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ABSTRACT

Sulfadiazine hydroxylamine has been postulated to be the mediator of the greatly increased rates
of adverse reactions to sulfadiazine experienced by people with HIV infection. Therefore, we
investigated thein vitro human cytochrome P450 (CY P) and N-arylamine acetyltransferase
(detoxification) metabolism of sulfadiazine. Formation of both the hydroxylamine and 4-
hydroxy sulfadiazine was NADPH-dependent in human liver microsomes (HLM). The average
Km (£ SD) and Vmax in HLM (n = 3) for hydroxylamine formation was 5.7 + 2.2 mM and 185
+ 142 pmol/min/mg, respectively. Significant (p < 0.05) inhibition by selective CYPisoform
inhibitor sulfaphenazole (2.1 uM, CYP2C9) indicated arole for CYP2C9 in the formation of the
hydroxylamine. Hydroxylamine formation correlated strongly with tolbutamide 4-hydroxylation
(CYP2C8/9) inHLM (r = 0.76, p < 0.004, n = 12). Huconazole (CYP2C9/19 and CY P3A4
inhibitor at clinical concentrations) inhibited hydroxylamine formation, with one-enzyme model
Ki estimates ranging from 9 to 40 uM. Acetylation of sulfadiazine in human liver cytosol (HLC)
correlated strongly with NAT2 activity as measured by sulfamethazine N-acetylation (r = 0.92, p
<0.001,n=12). Theaverage Km (x SD) and Vmax in HLC (n=3) was 3.1+ 1.7 mM and
221.8 + 132.3 pmol/min/mg, respectively. The polymorphic acetylation of sulfadiazine may
predispose slow acetylator patients to adverse reactions to sulfadiazine. On the basis of our Ki
estimates, clinical fluconazole concentrations of 25 uM would produce decreases of 40 to 70% in
hepatic mediated hydroxylamine production. Therefore, we predict that fluconazole may prove
useful in the clinic as an in vivo inhibitor of sulfadiazine hydroxylamine formation to suppress

adverse reactionsto this drug.
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Sulfadiazine has an important role in acute therapy for Toxoplasmosis gondii encephalitis, the
most common opportunistic infection of the brain experienced by AIDS patients. Sulfadiazineis
an arylamine antibiotic associated with an extraordinarily high rate of adverse reactions, ~40% in
AIDS patients (Haverkos et al., 1987; Leport et al., 1988). Typical doses for toxoplasmic
encephalitisin AIDS patients are high and range up to 8 g administered daily in four divided
doses. Some of the adverse effects of arylamines are thought to be caused by formation of the
hydroxylamine metabolite that is further oxidized to the highly electrophilic nitroso metabolite,
which covalently binds to cellular macromolecules resulting in adverse reactions (Shear and
Spielberg, 1985; Reider et al., 1988). Although sulfadiazine has been marketed since the 1940s,
very little is known about cytochrome P450 isoform involvement in hydroxylamine formation in
humans or the arylamine N-acetyltransferase (NAT) detoxification pathway. The only oxidative
metabolite previously reported in humans was 4-hydroxy sulfadiazine, which comprised 12% of
the dose in aslow acetylator (Vree et al., 1995). The 5-hydroxy sulfadiazine metabolite has been
identified in monkeys (Vree et al., 1995), and the 4-hydroxy, 5-hydroxy and dihydroxy
sulfadiazine metabolites have been identified in various animal species (Atef 1974; Nouws et al.,
1987, 1988; Vree et al., 19914, 1991b). Leone et al. (1987) reported that 30 to 60% of a dose of
sulfadiazineis eliminated as the parent and 20 to 40% is eliminated as the acetylated metabolite
in humans. Sulfadiazine plasma Cmax concentrations following a single 2-g oral dose of

sulfadiazine are predicted to be 300 ug/ml or 1.2 mM (Vreeet al., 1995).

Human arylamine N-acety! transferase (NAT) is encoded at two different loci. The enzyme
encoded at one locus has a wide tissue distribution, is responsible for acetylation of p-amino
benzoic acid (PABA) and istermed NAT1. The second locus encodes an enzyme, which has a

more restrictive tissue distribution with higher levels of expression in the liver and red blood
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cells, isresponsible for the acetylation of sulfamethazine (SMZ) and istermed NAT2. NAT2is
associated with the classic form of human NAT polymorphism. Both NAT1 and NAT2 genes
have al€elic variation (Butcher et a., 2002). Slow acetylator status has been associated with
increased rates of adverse reactionsto arylamine antibiotics, such as sulfamethoxazole
(Wolkenstein et al., 1995). Suppression of hydroxylamine formation through the use of
metabolic inhibitors has been explored as a therapeutic strategy to decrease the high rate of
adverse reactions to the arylamines dapsone (Mitra et al., 1995, Winter et al., 2004a) and

sulfamethoxazole (Mitra et al., 1996, Winter et al., 2004b) in people with AIDS.

