
 
Elsevier required licence: © 2021 

 
This manuscript version is made available under the  

CC-BY-NC-ND 4.0 license  
 

http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 

The definitive publisher version is available online at   
 
 

https://doi.org/10.1016/j.cbi.2021.109401 
 

 
 

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cbi.2021.109401


 

 

1 

 1 

The N-oxide metabolite of sorafenib inhibits hepatic CYP2C8 2 

 3 

Pramod C. Nair3, Tina B. Gillani,1 Tristan Rawling,2 and Michael Murray,1,4 4 

 5 

1Pharmacogenomics and Drug Development Group, Discipline of Pharmacology, School of 6 

Medical Sciences, Sydney Medical School, University of Sydney, NSW 2006, AUSTRALIA, 7 

2School of Mathematical and Physical Sciences, Faculty of Science, University of 8 

Technology Sydney, Ultimo, New South Wales, 2007, AUSTRALIA, and 3Department of 9 

Clinical Pharmacology and Flinders Centre for Innovation in Cancer, College of Medicine 10 

and Public Health, Flinders University, Bedford Park, SA 5042, AUSTRALIA 11 

 12 

4Address for correspondence: Dr Michael Murray,  13 

 Discipline of Pharmacology,  14 

 University of Sydney,  15 

 NSW 2006, AUSTRALIA 16 

 Tel: (61-2)-9036-3259 17 

 Fax: (61-2)-9351-4447 18 

 email: michael.murray@sydney.edu.au 19 

 20 

 21 

Running title: sorafenib N-oxide and CYP2C8 inhibition   22 

mailto:michaelm@pharm.usyd.edu.au


 

 

2 

Abstract 23 

The multikinase inhibitor sorafenib (SOR) is a frontline agent in the treatment of 24 

hepatocellular and renal cancers. In recent clinical studies SOR has been evaluated 25 

increasingly in combination with other oncology agents, such as paclitaxel. However, the use 26 

of such combinations could increase the likelihood of pharmacokinetic drug-drug interactions 27 

(DDIs) and adverse events. It has been reported that SOR may inhibit a number of human 28 

drug oxidation pathways mediated by multiple CYPs. Oxidative biotransformation of SOR 29 

generates the pharmacologically active N-oxide metabolite (SNO) that has been shown to 30 

accumulate in the serum of some individuals who have been treated with the drug. Recent 31 

evidence has suggested that the metabolite SNO is more effective than the parent drug as an 32 

inhibitor of some CYP-mediated drug oxidations. Molecular docking studies have shown that 33 

SNO is associated with an increase in the binding interactions with active site amino acid 34 

residues in these enzymes. SOR has been implicated as an inhibitor of CYP2C8, which is an 35 

important catalyst in the oxidative elimination of oncology drugs such as paclitaxel and 36 

imatinib; inhibition is potentiated by NADPH-dependent biotransformation of SOR. The 37 

present study evaluated the potential contribution of SNO to the inhibition of CYP2C8 and 38 

the closely related enzyme CYP2C9. The principal finding to emerge was that SNO was ~2-39 

fold more effective than SOR as an inhibitor of CYP2C8-mediated paclitaxel 6-40 

hydroxylation in human liver. Both SOR and SNO interacted with active site residues in the 41 

catalytic center of CYP2C8; there were four additional hydrogen and halogen bonding 42 

interactions involving SNO. In contrast, the binding of SOR and SNO in the active site of 43 

CYP2C9 and the capacity to inhibit microsomal losartan oxidation were similar. These 44 

findings suggest that SNO has the potential to contribute to pharmacokinetic interactions 45 

between SOR and drugs that are substrates for CYP2C8, perhaps in those individuals in 46 

whom SNO accumulates.   47 

 48 

Keywords:  sorafenib, sorafenib N-oxide, CYP2C8 inhibition, paclitaxel hydroxylation, 49 

metabolite inhibition, molecular docking  50 



 

 

3 

INTRODUCTION 51 

The kinase inhibitor sorafenib (SOR) is used to treat patients with cancers of the liver 52 

and kidney (1,2). Although better tolerated than conventional oncology drugs, some patients 53 

experience toxicity with SOR that necessitates dosage modifications (1-3). Hepatic 54 

cytochrome P450 (CYP) 3A4 oxidizes SOR to its active N-oxide metabolite (SNO; Fig. 1) 55 

