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ABSTRACT

Various mechanisms, including high levels of cytokines and
nitric oxide (NO), have been proposed as mediators for inflam-
mation-induced cytochrome 450 down-regulation. However,
the contribution of each of these mediators to the observed
effects is controversial. We used an isolated perfused rat liver
(IPRL) model to test the direct effects of NO donors on CYP450
down-regulation in the absence of cytokines or other con-
founding in vivo factors. Our hypothesis was that NO rapidly
and concentration-dependently decreases CYP450 activities in
IPRL. Livers were perfused (60 min) with 50 to 500 uM sodium
nitroprusside (SNP) or 100 to 500 uM isosorbide dinitrate
(ISDN) as NO donors, and the perfusate and biliary disposition
of SNP, ISDN, and generated nitrate/nitrite (NO,) were deter-
mined. Additionally, at the end of perfusion, catalytic activities

and protein levels of various cytochrome isoenzymes were
measured. Both SNP and ISDN exhibited linear hepatic dispo-
sition with extraction ratios of ~0.30 and 0.50, respectively.
Furthermore, although in small amounts, both NO donors and
NO, were found in the bile. Except for CYP2D1, the catalytic
activities of all the studied isoenzymes were substantially (up to
85%) decreased by both NO donors. However, the apoprotein
levels of isoenzymes remained largely unchanged. Additionally,
the inhibitory effects of NO donors were concentration-depen-
dent, with the concentrations of SNP producing one-half of
maximum inhibition being in the order of 2C11 > 2B1/2 >
2E1 = 3A2 > 1A1/2. These studies indicate that the effects of
NO on the down-regulation of cytochrome 450 catalytic activity
are rapid, concentration-dependent, and isoenzyme-selective.

Cytochrome P450 (P450) microsomal monooxygenases are
a major class of heme-containing proteins that catalyze the
biotransformation of many endogenous and exogenous com-
pounds. Many studies have shown that infection and inflam-
mation reduce the metabolism of drugs (Morgan, 1997). To
date, several proinflammatory mediators, such as cytokines
and nitric oxide (NO), have been shown to contribute to this
down-regulation. A large body of data shows that the cyto-
kines secreted from the immune cells have the capacity to
lower the P450 content of the liver (Morgan, 1997). Also, the
use of null mice for certain cytokines or cytokine receptors
has resulted in abolishment or modification of P450 response
to inflammatory stimuli, supporting an important role for
cytokines (Warren et al., 1999).

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.
DOI: 10.1124/jpet.104.065557.

Inflammation is also known to induce nitric-oxide synthase
(INOS) that results in the production of NO in hepatocytes,
macrophages, and endothelial cells (Nathan, 1992). Because
NO reacts strongly with hemoproteins, it was proposed that
NO would alter the P450 activities as well as expression
(Khatsenko et al., 1993; Wink et al., 1993; Khatsenko and
Kikkawa, 1997). Indeed, various studies using whole animals
(Khatsenko and Kikkawa, 1997), hepatocytes (Stadler et al.,
1994), or microsomes (Wink et al., 1993; Minamiyama et al.,
1997) have implicated NO in the down-regulation of P450-
mediated drug metabolism. Conversely, Morgan and cowork-
ers (Sewer and Morgan, 1997, 1998) reported that NO is not
required for the suppression of P450 catalytic activities, mR-
NAs, or proteins by lipopolysaccharide (LPS) or cytokines.
Support for the independence of P450 down-regulation from
NO was also provided by others who reported that NOS
inhibition had no effect on cytokine-evoked decreases in
P450-catalyzed activities (Hodgson and Renton, 1995; Mon-

ABBREVIATIONS: P450, cytochrome P450; NO, nitric oxide; iNOS, inducible nitric-oxide synthase; LPS, lipopolysaccharide; AG, aminoguanidine;
SNP, sodium nitroprusside; ISDN, isosorbide dinitrate; IPRL, isolated perfused rat liver; NO,, nitrate/nitrite; HPLC, high-performance liquid
chromatography; E, hepatic extraction ratio; CL,,, hepatic clearance; CL,,, intrinsic clearance; CL,,., biliary clearance; ELISA, enzyme-linked
immunosorbent assay; v, steepness factor; ANOVA, analysis of variance; AUC, area under the curve.
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shouwer et al., 1996). Therefore, the role of NO in down-
regulation of P450 activity remains controversial.

The above discrepancies might be attributed to different
experimental manipulations adopted by various investiga-
tors. For example, in vivo studies have mostly induced iNOS
expression by LPS, which also triggers cytokine release and
several known and unknown pathways that might impact
the effects of NO (Stadler et al., 1994). Additionally, the use
of NOS inhibitors N(G)-monomethyl-L-arginine or aminogua-
nidine (AG) have produced conflicting results (Khatsenko
and Kikkawa, 1997) due perhaps to nonspecific effects of
these agents (Sewer and Morgan, 1998). For example, the
injection of AG alone to rats caused a 50% decrease in the
expression of CYP2C11 mRNA (Sewer and Morgan, 1998).
Similarly, AG alone significantly reduced the total P450 con-
tent and CYP3A-like protein levels and formation of 6p3-,
15-a, and 16B-hydroxy testosterone by mouse liver micro-
somes (Sewer et al., 1998). Others have reported that N(G)-
monomethyl-L-arginine might competitively inhibit ethyl-
morphine metabolism, independent of its effect on NO
formation (Muller et al., 1996). Therefore, investigating the
effects of NO directly, in the absence of any confounding
factors, is crucial to an understanding of the role of NO in
reduction of drug metabolism in different disease states.