The major aim of this study was to identify the cytochrome P450 isoformsinvolved in
sulfadiazine hydroxylation in order to identify potentially clinically useful in vivo inhibitors of
this pathway. A secondary aim was to determine which NAT enzyme(s) was responsible for

sulfadiazine acetylation.

Materialsand Methods

Chemicals. 4-hydroxy sulfadiazine, 5-hydroxy sulfadiazine, N-hydroxy sulfadiazine (the
hydroxylamine), and N-acetyl sulfadiazine were obtained from the National Institute of Allergy
and Infectious Diseases AIDS Research and Reference Reagent Program. Sulfadiazine was
purchased from Sigma Chemical (St. Louis, MO). N-acetyl sulfamethazine was a gift from Dr.
Edith Sim, University of Oxford, and N-acetyl p-aminobenzoic acid was obtained from Aldrich
Chemical (Milwaukee, WI). All other chemicals were of analytical grade and were obtained
commercialy.

Human Liver Samples. Livers were procured, processed, and stored as previously described
(Rettieet al., 1989). Microsomes (HL123, 126, 135, 141, and 142) were prepared as previously

described (Hickman et al., 1998). Cytosol was prepared by homogenizing human liver in a
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buffer containing 250 mM sucrose, 100 mM dihydrogen potassium phosphate, 1 mM EDTA, 1
ug/ml leupeptin, and 1 mM DTT at pH 7.4. Theliver homogenate was centrifuged at 15,0009 at
4°C for 20 min, and the supernatant was poured through two layers of gauze into fresh centrifuge
tubes and then centrifuged at 100,000g at 4°C for 1 h to isolate the cytosol as the supernatant.
The supernatant was aliquoted immediately, then frozen in liquid nitrogen before storing at
-70°C. Protein concentrations were determined by the Bradford assay with bovine serum
albumin standard supplied by Biorad (Hercules, CA).

Cloned Human Enzymes. Lymphoblast and baculovirus insect cell-expressed (Supersome™)
human cytochrome P450 enzymes were obtained from Gentest® (Woburn, USA). Bacterially
expressed NAT1*3 and NAT2*4 (both the human wild-type) were provided by Dr. Dean
Hickman and have been previously characterized and described by Palamanda and colleagues
(1995).

Stock Preparation. Sulfadiazine hydroxylamine was dissolved in argon-purged dimethyl
sulfoxide (DM SO) in gas-tight amber autosampler vials into which freshly prepared agueous 10
mM ascorbic acid (10% vol/vol) was injected. The head-space of the gas-tight vials was purged
with argon, and the vials were kept on ice or stored at -70°C. All dilutions were made in freshly
prepared 10 mM ascorbic acid using gas-tight syringes and liquid-to-liquid transfer techniques.
All other stocks were prepared as equimolar sodium salts and freshly diluted in buffer, pH 7.4 at
37°C.

Cytochrome P450 Assays. HPLC assay. The analytical system consisted of a Coulochem [I™
electrochemical detector (EC) (G =200 mV, E1 =100 mV, E2 =-200 mV) coupled to a
downstream Shimadzu SPD-6A UV detector (A = 266 nm). Optimal Coulochem performance

required a Shimadzu LC600 dual piston pump coupled to an Alltech Free Flow Pulse
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Dampener™ and a Spectraphysics SP8875 autosampler using a Rheodyne® injector valve. A
C18 reverse phase column (Ultrasphere, 4u, 250 x 4.6 mm, Beckman Instruments, Fullerton,
CA) was used with a mobile phase consisting of 5: 0.05: 95 (vol/val) acetonitrile/triethylamine/
50mM sodium citrate, 1 mM EDTA, pH 2.21, a aflow rate of 1 ml/min. EC detection was used
for the hydroxylamine, and UV detection was used for all other metabolites of interest.

