hofstee (middle panel), and clearance (bottom
panel) plots of microsomal formation of 6-HCLZ from CLZ. Microsomes were obtained after
perfusing the livers for 1 h with a buffer free of NO donors (Control) or containing 200 uM of
SNP or ISDN (n = 4/group). The symbols and solid lines represent the observed (mean = S.E.M.)

and model-predicted values, respectively.

FIG. 6. Michadlis-Menten (top panel), Eadie-Hofstee (bottom panel), and clearance (bottom
panel) plots of microsomal formation of resorufin from BR. Microsomes were obtained after
perfusing the livers for 1 h with a buffer free of NO donors (Control) or containing 200 uM of
SNP or ISDN (n = 4/group). The symbols and solid lines represent the observed (mean + S.E.M.)

and model-predicted values, respectively.

FIG. 7. Michadis-Menten (top panel) and Eadie-Hofstee (bottom panel) plots of microsomal
formation of resorufin from ER. Microsomes were obtained after perfusing the liversfor 1 h with
a buffer free of NO donors (Control) or containing 200 uM of ISDN (n = 4/group). The symbols

and solid lines represent the observed (mean + S.E.M.) and model-predicted values, respectively.
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Effects of NO donors on the kinetic parameters of P450 substrates

Microsomes were obtained after perfusion of isolated rat livers for 1 hr in the absence (Control) or presence of 200 uM of NO donors sodium
nitroprusside (SNP) or isosorbide dinitrate (ISDN) (n = 4/group). Kinetic parameters were estimated using equations described in the text. Values are
mean = S.E.

Enzyme | Groups Kinetic Parameters
Substrate High Affinity Component Low Affinity Component Overdl
Metabolite Kmn® Virax(1) N Clinn)° Kmi2)® Virex(2) Ne) Clin2)° Clmax” Cliotal”
3A2 | Control 51+2 55+ 0.6 1 110 + 12 . e e e e 110 + 12
T SNP 19+ 2 1.8+0.3 1 93+ 12 . L e e e 93+ 12
68—-HT" [ 1SDN 29+2 36+06 1 130 + 26 -© € -© £ £ 130 + 26
2C11 | Control 37+2 22+03 1 60 + 10 e e e e e 60 + 10
Td SNP 85+0.7 | 0.78+0.06 1 92+3 . . e e e 92+3
160-HTY [ ISDN | 84+15 | 0.96%0.01 1 130 + 20 € L e e e 130+ 20
2D1 |Control | 0.91+0.38 | 0.43+0.06 1 860 + 320 35+4 20+0.1 1 50+8 e 920 + 320
DM SNP | 0.76+0.19 | 0.41+0.05 1 690+230 | 99+24° | 025+0.04 1 32+09 e 700 + 230
DT ISDN 1.0+01 | 0.62+0.02° 1 630 + 60 90+22 | 059+0.03 1 82+25 e 640 + 60
3A2 | Control 54+ 2 6.4+0.4 1.3+0.0 e . e e e 74+3 e
DM SNP 130+ 13 1.0+0.2° 1.3+0.0 . . . e e 91+11 e
MXM? DN [ 120213 32+02* | 1.1+01 & € € = € 24+ 3 =
2E1 | Control - - - - 140+ 8 19+01 | 1.2+0.0 - 88+04 e
cLz¢ SNP 46+25 |0.022+0.006 1 77+23 | 390+40 | 0.72+0.11 | 1.4+0.1 . 28+0.2 e
6-HCLZ" | 1SDN ® ® ® ® 100£8 | 12+01 | 1.2%00 ® 47+05 ®
2B1/2 | Control [0.081+0.019| 2.9+0.6 1 36+2 15+0.2 26+3 1 19+3 e 54+3
BRY SNP [0.086+0.003| 2.8+0.2 1 32+2 | 0.54+0.06 12+2 58+0.2 e 36+3 e
R’ ISDN |0.085+0.016 | 0.86+0.15 1 11+2 16+03 | 81+05 1 6.0+14 e 17+3°
1A1é2 Control [0.014 +£0.002| 4.6+0.9 1 330+48 | 0.63+0.03 67+9 1 110 + 18 e 440 + 65
E|§d ISDN [0.044+0.017| 45+1.2 1 130+ 45 [0.076+0.01| 87+2.8" 1 110 + 33 e 230+ 42"
@Expressed as M.
® Except for CY P2B1/2 and 1A1/2, which are expressed as pmol/mg protein/min, rates are expressed as nmol/mg protein/min.
¢ Expressed as ul/min/mg protein.
4T, testosterone; 63—HT, 68hydroxytestosterone; 160~HT, 160.-hydroxytestosterone; DM, dextromethorphan; DT, dextrorphan; MXM,
methoxymorphinan; CLZ, chlorzoxazone; 6-HCLZ, 6-hydroxy CLZ; BR, benzyloxyresorufin; R, resorufin; ER, ethoxyresorufin.
® Not applicable to the selected model.
" Significantly different from control: P < 0.05, ANOVA, followed by Fisher'stest.
" Significantly different from control: P < 0.05, unpaired t test. 26
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