Attempts at delineating the effects of NO directly have
resulted in the use of iNOS knockout mice (Sewer et al.,
1998) and the microsomes exposed to NO donors directly
(Khatsenko et al., 1993; Wink et al., 1993; Minamiyama et
al., 1997). Because murine and rat P450 show different sen-
sitivities to NO (Li-Masters and Morgan, 2002), comparison
of data from knockout mice with the large body of data
available in rats becomes difficult. Furthermore, the experi-
ments that use microsomal fractions are not physiologic be-
cause they lack barriers and communications that exist
among different cells of an intact organ (Khatsenko and
Kikkawa, 1997).

Alternatively, in the present study, we investigated the
direct effects of exogenous NO donors SNP and ISDN on the
inhibition of P450 using an isolated perfused rat liver (IPRL).
This model lacks the confounding factors associated with the
in vivo LPS models of inflammation, while preserving the
integrity of the intact organ. Because NO reacts with hemo-
proteins at diffusion-controlled rates (Minamiyama et al.,
1997), we hypothesized that NO rapidly and concentration-
dependently decreases the activities of wvarious P450
isozymes in IPRL. Therefore, specific P450 activities and
apoprotein levels were determined in microsomes of livers
perfused with various doses of SNP or ISDN. Given that the
kinetics of SNP or ISDN impact the exposure of P450 to these
donors, the hepatic disposition, including the biliary excre-
tion, of the NO donors and the generated NO were also
investigated. Finally, the quantitative concentration-effect
relationships were constructed for the concentration (or
amount) of NO donors or generated NO and the P450 inhib-
itory effects.

Materials and Methods

Chemicals. The following chemicals were purchased from Sigma-
Aldrich (St. Louis, MO): SNP, ISDN, sodium dithionite, cytochrome
¢, NADPH, NADP™*, chlorzoxazone, umbelliferone, dextromethor-
phan, dextrorphan, methoxy morphinan, resorufin, cortexolone, iso-
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citrate dehydrogenase, magnesium chloride, glucose 6-phosphate,
glucose-6-phosphate dehydrogenase, 5,5'-dithiobis(2-nitrobenzoic
acid) (Ellman’s reagent), horse serum, anti-goat rabbit alkaline phos-
phate conjugate, and anti-rabbit goat alkaline phosphate conjugates.
Testosterone, 6B-hydroxy testosterone, and 16a-hydroxy testoster-
one were obtained from Steraloids (Wilton, NH). Ethoxyresorufin
and benzyloxyresorufin were purchased from Molecular Probes (Eu-
gene, OR). Rabbit antirat primary antibodies for CYP3A2 and
CYP2C11 were purchased from Chemicon International (Temecula,
CA) and Affinity Bioreagents (Golden, CO), respectively. Goat anti-
rat primary antibody for CYP2E1 was purchased from BD Gentest
(Woburn, MA). All other reagents used in this study were of analyt-
ical grade and obtained from commercial sources.

Animals. Male Sprague-Dawley rats 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 water and food. All the experi-
ments were conducted with nonfasting male rats weighing 240 to
300 g. 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
Institutes of Health (publication no. 85-23, revised 1985, Bethesda,
MD).

Isolated Perfused Rat Liver Studies. The procedures used for
the isolation and perfusion of the livers were similar to those re-
ported by us before (Mehvar and Zhang, 2002). In brief, after the
incision of the abdominal wall, bile duct, portal vein, and suprahe-
patic vena cava were cannulated. The liver was then transferred to
a water-jacketed (37°C), all-glass perfusion system (Radnoti Glass
Technology Inc., Monrovia, CA) and perfused in a single-pass man-
ner, at a constant flow rate of 30 ml/min. Krebs-Henseleit bicarbon-
ate buffer containing 1.2 g/1 glucose and 75 mg/l sodium tauro-
cholate, oxygenated with 95% oxygen and 5% carbon dioxide
mixture, was used as the perfusion buffer. Perfusion pressure was
constantly monitored from tubing attached proximally to the inflow
cannula using a pressure transducer. All the perfusions were per-
formed for 1 h.

SNP and ISDN were used as NO donors in our study. Because of
the instability of SNP in the presence of light (Baaske et al., 1981),
all the perfusions were conducted under a safelight (Delta 1/CPM,
Inc. Dallas, TX). The study consisted of 32 IPRLs, divided into eight
experimental groups (n = 4/group). Livers were perfused either
without any NO donor (control) or with 50 (SNP 50), 100 (SNP 100),
200 (SNP 200), or 500 (SNP 500) uM SNP or 100 (ISDN 100), 200
(ISDN 200), or 500 (ISDN 500) uM ISDN for 1 h. Outlet perfusate
samples were collected at 10-min intervals, wrapped with aluminum
foil, and stored at —80°C for further analysis of SNP, ISDN, and/or
nitrate/nitrite (NO,) levels. Additional samples were collected from
the outlet at the beginning and end of the perfusion for the analysis
of liver enzymes (alanine aminotransferase and aspartate amino-
transferase). Bile samples were also collected in preweighed micro-
centrifuge tubes at 15-min intervals for the analysis of SNP, ISDN,
and/or NO, levels. At the end of the perfusion, the livers were blotted
dry, weighed, and used for the preparation of microsomes.

Analysis of Perfusate and Bile Samples. Perfusate and biliary
SNP or ISDN concentrations were estimated using previously re-
ported HPLC methods (Baaske et al., 1981; Pramar et al., 1991). For
SNP, samples were prepared under a safelight and transferred to an
HPLC autosampler that prevented exposure to light. The perfusate
enzyme levels were measured using commercially available spectro-
photometric kits from Sigma-Aldrich (procedure no. 505). The con-
centrations of NO in the last outlet perfusate samples and bile were
measured based on NO, determination using a commercially avail-
able kit (Active Motif, Carlsbad, CA) that makes use of Griess re-
agent.