Enzyme assays. The 250 ul microsomal incubation matrix consisted of 0.1 to 2 mg/ml
microsomal protein, 1 mM EDTA, and 1 mM glutathionein 50 mM HEPES buffer, pH 7.4 at
37°C. All inhibitors were prepared as aqueous solutions unless specified. Thefina
concentration of organic solvent in the incubation mix did not exceed 1% (vol/vol). Incubations
for mechanism-based inhibitors, such as troleandomycin and diethyldithiocarbamate (DDC),
were carried out as described by Hickman and colleagues (1998). Reactions were pre-incubated
for 5 min; then ImM NADPH was added, and the reaction was terminated after 5 to 10 min with
25 ul 2N HCI or 1.5 % perchloric acid. Samples were vortexed under an atmosphere of argon,
left on icefor 10 min, and centrifuged at 20,0009 at 4°C for 10 min; then the supernatant was
injected into pre-assembled argon-purged, gas-tight amber autosampler vials. Samples were
injected onto the HPLC within 3 h of the incubation.

Arylamine N-Acetyltransferase Assays. HPLC assays. The analytical system described above
was used for the analysis of N-acetylated sulfadiazine with UV detection at 266 nm. The mobile
phase consisted of 10: 0.05: 90 (vol/val) acetonitrile/triethylamine/acetic acid at a flow rate of 1

ml/min.

Enzyme assays. Assays were conducted by the method reported by Grant and colleagues (1991).
Acetyl coenzyme A concentrations were fixed at 100 uM. Incubations contained 40 ul of liver

cytosol diluted to the appropriate concentration with 250 mM sucrose; 20 ul of acetyl-DL-
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carnitine/carnitine acetyl transferase cofactor regenerating system dissolved in 225 mM
triethanolamine-HCI , 4.5 mM DL-DTT, pH 7.5; 20 ul of acetyl coenzyme A (450 uM in water);
and varying amounts of sulfadiazine, sulfamethazine, or para amino benzoic acid diluted as its
sodium salt in TRIS 20 mM buffer to start reactions. Reactions were terminated with 10ul of
15% perchloric acid and 50 pl injected onto the HPLC.

Data Analysis. Apparent I1Cso (ICso, app) @nd residual effect model 1Cso (1Cso, rem) €stimates were

obtained from probit plots and nonlinear regression estimation using the equation below:

% Control aCt|V|ty = E max— (E max— EO) * (m) '(1)

where Emax was the maximal rate of hydroxylamine production in the absence of inhibitor, EO
was the un-inhibitable hydroxylamine production rate, and | was the inhibitor concentration. To
determine 1Cso, app, EO Was assumed to be zero. Initial estimates of Ki (inhibitor binding affinity
for the enzyme) were obtained from Dixon plots, and the mechanism of inhibition was confirmed
by Lineweaver-Burk transformation. Nonlinear regression estimation of ICsy and Ki for one-
enzyme models of inhibition was performed using PCnonlin (Scientific Consulting, Apex, NC)

and reported as the parameter + SEM.

Nonlinear regression estimation of parametersfor two-enzyme models where only one enzyme
was competitively (2) or noncompetitively (3) inhibited by fluconazole were also performed

using the equations below:

_ S* V max1 +S*Vmaxz (2
S+ Km* (1+/Ki) S+ Kmz
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_ S* V max1 +S*Vmaxz -3)
S* (1+ I/Ki) + Knu* (1+ 1/Ki) S+ Kmz
where V was the rate of hydroxylamine formation; Vmax(n), the maximal rate of hydroxylamine
formation for each enzyme (n) and Km(n), a measure of substrate affinity and the substrate

concentration (S) that produces Vmax(n)/2.

All statistical data are reported as the mean £ SD of triplicate determinations. The unpaired t test
was used to detect significant differences (p < 0.05). The Pearson correlation coefficient (r) and

the Spearman rank correlation coefficient (rs) were used to determine the significance of
substrate and isoform selective probe activity correlations. The F-ratio test was used to

discriminate between one- and two-enzyme inhibition models.
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Results

Cytochrome P450 Assays. HPLC sulfadiazine oxidative metabolite assay devel opment.
Oxidation potentials for the hydroxylamine and 5-hydroxy sulfadiazine were O and 400 mV,
respectively. Oxidation potentials for 4-hydroxy sulfadiazine, N-acetyl sulfadiazine, and
sulfadiazine were greater than 600 mV. Because EDTA in the mobile phase becomes
significantly oxidized at 400 mV, electrochemical detection at E1 = 100 mV was used only for
the hydroxylamine. When there were significant interfering peaks in the chromatography, the
response to reduction of the nitroso species (oxidative product of the hydroxylamine) was
monitored with E2 = -200 mV, which was immediately downstream from E1. UV detection at
266 nm was used for al of the other metabolites of interest. Sample chromatograms where 4-
hydroxy sulfadiazine, N-hydroxy sulfadiazine, 5-hydroxy sulfadiazine, and sulfadiazine eluted at

8.4, 10.2, 11.9, and 12.8 min, respectively, are shown in Fig. 1.