(4,5). However, low overall rates of SOR clearance may promote the accumulation of SOR 56 

and the metabolite SNO during therapy (3,6-9). SOR is used in combination with other 57 

anticancer agents to optimise treatment. However, such combinations may increase the 58 

incidence of adverse effects, possibly attributable in part to pharmacokinetic drug-drug 59 

interactions (DDIs) due to impaired drug clearance by CYPs. 60 

SNO formation varies between patients due to individual differences in CYP3A4 61 

activity (8). We found recently that CYPs 3A4 and 2D6 were inhibited more effectively by 62 

SNO than SOR because the binding of SNO within the active centers of the enzymes was 63 

more effective (10,11). These findings suggest that patients that produce more SNO may be 64 

at greater risk of pharmacokinetic DDIs. SOR also inhibits other CYPs, including CYP2C8 65 

(12). Importantly, CYP2C8 inhibition was more pronounced following NADPH-dependent 66 

biotransformation of the drug; to our knowledge the potential contribution of major SOR 67 

metabolites like SNO has not been assessed to date. Several clinical studies have tested the 68 

combination of SOR with oncology drugs that are also CYP2C8 substrates for improved 69 

efficacy against a number of cancers. Thus, the clinical activity of paclitaxel was enhanced 70 

when combined with SOR and carboplatin in patients with ovarian, fallopian tube or 71 

peritoneal cancer and with paclitaxel/cisplatin/gemcitabine in patients with advanced 72 

urothelial cancer (13,14). In contrast, the combination did not appear to improve treatment of 73 

patients with locally advanced or metastatic HER2-negative breast cancer (15). However, it is 74 

noteworthy that the grade and frequencies of adverse events were greater with these 75 

combinations than with paclitaxel alone (13-15). 76 

The present study assessed the capacities of SOR and SNO to inhibit CYP2C8-77 

mediated paclitaxel oxidation in human liver microsomes. The major finding was that the 78 

metabolite SNO was more effective than to the parent drug against the activity. In docking 79 

studies, SNO interacted more effectively than SOR with key amino acid residues in the 80 

catalytic site of CYP2C8. We also assessed the capacity of SOR and SNO to inhibit the 81 

closely related CYP2C9 but their activities were similar. These findings suggest that SNO 82 

has the potential to contribute to the inhibition of CYP2C8 by SOR.  83 
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MATERIALS AND METHODS 84 

Chemicals and drugs 85 

SOR (4-[4-([4-chloro-3-(trifluoromethyl)phenyl]carbamoylamino)phenoxy]-N-86 

methylpyridine-2-carboxamide) and SNO were prepared as previously described (10). 87 

Paclitaxel, its 6-hydroxy-metabolite, other CYP substrates and biochemicals were 88 

purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The active carboxylic acid 89 

metabolite of losartan (E-3174) was from SynFine Research Inc (Richmond Hills, ON, 90 

Canada), 1’-hydroxymidazolam was obtained from Cerilliant (Round Rock, TX) and other 91 

CYP metabolites were from Sigma-Aldrich. Microsomal fractions from insect cells that over-92 

expressed CYP2C8 were purchased from BD Biosciences (Supersomes; North Ryde, NSW, 93 

Australia). HPLC grade solvents and analytical reagents were obtained from LabScan (Lomb 94 

Scientific, Taren Point, NSW, Australia) or Ajax Chemicals (Sydney, NSW, Australia).  95 

 96 

Preparation of human liver microsomal fractions 97 

The Human Ethics committee of the University of Sydney approved the present work 98 

in accordance with the World Medical Association guidelines. Liver tissue was obtained from 99 

the normal margin during surgical liver resection and was provided by the Australian and 100 

Queensland Liver Transplantation Programs (located at Royal Prince Alfred Hospital, 101 

Sydney, NSW, and Princess Alexandria Hospital, Brisbane, Queensland, respectively). At 102 

collection tissue was immediately placed in Viaspan solution (DuPont, Wilmington, DE, 103 

USA) and then transferred to liquid nitrogen. Microsomal fractions were prepared from three 104 

individual donors by ultracentrifugation (16). Liver microsomal protein was quantified by 105 

standard methods (17).  106 

 107 

CYP substrate oxidation assays in human hepatic microsomal fractions 108 

Paclitaxel 6-hydroxylation was used to assess microsomal CYP2C8 activity (18). 109 