Pharmacokinetic Analysis of Hepatic Disposition of SNP
and ISDN. The area under the outlet perfusate concentration-time
curve (AUC) was estimated using linear trapezoidal rule for the
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duration of perfusion. Hepatic extraction ratio (E) was calculated
according to the following equation:

E= Cin - Cout 1
=, (1

where C;, and C,,, were the constant inlet and steady-state outlet
concentrations of the NO donors (SNP or ISDN), respectively. The
latter (C,,) was the average concentration of the last six outlet
perfusate samples for SNP and last four outlet samples for ISDN.
The hepatic (CLy), intrinsic (CL;,,), and biliary (CLy;,) clearances of
SNP or ISDN were then calculated using the following equations:

CL,=E-Q (2)
CL,
Clin=1"% (3)
CL _ Abile (4)
bile AUCperfusate

where A, is the amount of unchanged drug eliminated in the bile
during 60 min of perfusion, and AUC,,f,gat iS the AUC of the NO
donor in the outlet perfusate from 0 to 60 min of perfusion.

Microsomes, Total P450 and Cytochrome b; Content, and
Cytochrome ¢ Reductase Activity. Microsomes were prepared at
the end of 1-h perfusion using standard ultracentrifugation methods
(Lake, 1987) and stored at —80°C. Cytochrome b5 and carbon mon-
oxide-bound P450 contents were determined by the method of
Omura and Sato (Lake, 1987). Total protein content was measured
based on the Bradford assay using bovine serum albumin as protein
standard. Cytochrome ¢ reductase activity was measured using a
kinetic assay as described before (Guengerich, 1994).

Analysis of Heme, Thiols, and Nitrotyrosine. Total heme was
measured by subjecting the microsomes to the pyridine-hemochro-
mogen method (Lake, 1987). Briefly, after the addition of 0.5 ml of
0.5 M NaOH and 0.5 ml of pyridine to 1.5 ml of microsomal suspen-
sions (~1.5 mg protein/ml), the test sample was reduced with sodium
dithionite and its spectrum analyzed against a fully oxidized (potas-
sium ferricyanide) reference. Free heme was measured by the same
method after ultrafiltration of microsomal suspensions using Micro-
con YM-10 filters with 10-kD molecular mass cutoff (Millipore Cor-
poration, Bedford, MA). For determination of thiols, the Ellman’s
reagent was used as described in detail previously (Minamiyama et
al., 1997). Nitrotyrosine levels in the microsomes (~25 mg protein/ml
or ~20 uM P450) were quantitated using a commercially available
ELISA kit (OxisResearch, Portland, OR) according to the manufac-
turer’s specifications. The detection limit of the assay is 2 nM, cor-
responding to 0.1 pmol nitrotyrosine/nmol P450.

Analysis of P450 Isoform Activities and Protein Contents.
Activities of CYP3A2 and 2C11 were analyzed using formation of 63-
and 16a-hydroxytestosterone, respectively, from testosterone, based
on modifications made to a previously published method (Purdon
and Lehman-McKeeman, 1997). Briefly, a reaction mixture of 1 ml
containing 0.2 mg of microsomal protein, MgClL, (3 mM), isocitric acid
(0.4 M), isocitrate dehydrogenase (77.7 U/ ml), EDTA (1 mM), and
NADP" (1 mM) in phosphate buffer (pH 7.4) was incubated at 37°C
for 10 min. The reaction was initiated by the addition of testosterone
(150 wM). The remainder of the procedure was similar to the pub-
lished method (Purdon and Lehman-McKeeman, 1997).

The activity of CYP2E1 was assessed based on the modifications
made to a previously established method (Jayyosi et al., 1995) that
uses chlorzoxazone as a substrate. In brief, a 250-ul reaction mixture
containing chlorzoxazone (250 uM), NADPH (1 mM), and MgCl, (5
mM) in Tris-HCI buffer, pH 7.4 was incubated at 37°C for 20 min.
The reaction was initiated by the addition of 0.1 mg of microsomal
protein. After termination of the reaction with 5 ul of 70% perchloric
acid, 100 ul of 10 png/ml umbelliferone (internal standard) was added.

The contents were vortexed and centrifuged before injection onto the
HPLC system.

Dextromethorphan hydroxylation was employed to assess the ac-
tivity of CYP2D1. The method used for the analysis was based on
modifications made to a previously reported HPLC method (Yu and
Haining, 2001). Briefly, dextromethorphan (10 uM) was added to 100
ul of the reaction mixture containing 50 ug of microsomal protein,
MgCl, (56 mM), isocitric acid (5 mM), isocitrate dehydrogenase (77.7
U/ml), and NADP* (1 mM), and the mixture was incubated at 37°C
for 20 min. After the termination of the reaction with 5 ul of 70%
perchloric acid, and the reaction mixture was vortexed, centrifuged,
and injected onto the HPLC system.

The activities of CYP2B1/2 and CYP1A1/2 were assessed by for-
mation of resorufin from benzyloxy- and ethoxy-resorufin as sub-
strates, respectively (Burke et al., 1985; Rutten et al., 1992). The
concentrations of resorufin were measured fluorometrically.

Protein contents of CYP3A2, 2E1, and 2C11 were measured ac-
cording to an ELISA method reported earlier (Snawder and Lips-
comb, 2000). Microsomal proteins used were 0.15 ug for CYP2E1 and
CYP2C11 and 1 ug for CYP3A2 analysis. Isoform protein values
were expressed as picomoles per milligram of protein.