The limit of detection for the hydroxylamine in the microsomal sample matrix was less than 0.2
pmol on column, and calibrations were linear over the range 0.2 to 2 pmol injected on column
with r?=0.998. The accuracy and precision for the assay of the hydroxylamine were typically
less than 6.1 and 16.8%, respectively. 4-hydroxy and 5-hydroxy sulfadiazine calibrations were

linear over the range of 4 to 75 pmol injected on column with r?> 0.99.

10

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 20, 2005 as DOI: 10.1124/dmd.104.002998
This article has not been copyedited and formatted. The final version may differ from this version.

DMD 2998R

Determining linear conditions and parameters for Michaelis-Menten kinetics. The
hydroxylamine was stable for only 15 min (10% loss) in the full sample matrix containing heat
de-natured protein at 37°C. The hydroxylamine spiked into the full sample matrix treated with

0.2N HCI was stable for greater than 6 h in argon-purged gas-tight autosampler vials.

The hydroxylamine and 4-hydroxy sulfadiazine were produced in human liver microsomesin a
reaction that required NADPH, and their formation was eliminated by the presence of 1% triton,
indicating arole for cytochrome P450 metabolism. Formation of 5-hydroxy sulfadiazine was not
detected in human liver microsomes. Formation of the hydroxylamine and 4-hydroxy
sulfadiazine was linear up to 15 and greater than 40 min, respectively, with protein
concentrations up to 2 mg/ml. Hydroxylamine formation appeared as uniphasic plots on Eadie-
Hofstee plots (Fig. 2) with an average Km (£ SD) of 5.7 + 2.2 mM and seven-fold variation in
Vmax of 185 + 142 pmol/min/mg protein. Formation of 4-hydroxy sulfadiazinein HL123 had
an apparent Km > 10 mM with a formation rate of 69.2 pmol/min/mg protein at 10mM
sulfadiazine. The limited solubility of sulfadiazine in the microsomal incubation matrix (10
mM) did not allow us to determine the Km for 4-hydroxy sulfadiazine formation with

confidence.

11
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| soform selective inhibition screening of hydroxylamine formation. Screening with cytochrome
P450 isoform selective inhibitors of hydroxylamine formation in human liver microsomes at
clinical concentrations of sulfadiazine 100 uM showed significant inhibition by 250 uM
tolbutamide (2xKm CY P2C9, Veronese et a., 1993) and 2.16 uM sulfaphenazole (CY P2C9),

indicating arole for CYP2C9 (p < 0.05, see Fig. 3).

Lymphoblast-expressed CY P2C9* 1 showed good sulfadiazine hydroxylation activity, withaKm
of 7.2+ 0.3 mM and Vmax of 36.9 £ 1.3 pmol/min/pmol P450. Lymphoblast-expressed
CYP2C8 and CY P2C19 had activity that was 5 to 7 times greater than the vector control enzyme
at 5 mM sulfadiazine. Baculovirusinsect cell-expressed CY P2C8 (Supersomes™) without co-
expressed cytochrome b5 had a Km of 2.59 + 0.06 mM and Vmax of 0.330 + 0.010
pmol/min/pmol P450. Baculovirusinsect cell-expressed CY P2C8 (Supersomes™) with co-
expressed cytochrome b5 had aKm of 2.87 £ 0.16 mM and Vmax of 0.571 + 0.009
pmol/min/pmol P450. CY P2B6 appeared to have Km much greater than 10 mM (rate of
hydroxylamine formation at 10mM was 0.41pmol/min/pmol P450). All other lymphoblast-
expressed enzymes investigated (CY P1A1, CYP1A2, CYP2A6, CYP2D6, CY P3A4, CY P2E1)
did not show activity significantly greater than the endogenous activity of the control. A rolefor
CYP2C8/9 in hydroxylamine formation was indicated by a strong correlation between the rate of
sulfadiazine hydroxylamine formation (4 mM) and 4-hydroxylation of tolbutamide (500 uM) for

12 human livers (Fig. 4; r =0.76, p < 0.004; rs = 0.78, p < 0.002).