Incubations (0.2 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) contained 25 μM 110 

paclitaxel and 0.15 mg protein and were initiated with NADPH (1 mM final). Reactions were 111 

terminated after 90 min with methyl tert-butyl ether, the internal standard cephalomanine was 112 

added and extracts were dried under nitrogen.  113 

Extracts were applied to an Alltech® Alltima™C18, 5μm 150 × 2.1 mm column 114 

(Grace Davison Discovery Sciences; Baulkham Hills, NSW, Australia) coupled to a Thermo 115 

Scientific TSQ Quantum Access Max liquid chromatography-mass spectrometry (LC-116 
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MS/MS) system (San Jose, CA, USA), operating in positive electro-spray ionization mode. 117 

The mobile phase was methanol-water (50:50, v/v) containing 0.1% acetic acid and the flow 118 

rate was 0.3 mL/min; the data were analysed using Xcalibur 1.2 (Thermo Fisher, Waltham, 119 

MA). 120 

Losartan oxidation was used to assess microsomal CYP2C9 activity (19). Incubations 121 

(0.25 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) contained 25 μM losartan and 122 

0.05 mg protein and were initiated with NADPH (1 mM final). Reactions were terminated 123 

after 15 min with methyl tert-butyl ether and the internal standard phenacetin was added. 124 

Solid phase extraction was carried out on Waters Oasis HLB cartridges coupled to a Supelco 125 

Visiprep TM 24 system. Cartridges were washed twice with water (1 mL) and 10% methanol 126 

in water (1 mL) and were then eluted with methanol. Samples were subjected to LC-MS/MS 127 

as described above. The mobile phase was acetonitrile-water (50:50, v/v) containing 0.1% 128 

formic acid and the flow rate was 0.3 mL/min. 129 

7-Ethoxyresorufin O-deethylation activity was used to assess microsomal CYP1A2 130 

activity (20). Incubations (2 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) 131 

contained 12.5 mM 7-ethoxyresorufin and 0.2 mg protein and were initiated with NADPH (1 132 

mM final). Product (resorufin) formation was monitored by continuous spectrofluorometry at 133 

the excitation/emission wavelength pair 560/580 nm.  134 

Dextromethorphan O-demethylation was used to assess microsomal CYP2D6 activity 135 

(19). Incubations (0.25 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) contained 16 136 

μM dextromethorphan and 0.15 mg protein and were initiated with NADPH (1 mM final). 137 

Reactions were terminated after 30 min with methyl tert-butyl ether and the internal standard 138 

phenacetin was added. Solid phase extraction and LC-MS/MS analysis was conducted as 139 

described for losartan oxidation. 140 

N-Nitrosodimethylamine N-demethylation activity was used to assess microsomal 141 

CYP2E1 activity (21). Incubations (1 mL in 0.1 M potassium phosphate buffer, pH 7.4, 142 

37°C) contained 4 mM N-nitrosodimethylamine and 2.5 mg protein and were initiated with 143 

NADPH (1 mM final). Reactions were terminated after 20 min by the addition of 0.6 M 144 

trichloracetic acid and centrifuged at 1,000xg for 5 min. Ammonium acetate and 145 

acetylacetone were added (final concentrations 1.6 M and 16 mM, respectively) to 0.6 mL 146 

aliquots from incubations, heated to 37°C for 30 min and quantified spectrophotometrically 147 

at a wavelength of 412 nm (22).  148 

Midazolam 1'-hydroxylation was used to assess microsomal CYP3A4 activity (23). 149 

Incubations (0.5 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) contained 5 μM 150 
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midazolam and 0.1 mg protein and were initiated with NADPH (1 mM final). Reactions were 151 

terminated after 5 min with acetonitrile and the internal standard phenacetin was added. Solid 152 

phase extraction and LC-MS/MS analysis was conducted as described for losartan oxidation. 153 

Testosterone 6-hydroxylation activity was also used to assess microsomal CYP3A4 154 

activity (24). Incubations (0.4 mL in 0.1 M potassium phosphate buffer, pH 7.4, 37°C) 155 

contained 50 µM 14C-testosterone (0.18 µCi) and 0.15 mg protein and were initiated with 156 