Concentration (or Amount)-Effect Relationships. The P450
inhibitory effects of SNP or ISDN (I) and the concentrations (or
amounts) of the drugs or the generated NO, (C) were fitted to the
sigmoidal [, ,, model using the following equation:

Liax - C”

1o+ 0 ®

where I .., IC5y, and y are the maximum inhibitory effect, the
concentration (or amount) producing one-half of I, ., and the steep-
ness factor, respectively. The model parameters were estimated us-
ing the nonlinear regression program WinNonlin (Pharsight Co.,
Mountain View, CA).

Statistical Analysis. All the statistical comparisons were con-
ducted using ANOVA with subsequent Fisher’s test. The linearity of
relationships between two parameters (e.g., NO, concentrations ver-
sus NO donor concentrations) was tested using an F test based on the
comparison of sum of squares due to the deviation of the observed
values from the regression line and those due to the variability
within each treatment group (Bolton, 1984). All tests were conducted
using a significance level of 0.05. Data are presented as mean *= S.E.

Results

SNP and ISDN Kinetics and NO Release. The time
courses of the concentrations of SNP and ISDN in the outlet
perfusate samples obtained upon perfusion of livers with
different doses of SNP and ISDN are presented in Fig. 1. The
concentrations of SNP in the outlet perfusate reached steady
state within the first sampling time (10 min) for all the
groups. Also, the concentrations of SNP in the outlet perfus-
ate increased proportional to its inlet concentrations, sug-
gesting linear hepatic disposition (Fig. 1, top). In agreement
with this observation, dose-corrected AUC values of SNP
(data not shown) were not significantly different from each
other (P > 0.05). Compared with SNP, the achievement of
steady-state outlet concentrations for ISDN (~30 min) was
delayed (Fig. 1, bottom). However, similar to SNP, the outlet
concentrations of ISDN were proportional to its inlet concen-
trations (P > 0.05 for comparison of dose-corrected AUC
values).

The hepatic disposition parameters of SNP and ISDN are
presented in Table 1. For both SNP and ISDN, the kinetic
parameters E, CL,, and CL;,, were independent of the ad-
ministered dose (P > 0.05), confirming the linearity of the
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Fig. 1. The concentration-time courses of SNP (top) and ISDN (bottom) in
the outlet perfusate samples of isolated rat livers perfused with 50, 100,

200, or 500 uM SNP or 100, 200, or 500 uM ISDN. Symbols and bars
represent the average and S.E. values, respectively.

kinetics of these NO donors in IPRLs. However, both E and
CL,, values of ISDN were ~60% higher than those of SNP
(P < 0.05). This was due to ~2-fold higher CL;,, of ISDN,
compared with SNP (Table 1). Nevertheless, the E values
show that ~30% and ~50% of SNP and ISDN present in the
inlet are extracted during one single pass through the liver,
respectively. Additionally, both intact SNP and ISDN were
found in the bile. However, the CL, ;. values (Table 1) were
only a small percentage of CL,; (0.47%-1.2% for SNP and
0.06%—-0.18% for ISDN), indicating that most of the ex-
tracted SNP or ISDN is metabolized in the liver. In contrast
to the CL,, values, the CL,;,. values of ISDN were signifi-
cantly (P < 0.01) lower than those of SNP (Table 1). Further-
more, there was an apparent dose dependence in the CLy;,, of
SNP; CL, ;. of SNP in livers perfused with 500 uM of the
drug was significantly (P < 0.05) higher than that in livers
perfused with 50, 100, or 200 uM SNP (Table 1). As for bile
flow rates, the values in the livers treated with either drug

TABLE 1
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were higher (P < 0.05) than those in the untreated livers
(Table 1).

The concentrations of NO, in the outlet perfusate at the
end of perfusion (60 min) and the total (0—60 min) amounts
of NO, recovered in the bile are presented in Fig. 2 as a
function of SNP or ISDN inlet concentrations. An increase in
the inlet concentration of SNP or ISDN resulted in a nonlin-
ear (P < 0.01) increase in the NO, concentrations in the
outlet perfusate (Fig. 2, top). For SNP, an inlet concentration
of 50 uM was associated with an NO, level of ~10 uM.
However, a 10-fold increase in the inlet concentrations of
SNP to 500 uM caused only a 2-fold increase in the NO,
levels in the perfusate (Fig. 2, top). Similarly, a 5-fold in-
crease in the inlet concentrations of ISDN resulted in a less
than proportional (3 fold) increase in the NO, concentrations
(Fig. 2, top). Nevertheless, at inlet concentrations of 200 and
500 uM, ISDN produced higher (P < 0.05) NO, levels in the
outlet perfusate than did SNP (Fig. 2, top). In contrast to the
NO,, concentrations in the outlet perfusate, the amount of
NO, in bile increased linearly with an increase in the inlet
concentrations of SNP or ISDN (Fig. 2, bottom). Additionally,
significantly (P < 0.01) smaller amounts of NO, were found
in the bile after ISDN than SNP (Fig. 2, bottom).

The concentrations of alanine aminotransferase and aspar-
tate aminotransferase in the outlet perfusate samples at the
beginning of perfusion were low and remained low (<10 U/)
during the entire period of perfusion (60 min).

General Microsomal Markers. Total P450 and Cyto-
chrome b, contents and cytochrome c¢ reductase activities
measured after the isolation of microsomes from the livers
perfused with different concentrations of SNP or ISDN are
presented in Fig. 3. Perfusion of livers with SNP 200 or SNP
500 resulted in a significant decrease in the total P450 levels
by ~60% (P < 0.001) when compared with the control livers
(Fig. 3, top). Similar results were found with ISDN 200 or 500
(P < 0.001). However, perfusion of livers with SNP 50, SNP
100, or ISDN 100 did not affect the total P450 levels (Fig. 3,
top). For cytochrome b5 levels, a concentration-dependent
decline (12%-50%) was observed when the livers were per-
fused with SNP or ISDN at 100 to 500 uM concentrations,
with SNP 50 showing no effect (Fig. 3, middle). In contrast to
the total P450 and cytochrome b5 levels, the cytochrome ¢
reductase activities were not significantly affected by either
SNP or ISDN (Fig. 3, bottom) (P > 0.05).