Fluconazole as a selective inhibitor of hydroxylamine formation. Fluconazole, an inhibitor of
CYP2C9/19 and CY P3A4 at clinical concentrations, was investigated as a selective inhibitor of

hydroxylamine formation. The ICso, 4p for fluconazole (0-200 uM) at a sulfadiazine

12
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concentration of 100 uM in three livers (HL123, HL141, and HL142) was 32.0 £ 13.7 uM (16.2
to 40 uM). ThelCsp, remWas 11.7 £ 2.0 uM (9.5to 13.3 uM), with residua activity of 25.7 +
7.4% (17.2 10 30.0%). The significant residual activity indicated the presence of at least two
enzymes in hydroxylamine formation, therefore, nonlinear regression analysis was used to
determine the fluconazole Ki for one and two enzyme models of inhibition. For the one-enzyme
models, the fluconazole Ki in HL142 was determined to be 8.6 + 0.6 uM with a competitive
mechanism, and the Ki in HL123 was 39.5 + 2.8 uM with a noncompetitive mechanism, as
shown by Dixon and Lineweaver-Burk plotsin Fig. 5. However, the subtle non-linearitiesin the
data for HL123 are also cons stent with a two-enzyme model in which one enzymeis
competitively inhibited by fluconazole, but the other enzymeis not inhibited (Equations 2 and 3).
For competitive inhibition of one of the enzymes responsible for hydroxylamine formation in
HL123 (enzyme 1), the parameters for Vmax1, Kml, Vmax2, Km2, and the Ki were estimated to
be 253 + 21 pmol/min/mg, 8.6 + 1.3 mM, 51.3 + 5.8 pmol/min/mg, 2.1+ 0.4 mM, and 10.4+ 2.5
uM, respectively. When simulations were performed for an enzyme model with these
parameters, apparent one-enzyme noncompetitive profiles were obtained for both the Dixon and
Lineweaver Burk plots (data not shown). The average ICsp rem agrees closdly with the Ki
obtained for the two-enzyme model for HL123. Km1 for the fluconazole inhibitable enzymeis
close to the estimate of 7.2 mM for lymphoblast-expressed CY P2C9, and Km2 is close to the
estimate of 2.6 mM and 2.9 mM obtained for baculovirus insect cell-expressed CY P2C8 with
and without supplemental cytochrome b5, respectively. The data were also fit to atwo-enzyme
model in which fluconazol e inhibition was noncompetitive for one of the enzymes (Equation 3)
with the parameters for Vmax1, Kml, Vmax2, Km2, and the Ki estimated to be 203 + 18

pmol/min/mg, 6.0+ 0.9 mM, 71+ 7 pmol/min/mg, 4.7 £ 0.7 mM, and 16.2+ 1.1 uM,

13
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respectively. As determined by the F-ratio test, both the two-enzyme models (Equations 2 and
3) wereasignificantly (p < 0.001) better fit to HL123 data versus the one-enzyme models. Since
fluconazole inhibited the one-enzyme mode of HL142 with a competitive mechanism, the two-

enzyme competitive model appearsto be the model most consistent with our HL123 data.

Arylamine N-Acetyltransferase Assays. HPLC N-acetyl sulfadiazine metabolite assay
development. Retention times for sulfadiazine and N-acetyl sulfadiazine were 8.0 and 11.5 min,
respectively. Calibrations were linear and reproducible over the range of 8.5 to 1000 pmol
injected on column (r*> 0.992). Cloned NAT enzymes expressed in E. coli produced atime-
dependent interfering peak caused by an interaction between perchloric acid and the bacterial
protein. Cloned enzyme incubations were therefore terminated with 90 uL acetonitrile, then

diluted to afinal concentration of 20% acetonitrile, and the supernatant injected on the HPLC.