NADPH (1 mM final). Reactions were terminated after 2.5 min by the addition of ice-cold 157 

chloroform and applied to thin-layer chromatography plates, subjected to autoradiography 158 

and quantified by scintillation spectrometry. Linearity of product formation was established 159 

for all CYP reactions. 160 

 161 

Inhibition of CYP2C-dependent paclitaxel and losartan oxidations by SOR and SNO  162 

The capacity of SOR and SNO (10, 30 and 50 M) to inhibit CYP2C8-mediated 163 

paclitaxel 6-hydroxylation and CYP2C9-mediated losartan oxidation was assessed initially 164 

in human liver microsomes and cDNA-over-expressed Supersomes. Human liver microsomes 165 

were also used in kinetic studies of paclitaxel 6-hydroxylation (6.25-50 µM concentration 166 

range). The kinetics of 6-hydroxypaclitaxel formation (V) against paclitaxel (S) 167 

concentration were analysed by non-linear regression with r2 values determined for all 168 

regression lines (GraphPad Prism 5; San Diego, CA). Lineweaver-Burk and Dixon plots and 169 

corresponding replots were constructed to identify the mode of inhibition (25). Ki values were 170 

derived from x-intercepts of the Lineweaver-Burk slope replots. Total drug concentrations 171 

were used in the present analyses because this has been found to improve DDI predictions 172 

with hydrophobic drugs like paclitaxel and SOR that may accumulate in liver (26). 173 

 174 

Computational studies of the docking of SOR and SNO into the active sites of CYP2C8 175 

and CYP2C9 176 

Molecular docking was used to evaluate detailed interactions between CYP2C 177 

enzymes and SOR and SNO. The X-ray crystal structures of CYP2C8 (2VNO) and CYP2C9 178 

(1R9O) were used. Unresolved residues in the 1R9O structure (38-42; 214-219) were built 179 

using the modloop program (https://modbase.compbio.ucsf.edu/modloop/) (27).  180 

Protein structures were prepared by including H-atoms and Kollman all atom charges 181 

using the BioPolymer module of SYBYL (version X-2.1, Certara, Princeton, NJ, USA). 182 

https://modbase.compbio.ucsf.edu/modloop/
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Unresolved residues in the N- and C-termini of X-ray structures, which are distant from the 183 

catalytic site, were excluded from the analysis.  184 

Three-dimensional coordinates of SOR and SNO in sdf format were obtained from 185 

Pubchem (https://pubchem.ncbi.nlm.nih.gov/), and molecular modeling was achieved using 186 

SYBYL, installed on a Red Hat Linux 6.9 OS workstation. After the assignment of 187 

Gasteiger–Huckel partial atomic charges (28), energy minimization was performed using 188 

Powell’s conjugate gradient method in conjunction with a Tripos 5.2 force field (29,30). A 189 

minimum energy difference of 0.001 kcal/mol was set as the convergence criterion.  190 

Molecular docking experiments were conducted using the Surflex-Dock docking suite 191 

(31) as previously reported (11,32). The resulting binding poses were ranked according to the 192 

total score (SYBYL Surflex-Dock). The docked complexes were analysed by the protein-193 

ligand interaction profiler server (https://projects.biotec.tu-dresden.de/plip-web/plip/index) 194 

 195 

Statistics 196 

 Data are expressed throughout as means±SEM of individual estimates as indicated.  197 

https://pubchem.ncbi.nlm.nih.gov/
https://projects.biotec.tu-dresden.de/plip-web/plip/index
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RESULTS 198 

Human liver donors and microsomal CYP substrate oxidations 199 

Tissue from three liver donors (designated HL5, HL7 and HL9) was available for this 200 

study. For two of the donors some demographic information and drug history was available 201 

(HL7: male 53 years and HL9: male 37 years; both donors received spironolactone). Several 202 

microsomal CYP substrate oxidation activities were measured in the livers. Thus, CYP2C8-203 

mediated paclitaxel 6-hydroxylation varied over a 5.8-fold range (11-64 pmol 6-204 

hydroxypaclitaxel formation/mg protein/min) and CYP2C9-mediated losartan oxidation 205 

activity varied over a 3.3-fold range (25-83 pmol E-3174 formation/mg protein/min) across 206 

the three microsomal fractions (Table I). Rates of CYP1A2-mediated 7-ethoxyresorufin O-207 

deethylation, CYP2D6-mediated dextromethorphan O-demethylation, CYP2E1-mediated N-208 

nitrosodimethylamine N-demethylation and CYP3A4-mediated midazolam 1’-hydroxylation 209 

and testosterone 6-hydroxylation varied over 4.2-, 2.2-, 31-, 1.9- and 16-fold ranges, 210 

respectively (Table I). 211 

 212 

SOR and its major oxidized metabolite SNO as inhibitors of microsomal CYP2C8 and 213 