Kinetic parameters of SNP and ISDN in isolated rat livers perfused with 50, 100, 200, or 500 uM of SNP or 100, 200, or 500 uM of ISDN (n =

4/group)

Values are expressed as mean *+ S.E.

Group Concentration E CLy, CLjp¢ Dy CLyj1e Bile Flow Rate
M ml/min ml/min nmol wl/min ml/h

Control 0.567 = 0.049
SNP 50 0.343 £ 0.021 10.3 = 0.60 158 £ 1.5 86.2 = 9.6 482 7.1 0.742 = 0.034
SNP 100 0.283 + 0.024 8.50 = 0.72 120+ 14 293 *+ 80 75.6 £ 18.4 0.750 += 0.068*
SNP 200 0.270 £ 0.027 8.00 = 0.79 111+ 14 597 = 94 74.9 £ 13.3 0.707 = 0.024¢
SNP 500 0.310 = 0.019 9.32 = 0.57 13.6 + 1.3 2130 *= 164 114 = 7.2° 0.841 = 0.039
ISDN 100 0.450 = 0.037¢ 13.4 = 1.1°¢ 249 = 3.3¢ 23.3+0.8 8.10 = 0.19¢ 0.598 = 0.036
ISDN 200 0.470 = 0.097¢ 14.0 + 2.97 31.1 = 9.3 136 = 21 25.7 + 1.2 0.829 = 0.017¢
ISDN 500 0.470 + 0.028¢ 14.0 = 0.9¢ 26.8 + 3.0¢ 262 = 31 19.5 = 2.3¢ 0.774 = 0.051¢

¢ Significantly different from control: P < 0.05, ANOVA, followed by Fisher’s test.

® Significantly different from SNP 50, 100, and 200: P < 0.05, ANOVA, followed by Fisher’s test.
¢ Significantly different from SNP 100 and 200: P < 0.05, ANOVA, followed by Fisher’s test.
4 Significantly different from SNP 100, 200, and 500: P < 0.01, ANOVA, followed by Fisher’s test.
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Fig. 2. Top, concentrations of NO, in the outlet perfusate at the end of
perfusion of livers with 50, 100, 200, or 500 uM SNP or 100, 200, or 500
uM ISDN. Bottom, total amount of NO, recovered in bile as a function of
inlet concentrations of SNP or ISDN. Symbols and bars represent the
average and S.E. values, respectively.

The levels of microsomal heme and thiols are depicted in
Fig. 4. At concentrations of 100, 200, and 500 uM, SNP
caused, respectively, 18% (P < 0.01), 40% (P < 0.001), and
51% (P < 0.001) reductions in the total heme content of
microsomes (Fig. 4, top). For ISDN, the reductions (~50%)
were significant (P < 0.001) only at 200 and 500 wM concen-
trations. No free heme was detected in our microsomal prep-
arations obtained from either control or treated livers. As for
free (non-nitrosylated) thiols, significant (P < 0.05), but mod-
erate (17%—24%), reductions were observed only at high con-
centrations (200 and/or 500 uM) of SNP or ISDN (Fig. 4,
bottom).

The levels of nitrotyrosine in our microsomal preparations
were below the detection limit of the ELISA method, which
was 2 nM or 0.1 pmol nitrotyrosine/nmol P450.

CYP3A2, 2C11, and 2E1 Activities and Protein Lev-
els. Profiles of CYP3A2 activities and protein levels are pre-
sented in Fig. 5. The activity of CYP3A2 in livers perfused
with SNP significantly decreased (P < 0.05) in a dose-depen-
dent manner (Fig. 5, top). The degrees of reduction in the
activity of CYP3A2 were 34%, 47%, 69%, and 75% for 50, 100,
200, and 500 uM concentrations of SNP, respectively. Addi-
tionally, perfusion of livers with ISDN 200 or ISDN 500 also
resulted in a significant decrease (~47% for both concentra-
tions) in the CYP3A2 activity (P < 0.01) (Fig. 5, top). The
inhibitory effect of ISDN appeared to be less than that ob-
served after similar concentrations of SNP (Fig. 5, top). A
substantial interindividual variability was observed in the
protein levels of CYP3A2, measured by the ELISA method
(Fig. 5, bottom). However, unlike the activities, protein levels
remained unaltered in all the treatment groups and were
comparable with the control livers (Fig. 5, bottom).
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Fig. 3. Cytochrome P450 (CYP) content (top), cytochrome b5 content
(middle), and cytochrome ¢ reductase (CYC) activities (bottom) of rat
livers perfused with 50, 100, 200, or 500 uM SNP or 100, 200, or 500 uM
ISDN. # and ##*, significant difference (P < 0.05 and <0.001, ANOVA)
between treated and control livers; {f, significant difference (P < 0.01)
between SNP and ISDN at similar concentrations. Columns and bars
represent the average and S.E. values, respectively.

Profiles of CYP2C11 activities as well as protein levels are
presented in Fig. 6. Similar to CYP3A2, the activity of
CYP2C11 was inhibited by SNP in a dose-dependent manner.
However, the inhibitory effect of SNP 50 was not significant
(Fig. 6). The percentages of reduction in the CYP2C11 activ-
ities were 40, 82, and 80, for SNP inlet concentrations of 100,
200, and 500 uM, respectively (P < 0.05). Additionally,
CYP2C11 activity was significantly reduced in ISDN 200 and
ISDN 500 groups by 58% and 76%, respectively (Fig. 6, top).
As for protein levels, they were not significantly affected by
all the treatments except for the 500 uM SNP or ISDN, which
resulted in 43% or 66% reductions, respectively (Fig. 6, bot-
tom).