Determining linear conditions and parameters for Michaelis-Menten kinetics. Formation of N-
acetyl sulfadiazine was linear up to 1 h with cytosolic protein concentrations up to 2 mg/ml. N-
acetyl sulfadiazine formation appeared uniphasic on Eadie-Hofstee plots (Fig. 6) with an average
Km (£ SD) and Vmax of 3.1+ 1.7 mM and 221.8 + 132.3 pmol/min/mg, respectively, at an
acetyl coenyzme A concentration of 100 uM. Enzyme kinetic parameters for bacterially
expressed wild-type NAT1*3 and NAT2*4 arelisted in Table 1, where both enzymes had similar

Km values of 5.8+ 0.2 mM and 5.4 + 0.2 mM, respectively, for sulfadiazine acetylation.

| soform sel ective inhibition screening of N-acetyl sulfadiazine formation. Selective inhibition
screening in three livers using 250 uM SMZ asthe NAT2 probe and 100 uM PABA asthe
NAT1 probe showed a dominant NAT2 component in two livers and an apparent dominant

NAT1 component in one liver (HL142) (Fig. 7). The acetylation of sulfadiazine in 12 human

14
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livers was not correlated with NAT1 activity, as shown by p-aminobenzoic acid acetylation, but
was correlated with NAT2 activity by sulfamethazine acetylation (Fig. 8; r = 0.96, p < 0.001; rs

= 0.92, p < 0.001).

Discussion

We developed a highly sensitive, selective electrochemical HPLC assay that enabled us to detect
and quantify the highly unstable hydroxylamine of sulfadiazine. Our human liver microsomal
data are consi stent with asignificant role for cytochrome P450 in both hydroxylamine and 4-
hydroxy sulfadiazine formation. Detection of 4-hydroxy sulfadiazine is consistent with a report
by Vree and colleagues (1995). Despite the Km for the hydroxylamine being in the millimolar
range, the reported recovery of 14% of a sulfadiazine dose as 4-hydroxy sulfadiazine (which
appears to have an even higher Km in human liver microsomes) in aslow acetylator (Vreeet al.,

1995) suggests that hydroxylamine production would be significant in vivo.

The isoform selective screening profile and the correlation of the rate of hydroxylamine
formation with tolbutamide 4-hydroxylation strongly indicates arole for CYP2C8/9 in
hydroxylamine formation. Tolbutamide 4-hydroxylation has been demonstrated to be areliable
measure both of in vitro and in vivo CY P2C9 activity even when CYP2C9 dldic variants are
present (Gill et al., 1999; Kirchheiner et al., 2002; Shon et al., 2002). In support of CYP2C9
involvement isaclinical study in which phenytoin clearance, which islargely CY P2C9-mediated
with aminor contribution by CYP2C19 (Levy, 1995), was inhibited significantly (~50%, n = 8)
by a4-g oral dose of sulfadiazine (Hansen et al., 1979). When fluconazole (a CYP2C9/19 and
CYP3A4 inhibitor at clinical concentrations) was explored as a potentially useful clinical

inhibitor of hydroxylamine formation, significant residual enzyme activity ranging from 17.2 to
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30% was found, indicating arole for one or more non-fluconazol e inhibitable enzymes. The
variability in fluconazole 1Cso, 4, estimates (16.2 to 40 uM) at clinical sulfadiazine
concentrations of 100 uM agreed with the variability in the range of Ki values for one-enzyme
models (8.6 to 39.5 uM) determined. In a previous study on dapsone hydroxylamine formation
(Winter et al., 2000), we found that CY P2C8, unlike other members of the CY P2C family, was
not inhibited by fluconazole at concentrations up to 200uM. As sulfaphenazoleis not an
inhibitor of CY P2C8, our observation that tolbutamide 250 uM (2 x Km of 2C9; Minerset al.,
1988) inhibited sulfadiazine hydroxylamine formation greater than sulfaphenazole (18 x Ki of
2C9; Miners et al., 1988) also supports a potential role for CY P2C8 in sulfadiazine

hydroxylamine formation (Fig. 3).

The fluconazole 1Csp, rem determined using aresidual effect model was 11.7 + 2 uM (9.5-13.3),
which agrees closely with the fluconazole Ki of 8 uM determined for CY P2C9-mediated S-
warfarin 7-hydroxylation (Kunze et al., 1996). The Ki for fluconazole inhibition of cloned