CYP2C9 activities  214 

In the three hepatic microsomal fractions SOR elicited concentration-dependent 215 

decreases in CYP2C8-mediated paclitaxel 6-hydroxylation; however, more pronounced 216 

decreases were elicited by SNO at each concentration (Fig 2a). In confirmation of this 217 

finding, IC50s for SNO and SOR against cDNA-expressed human CYP2C8 were 22 µM and 218 

38 µM, respectively (not shown). In contrast, the inhibitory activities of SOR and SNO were 219 

similar against CYP2C9-mediated losartan oxidation (Fig 2b).  220 

To pursue the differential susceptibility of CYP2C8 activity to SOR and SNO kinetic 221 

studies were undertaken. The data were fitted to alternate models of inhibition (GraphPad 222 

Prism 5). In these studies the Km value for microsomal paclitaxel 6-hydroxylation was 34 ± 223 

7 µM (Fig 3a), while the Vmax values in HL5, HL7 and HL9 were 19, 20 and 96 pmol/min/mg 224 

protein. The optimal fit was obtained for linear-mixed inhibition kinetics, according to the 225 

Henri-Michaelis-Menten equation: 226 

 227 

From Lineweaver-Burk plots (Fig 3b, 3c) and the corresponding Lineweaver-Burk 228 

slope replots (Fig 3d) the inhibition of CYP2C8 activity by SOR and SNO was linear-mixed 229 

V

Vmax

S

Km (1 +     )I_
Ki

+ S (1 +     )I

aKi

_
=
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(25). Kis were obtained from Lineweaver-Burk slope replot x-intercepts (Fig 3d). For SNO 230 

and SOR Kis were 12±2 µM and 36±2 µM, respectively. The parameter 'a' describes the 231 

increase in the equilibrium constants Km and Ki by inhibitor and substrate, respectively (17; 232 

Fig. 4); avalues were similar for both SNO and SOR (4.5±2.0 and 3.5±2.0, respectively). 233 

 234 

Molecular docking of SOR and SNO with CYP2C8 235 

Molecular docking of SOR and SNO was undertaken using the CYP2C8 X-ray crystal 236 

structure (2VN0) that was resolved in the presence of the bound inhibitor troglitazone (Fig 237 

5a, 5b). Although similar binding modes were evident with the two molecules, SNO was 238 

positioned more closely than SOR to the iron atom of the heme prosthetic group in the 239 

enzyme (5.1 Å compared with 6 Å; Fig 5a, 5b). The oxygen atom of the N-oxide group in 240 

SNO was located 4.4 Å from the heme Fe atom.  241 

Several interactions with CYP2C8 active site residues were common to the binding of 242 

both SOR and SNO. Thus, Ser 103 formed a hydrogen bond with a urea nitrogen in both 243 

molecules, and hydrophobic interactions were noted between the CF3-substituted aromatic 244 

ring and the residues Asn 217 and Pro 367 (Table II). A further hydrophobic interaction 245 

between the central aromatic ring and Val 306 was noted. Two further residues were involved 246 

in binding of SOR and SNO but the nature of the interactions differed between the ligands. 247 

The side chain hydroxyl in Ser 100 was involved in a hydrogen bond with a urea nitogen 248 

atom in SOR but in the case of SNO this bond was with the urea oxygen. Ile 113 was 249 

involved in a hydrophobic interaction with the pyridine ring in SOR and the central aromatic 250 

system in SNO (Table II).  251 

Two further interactions were noted between SOR and CYP2C8 active site residues: a 252 

halogen bond between Gln 214 (acceptor) and a fluorine atom in the CF3-substituted aromatic 253 

ring (donor) and a hydrophobic interaction between Ile 476 and the central aromatic ring. In 254 

contrast, several additional bonding interactions were noted with SNO. In particular, there 255 

were three hydrogen bonds between the backbone oxygen in Gly 98 and a urea nitrogen, and 256 

the pyridine ring amide nitrogen substituent and both Val 296 and Thr 301. Asn 218 was also 257 

involved in a halogen bond with the aromatic chloro substituent in SNO and there were 258 

further hydrophobic interactions between Val 296 and Ala 297 and the NO moiety (Fig 5b, 259 