Perfusion of livers with SNP also caused a dose-dependent
decrease in the activity of CYP2E1 (Fig. 7, top); percentages
of reduction were 27, 53, 76, and 74 for SNP concentrations of
50, 100, 200, and 500 uM, respectively (P < 0.05). Although
ISDN also significantly reduced the activity of 2E1, its effects
were significantly less than that of SNP at similar concen-
trations (Fig. 7, top). The protein levels of CYP2E1 remained
unchanged in five of the six treated groups (Fig. 7, bottom).
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Fig. 5. The activities (top) and protein levels (bottom) of CYP3A2 in rat
livers perfused with 50, 100, 200, or 500 uM SNP or 100, 200, or 500 uM
ISDN. #, ##, and *#*, significant difference (P < 0.05, <0.01, and <0.001,
respectively; ANOVA) between treated and control livers; f, significant
difference (P < 0.05) between SNP and ISDN at similar concentrations.
Columns and bars represent the average and S.E. values, respectively.

CYP1A1/2, 2B1/2, and 2D1 Activities. The microsomes
obtained from livers perfused with different concentrations of
SNP or ISDN were also analyzed for the dealkylation activ-
ities of CYP1A1/2, 2B1/2, and 2D1 (Fig. 8). The extent and
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Fig. 6. The activities (top) and protein levels (bottom) of CYP2C11 in rat
livers perfused with 50, 100, 200, or 500 uM SNP or 100, 200, or 500 uM
ISDN. #, ##, and #*##, significant difference (P < 0.05, <0.01, and <0.001,
respectively; ANOVA) between treated and control livers. Columns and
bars represent the average and S.E. values, respectively.
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Fig. 7. The activities (top) and protein levels (bottom) of CYP2E1 in rat
livers perfused with 50, 100, 200, or 500 uM SNP or 100, 200, or 500 uM
ISDN. * and ##*, significant difference (P < 0.05 and <0.001, respec-
tively; ANOVA) between treated and control livers; T, 1, and {77, signif-
icant difference (P < 0.05, <0.01, and <0.001, respectively; ANOVA)
between SNP and ISDN at similar concentrations. Columns and bars
represent the average and S.E. values, respectively.

pattern of inhibitory effects of NO donors on the activity
profiles of CYP1A1/2 (Fig. 8, top) and CYP2B1/2 (Fig. 8,
middle) were similar to those seen for CYP3A2, 2C11, and
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Fig. 8. The activities of CYP1A1/2 (top), CYP2B1/2 (middle), and
CYP2D1 (bottom) in rat livers perfused with 50, 100, 200, or 500 uM SNP
or 100, 200, or 500 uM ISDN. *, **, and #*#+*, significant difference (P <
0.05, <0.01, and <0.001, respectively; ANOVA) between treated and
control livers; 1 and {i7, significant difference (P < 0.01, and <0.001,
respectively; ANOVA) between SNP and ISDN at similar concentrations.
Columns and bars represent the average and S.E. values, respectively.

2E1. However, unlike the other studied P450s, the influence
of NO donors on the activity of CYP2D1 was minimal, if any
(Fig. 8, bottom).

Concentration-Inhibitory Effect Relationships. The
concentration-inhibitory effect relationships are shown in
Fig. 9 for CYP3A2 activity versus the concentrations of SNP
in the inlet perfusate, NO, amounts recovered in bile, and
NO, concentrations in the outlet perfusate. Similar profiles
were observed for other isoenzymes affected by NO donors
(data not shown). Additionally, the pharmacodynamic pa-
rameters estimated from these relationships are presented in
Table 2 for all the affected enzymes. For each P450 isozyme,
the estimated I, values obtained from three different re-
gression methods were similar (Fig. 9; Table 2). However, as
expected, the IC;, and y values were dependent on the type
of dependent variable (concentrations of SNP in the perfus-
ate or concentrations or amounts of NO, in the perfusate or
bile) (Table 2). The maximum inhibitory effects of SNP treat-
ment on the enzyme activity were relatively similar for all
the studied isozymes and ranged from 63% (1A1/2) to 85%
(2C11) (Table 2). However, up to 2.5-fold differences were
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Fig. 9. The relationships between the inhibitory effects of SNP on
CYP3A2 activity and the SNP inlet concentration (top), NO, amounts in
bile (middle), or NO, concentrations in the outlet perfusate (bottom).

observed in the IC;, values when the inhibitory effect was
plotted against the SNP inlet concentrations or NO, amounts
in bile (Table 2); the IC;, values for different isozymes were
in the order of 2C11 > 2B1/2 > 2E1 = 3A2 > 1A1/2. Although
showing similar rank order, the IC;, values obtained from
the NO, concentrations in the outlet perfusate were very
close for all the isozymes (Table 2).

Because of a small number of data points (three concen-
trations), the concentration-effect relationships were not con-
structed for ISDN.

Discussion

Hepatic Disposition of NO Donors. Although the in
vivo disposition of SNP and ISDN has been reported previ-
ously in both humans (Schulz, 1984; Fung, 1985) and rats
(Kreye and Reske, 1982; Morrison and Fung, 1984), our study
is the first to show the detailed hepatic disposition, including
biliary excretion, of SNP or ISDN in an IPRL model (Fig. 1;
Table 1). In addition to metabolism by liver microsomes (Rao
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TABLE 2

725

The pharmacodynamic parameters for the inhibition of the individual P450 isozymes as a function of SNP concentrations in the inlet perfusate,

NO, concentrations in the outlet perfusate, and NO, amounts in bile
Values in parentheses are percentage of coefficient of variations.