CY P3A4 has been reported to be 9.21 uM (Gibbs et al., 1998). In the case of sulfadiazine, a
major role for CY P3A4 was discounted because of the inhibition screening profile and the
undetectable clone enzyme activity. The significant residual activity shown by the fluconazole
|Cso profiles and the apparently noncompetitive Dixon and Lineweaver profilesfor HL123 are
completely consistent with atwo-enzyme model in which there is competitive inhibition of
CYP2C9 and alack of fluconazole inhibition of CY P2C8 (and/or other enzymes) in
hydroxylamine formation. The two-enzyme model with one of the enzymes inhibited
competitively by fluconazole is consistent with known CY P2C8 and CY P2C9 interactions with

fluconazole. Therefore, thismode is considered the most appropriate model to explain the
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widely varying 1Cso and one-enzyme model Ki estimates for fluconazole inhibition of
sulfadiazine hydroxylamine formation in human liver microsomes. CY P2C8 content is known to
vary widely in human livers (Wrighton et al., 1987) and is resistant to inhibition by fluconazole
(Winter et a., 2000). Therefore, thisenzymeislikely to be one of the major sources of the

variability observed.

Acetylation of sulfadiazine in human liver is mediated by NATZ2, as shown by a strong
correlation with the NAT2-specific sulfamethazine N-acetylation. Because the bacterially
expressed human wild-type NAT enzymes had very similar Km values, thein vivo NAT2
enzyme must have much greater activity towards sulfadiazine acetylation, either in the form of a
higher catalytic rate constant (kcat) and/or a much greater level of enzyme expression in human
liver. Sulfadiazine acetylation would be expected to be a predominantly NAT2-mediated
process as sulfamethazine (our NAT2 probe) is actually 4-,6-dimethyl sulfadiazine. Methylation
of the para substituent must enhance affinity for NAT2 as the reported Km for sulfamethazine
acetylation isonly 120 uM (Grant et al., 1991). NAT2 is expressed predominantly in the liver
and red blood cells, whereas NAT1 is expressed ubiquitoudly. It is possible that NAT1-mediated
acetylation may predominate in non-hepatic tissues. The Km for sulfadiazine N-acetylation is
comparable to that found for hydroxylamine formation. Slow acetylator status may predispose
patients to sulfadiazine adverse reactions by allowing more parent drug to be available for

oxidative pathways and hydroxylamine formation.

The cause of the extremely high rate of adverse reactionsto sulfadiazine and other arylamine
drugs, such as sulfamethoxazol e and dapsone, in HIV-infected patients has not been determined.
If the rate of adverse reactionsisrelated to the total body burden of cytochrome P450-mediated

production of the hydroxylamine, then potent inhibitors of CY P2C8/9 activity suitable for usein
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the clinic would be predicted to decrease the rate of adverse reactions and alow patients to
complete their antibiotic therapy. Inhibition of a metabolite’ s formation clearance (CLf) by an
inhibitor (1) with an in vitro-determined Ki can be predicted for a one-enzyme Michadlis-Menten
model based on the following equation derived by Shaw and Houston (1987) for both

competitive and noncompetitive mechanisms of inhibition where

Cl,f I
——=1+— -(4
CLf, I +Ki “)

assuming that the substrate concentrations are much less than the Km for the enzyme. At
expected fluconazole clinical concentrations of 25 uM (Winter et al., 2004a; Winter et al.,
2004b) and an observed one-enzyme model Ki range of 8.6 to 39.5 uM, we would predict
approximately 40 to 70% inhibition of sulfadiazine hydroxylamine formation in vivo.
Fluconazole has similar estimated apparent in vitro apparent 1Csp and Ki estimates for inhibiting
the production of hydroxylamine metabolites of two arylamine drugs, dapsone and
sulfamethoxazole (Winter et al., 2000; Winter et al., 2004b). We have aso shown that
fluconazole can inhibit the in vivo hydroxylamine production of both dapsone and
sulfamethoxazole by ~33 to 60% (Winter et al., 2004a; Winter et al., 2004b). On the basis of the
above data, we predict that fluconazole, which is only 10% plasma protein bound, will
substantially inhibit sulfadiazine hydroxylamine formation and may therefore be a clinical useful
strategy to decrease adverse reactionsto sulfadiazinein vivo. To test this strategy will require
both an in vivo pharmacokinetic study to confirm significant inhibition of hydroxylamine
production by fluconazole, followed by alarger clinical trial when fluconazole and sulfadiazine

are chronically co-administered and the adverse effects of sulfadiazine are measured.
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LEGENDSTO FIGURES
Fig. 1. Chromatograms showing (a) UV absorbance at A=266 nm (and retention times) of

agueous standards of the oxidative metabolites of sulfadiazine (50 ng injected on column)- 4-
hydroxy sulfadiazine (8.4 min), N4-hydroxy sulfadiazine (10.2 min), 5-hydroxy sulfadiazine
(11.9 min), and sulfadiazine (12.8 min); (b) electrochemical (EC) tracing (R = 100 nA,
attenuation 5) showing formation of 135 pmol hydroxylamine/mg microsomal proteinina 10
min microsomal incubation containing 200 uM sulfadiazine and 1 mM NADPH; (c) EC tracing
of microsomal blank for 200 uM sulfadiazine. Chromatograms were recorded on a Shimadzu

Chromatopac CR601.