SNP Concentrations in the Inlet Perfusate

NO, Amounts in Bile

NO, Concentrations in the Outlet Perfusate

P450 Isozyme

Iax 1Cs Y Tnax ICs Y Tnax IG5 Y
% Control uM % Control uM % Control nmol
CYP3A2 81.5 (7.5) 67.4 (14.1) 1.35(23.7) 83.6 (11.6) 110 (20) 1.4 (31.7) 78.7(1.1) 10.8 (0.5) 5.50 (4.6)
CYP2C11 84.7 (8.6) 97.4 (12.8) 2.95 (34.5) 82.3 (11.0) 153 (14.2) 3.2 (41.6) 83.1(4.0) 11.8 (1.8) 11.3 (20.5)
CYP2E1 77.6 (4.8) 67.7 (8.6) 2.30 (20.3) 78.2 (6.6) 108 (11) 2.37 (25.2) 76.0 (1.8) 10.8 (0.8) 10.2 (9.9)
CYP1A1/2 62.8 (3.7) 40.9 (14.6) 3.75 (71.0) 63.3 (3.9) 63.4 (14.0) 3.26 (59.8) 62.6 (3.5) 9.83 (3.3) 20.6 (88.6)
CYP2B1/2 73.0 (10.0) 77.9 (17.0) 2.72 (41.0) 73.6 (12.4) 122 (19) 2.82 (45.3) 72.5 (6.5) 11.2 (2.8) 11.4 (33.4)

et al., 1991; Minamiyama et al., 2001), both ISDN and SNP
undergo metabolism to generate NO and other metabolites in
vascular smooth muscle (Kreye and Reske, 1982; Fung et al.,
1984). Therefore, the E and CL,, values presented here (Table
1) represent metabolism of SNP and ISDN by both hepatic
vasculature and the hepatocytes.

The linearity in the hepatic disposition of SNP within the
concentration range of 50 to 500 uM (Fig. 1; Table 1) is
consistent with the drug’s main metabolic pathway; in hepa-
tocytes, SNP is reduced by P450 reductase (Rao et al., 1991),
a pathway that remained unchanged after treatment with
NO donors (Fig. 3, bottom). Similarly, despite a significant
NO-dependent reduction in the catalytic activities of micro-
somal 1A1/2 (Fig. 8, top) and 2E1 (Fig. 7, top), which report-
edly (Minamiyama et al., 2001) participate in the in vitro
metabolism of ISDN, the E of ISDN was dose independent
(Table 1). This apparent discrepancy suggests that the con-
tribution of these two isoenzymes to the overall metabolism
of the drug in the IPRL model is relatively small.

The E and CI,,, values of ISDN observed here (Table 1)
revealed, for the first time, the true ability of the liver to
eliminate ISDN. This is because the systemic (i.e., metabolic)
clearance of ISDN (118 ml/min/kg) (Morrison and Fung,
1984) far exceeds the hepatic blood flow in rats (Davies and
Morris, 1993), indicating extrahepatic metabolism. There-
fore, estimation of CL,, E, and/or CL,,, from the in vivo data
has not been possible. Our CL;,, values (Table 1) predict an
in vivo CL,;, that cannot account for more than one-third of
the reported systemic clearance of ISDN (Morrison and
Fung, 1984). Therefore, approximately two-thirds of the sys-
temic clearance of ISDN in rats is indeed due to extrahepatic
metabolic pathways.

Although in small amounts, the presence of intact SNP or
ISDN in bile (Table 1) indicates that hepatocytes have indeed
been exposed to intact NO donors which could generate NO
within the hepatocytes. The presence of NO, in the bile (Fig.
2) further supports this argument.

Effects of NO Donors on P450 Activity and Protein.
Our observations clearly show that NO donors rapidly and
concentration-dependently decrease the total P450 content
(Fig. 3) and activities (Figs. 5-8) in an IPRL model. However,
the protein levels of the affected isoenzymes are largely un-
altered (Figs. 5—7). We measured the total P450 content
using the standard CO differential spectra analysis, which
requires the presence of intact protein-bound heme. Theoret-
ically, the observed decrease in the total P450 content may be
due to binding of NO to the heme prosthetic groups (Wink et
al., 1993; Minamiyama et al., 1997) and/or loss of enzyme-
bound heme (Kim et al., 1995). However, because the micro-

somal P450-NO complexes dissociate rapidly (Minamiyama
et al., 1997) (e.g., during microsomal preparation), the reduc-
tion in P450 content, observed in our IPRL studies, is due
mostly to the loss and degradation of enzyme-bound heme
(Kim et al., 1995). The observed reductions in total heme
contents of microsomal preparations in the livers treated
with NO donors (Fig. 4, top) are in agreement with this
postulate. Although the loss of heme is expected to reduce the
P450 catalytic activities, it is unlikely to affect the ELISA-
measured isoenzyme protein levels.

The reductions in P450 content alone (Fig. 3, top) cannot
fully explain the changes in the activities of various isoforms
observed after NO exposure (Figs. 5—8). Therefore, other
mechanisms must be in place. One such mechanism is the
interaction of NO with sulfhydryl groups of cysteine amino
acid residues in various P450s, forming reversible S-nitroso-
thiols that have relatively long half-lives (Minamiyama et al.,
1997). If the cysteine residues are critical for the interaction
of ligand with the isoenzyme, formation of S-nitrosothiols
could result in a reduced activity. In fact, the reaction of NO
with cysteinyl groups of 3A2 and 2C11 were held responsible
for the reductions in the 16a- and 6B-hydroxylation of testos-
terone by microsomes that were directly exposed to an NO
donor (Minamiyama et al., 1997). In our studies, NO donors
caused a moderate reduction in the free sulthydryl groups
only at high concentrations (Fig. 4, bottom). However, it
should be noted that the reaction of NO with one or more
critical cysteine groups of a P450 isoform may have a dra-
matic effect on its activity without a substantial effect on the
overall number of free thiols. Therefore, the percentage re-
duction in thiols may not be compared with the percentage
reduction in the activity of the individual P450 isoforms.

Another potential mechanism for the NO-induced inhibi-
tion of P450 activity is an irreversible nitration of tyrosine
residues, which are positioned at the active site of the en-
zyme or are involved in electron transfer, by the NO-derived
peroxynitrite (Roberts et al., 1998). For example, peroxyni-
trite-mediated nitration of tyrosine residues of CYP2B1 sig-
nificantly reduced its catalytic activity (Roberts et al., 1998),
an effect which was abolished by mutation of tyrosine 190 to
alanine (Lin et al., 2003). However, in agreement with a
microsomal study (Minamiyama et al., 1997), nitrotyrosine
was not detected in our model.

The P450 isoenzyme-specific inhibitory responses to NO
(Figs. 5—8) may be explained by the reductions in thiol (Fig.
4) and/or cytochrome b5 (Fig. 3) contents. Various P450 isoen-
zymes contain four to nine free cysteinyl residues (Mi-
namiyama et al., 1997). Therefore, depending on the number
of free cysteinyl groups and their position relative to the
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active site, the response of different isoenzymes to the pres-
ence of NO may be different. Additionally, because cyto-
chrome b; has isoenzyme-specific stimulatory effects on the
P450 activities (Yamazaki et al., 2002), the NO-induced re-
duction in the cytochrome b, contents (Fig. 3, middle) may
affect the activities of different isoforms to a different extent.

In contrast to significant reductions in catalytic activities
observed for all the other studied isoenzymes (Figs. 5-8), the
NO-induced changes in the activity of CYP2D1 were minimal
(Fig. 8, bottom). This observation suggests that NO does not
interact with CYP2D1 at critical sites. Indeed, recent reports
(Paine et al., 2003) have clearly shown that negatively
charged carboxylate-containing amino acids, such as aspar-
tate-301 and glutamate-216, are critical for the interaction of
2D6 with basic nitrogen-containing ligands. Therefore, the
lack of the effect of NO donors on 2D1 may be due to the lack
of cysteine and/or tyrosine residues at the critical site(s) of
the isozyme. Furthermore, several in vitro studies (Yamazaki
et al., 2002) have shown that, in contrast to most other P450
isoforms, the activity of CYP2D6 is not stimulated by cyto-
chrome b;. Hence, the NO-induced reduction in cytochrome
b content (Fig. 3, middle) is not expected to affect the activ-
ity of this isoform.

In addition to the alterations in the catalytic activities of
P450 isoenzymes, NO could potentially decrease P450 mRNA
and apoprotein levels (Stadler et al., 1994; Khatsenko and
Kikkawa, 1997). However, the protein levels of CYP3A2 (Fig.
5), 2C11 (Fig. 6), and 2E1 (Fig. 7), which constitute majority
of total P450 in male rats, were not substantially altered in
our studies. This is most likely due to our short experimental
time (1 h).

Concentration (Amount)-Effect Relationships. Be-
cause of its linear hepatic disposition (Table 1), the inlet
concentrations of SNP are expected to be directly related to
the concentrations of SNP and generated NO in hepatocytes.
Similarly, the biliary amounts of NO, reflect the exposure of
the hepatocytes to SNP and NO. Therefore, it is not surpris-
ing that the inhibitory effect-concentration (or amount) pro-
files were qualitatively similar when SNP inlet concentra-
tions or biliary NO, amounts were used as the independent
variable (Fig. 9). Conversely, the NO, concentrations in the
outlet perfusate may not be a true representation of hepato-
cyte exposure to NO because NO may be generated from SNP
in the liver vasculature (Kreye and Reske, 1982). Therefore,
the inlet concentrations of NO donors or the biliary amounts
of NO,, are more appropriate predictors of the P450 inhibitory
effects of NO donors than are the perfusate NO_ levels (Wink
et al., 1993).

It should be noted that the Griess reagent used in our
studies measures NO metabolites (NO,) as an indirect mea-
sure of NO exposure. However, the metabolism of ISDN may
produce NO, independent of the formation of NO (Fung et al.,
1984). Therefore, the NO, levels after ISDN administration
may be an overestimation of the liver exposure to NO. Fur-
thermore, NO species other than free radical (e.g., nitroxyl or
nitrosonium intermediates), which may be present after SNP
administration (Rao et al., 1991), may also react with P450s.
Consequently, the effects of exogenously administered SNP
on P450s may not be completely similar to those of NO
derived in vivo from NO synthase.

Conclusions

In conclusion, our findings indicate that NO decreases the
P450-mediated drug metabolism in an isolated perfused rat
liver model. The NO effect on drug metabolism is direct,
rapid (<1 h), and differential to various P450 isoforms. Dif-
ferent mechanisms such as nitrosylation of heme and/or cys-
teinyl amino acids may be responsible for this effect. Because
NO is released in substantial amounts under various patho-
physiologic conditions of the liver, the rapid inhibitory effects
of NO on metabolism of drugs used in these conditions are of
clinical relevance. Further experiments are currently under-
way to determine whether the NO-mediated inhibition of
P450 in IPRLs is reversible and/or time-dependent.
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