Fig. 2. Eadie-Hofstee plots for N-hydroxylation of sulfadiazine (SDZ-HA) in human liver
microsomes over the range 300 uM to 10 mM. The average Km (£ SD, n = 3) and Vmax,
estimated by nonlinear regression, were 5.7 + 2.2 mM and 185 + 142 pmol/min/mg protein,

respectively.

Fig. 3. Isoform specific inhibition of hydroxylamine formation in HL141 at 100 uM
sulfadiazine. 1soform specificities were tolbutamide = CY P2C8/9, sulfaphenazole = CY P2C9,
caffeine = CYP1A2, chloroxazone = CY P2E1, p-nitrophenol = CY P2EL, troleandomycin =
CYP3A4, quinidine = 2D6, coumarin = 2A6, S-mephenytoin = CY P2C19, and orphenadrine =
CYP2B6. All inhibitors were compared with solvent matched controls containing not more than

0.3% solvent. Data are presented as mean and standard deviation of triplicate observations.

Fig. 4. Therate of sulfadiazine hydroxylamine (SDZ-HA) formation (4 mM sulfadiazine) is
significantly correlated (r = 0.76, p < 0.004; rs = 0.78, p < 0.002) with CYP2C8/9 activity (4-

hydroxylation of 500 uM tolbutamide) in 12 human livers.
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Fig. 5. Lineweaver Burk (upper) and Dixon (lower) plots for fluconazole inhibition of
sulfadiazine hydroxylamine (SDZ-HA) formation in HL142 (left panel) and HL123 (right pandl).
The Ki values for one-enzyme models of fluconazole inhibition were determined to be (mean +
SEM) 8.6 £ 0.6 uM in HL142 (apparent competitive mechanism) and 39.5+ 2.8 uM in HL123

(apparent noncompetitive mechanism).

Fig. 6. Eadie-Hofstee plots for N-acetylation of sulfadiazine (AcSDZ) in human liver cytosol
over therange 156 uM to 5 mM. The average Km (= SD) and Vmax were determined to be 3.1
+ 1.7 mM and 221.8 + 132.3 pmol/min/mg protein at an acetyl coenzyme A concentration of 100

uM.

Fig. 7. Isoform specific inhibition of N-acetyl sulfadiazine formation in human liver cytosol at
50 uM and 1000 uM sulfadiazine (SDZ). Probe specificities were p-aminobenzoic acid (PABA)

= NAT1 and sulfamethazine (SMZ) = NAT2. N.D. = not detectable

Fig. 8. a) Lack of correlation between the rate of acetylation of 5 mM sulfadiazine with NAT1
activity (Vmax for acetylation of p-aminobenzoic acid) in 12 human livers (r =-0.12, p = 0.74).
b) Highly significant correlation between the rate of acetylation of 5 mM sulfadiazine with
NAT2 activity (Vmax for acetylation of sulfamethazine) in 12 human livers (r = 0.96, p < 0.001;

rs=0.93, p < 0.001).
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Table 1. Wild type recombinant NAT1 and NAT2 enzyme kinetic parameters for acetylation of paraamino benzoic

acid, sulfadiazine, and sulfamethazine

Enzyme Substrate Vmax Km

NAT1*3# Paraamino benzoic 6.4 nmol/min/mg 687 uM
acid (PABA)

NAT1*3 Sulfadiazine 18.3 nmol/min/mg 5.8 mM

NAT2* 4# Sulfamethazine 0.8 nmol/min/mg 136 uM
(SM2)

NAT2*4 Sulfadiazine 298 nmol/min/mg 5.4 mM

"We used exactly the same source of cloned NAT enzyme, within asimilar time frame as reported by Palamanda JR,
Hickman D, Ward A, Sim E, Romkes-Sparks, and Unadkat JD Drug Metabolism and Disposition (1995) 23(4):473-

477.
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