Table II). Overall, the larger number of active site interactions involving SNO and its closer 260 

proximity to the CYP2C8 heme was associated with an increase in the estimated binding 261 
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affinity from docking studies that is consistent with the observed findings from inhibition 262 

studies (Table III). 263 

Comparative docking studies of SOR/SNO with CYP2C9 (1R9O structure) were also 264 

undertaken (Fig 6a, 6b). In the case of this enzyme most active site interactions were 265 

common to both molecules. Thus, common hydrogen bonds from the nitrogen and oxygen 266 

atoms in the amide substituent on the picolinamide system were noted with Ser 209 and Asn 267 

474, and to the pyridine nitrogen and Thr 304. Hydrophobic and - stacking interactions 268 

involving Phe 110, Phe 114 and Phe 476 with the CF3-substituted aromatic systems were also 269 

common to both SOR and SNO. A further hydrophobic interaction was identified between 270 

Leu 362 and the central aromatic ring in SOR (Fig 6a). Leu 208 also participated in binding 271 

but the nature of the interaction differed between SOR (a halogen bond with the fluorine 272 

atom in the CF3-substituted aromatic system) and SNO (a hydrogen bond to a urea nitrogen 273 

atom; Fig 6a, 6b). Similarly, Leu 361 participated in hydrophobic interactions with the 274 

pyridine system in SOR and the pyridine N-oxide in SNO. Several interactions were noted 275 

with SNO that were not evident with SOR (Fig 6b; Table II). These included a halogen bond 276 

between Leu 102 and the chlorine atom in the aromatic system and hydrophobic interactions 277 

involving Ile 205, Leu 208, Glu 300 and Thr 301 and the aromatic systems in SNO. Taken 278 

together, however, these differences in binding behaviour between SOR/SNO and CYP2C9 279 

were fewer that the corresponding differences in CYP2C8 active site interactions. Overall, 280 

the similarities in the binding modes of SOR/SNO with CYP2C9 are consistent with the 281 

similar inhibition effectiveness against losartan oxidation (Fig 2b).   282 
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DISCUSSION 283 

It has been reported that the kinase inhibitor SOR inhibits human CYP2C8 and that 284 

the extent of inhibition is enhanced following biotransformation in NADPH-fortified hepatic 285 

microsomes (12). In the present study SNO - the major pharmacologically active metabolite 286 

of SOR - was found to be more effective than SOR as an inhibitor of CYP2C8-mediated 287 

paclitaxel 6-hydroxylation in human liver. This is similar to previous findings in which 288 

SNO was found to be more potent than the parent drug as an inhibitor of CYP3A4 and 289 

CYP2D6 (10, 11). Kinetic studies in human liver microsomes were undertaken to assess the 290 

inhibition of CYP2C8 in greater detail. The Ki for SNO against microsomal CYP2C8-291 

mediated paclitaxel 6-hydroxylation (12±2 µM) was three-fold lower than that for SOR 292 

(36±2 µM), indicating greater affinity for the enzyme. Because the Km for paclitaxel was ~34 293 

µM, CYP2C8 has also an approximate 2.3-fold greater affinity for SNO than for paclitaxel. 294 

In contrast, the affinity of CYP2C8 for paclitaxel and SOR was similar, which is consistent 295 

with the lower inhibition potency of SOR. Accordingly, the present findings suggest that 296 

SNO has the potential to contribute to CYP2C8 inhibition. In comparative studies, we also 297 

assessed the capacity of SOR and SNO to inhibit CYP2C9, which shares 85% amino acid 298 

sequence identity with CYP2C8 (33). However, unlike CYP2C8, CYP2C9 was inhibited to a 299 

similar extent by both SOR and SNO.  300 

To understand the inhibition findings molecular docking of SOR and SNO was 301 

undertaken using X-ray crystal structures of CYP2C8 and CYP2C9. In the case of CYP2C8 302 

the N-oxide oxygen atom of SNO was bound 4.4 Å from the heme group that mediates 303 

oxygen coordination and activation in preparation for substrate oxidation. The distance 304 

between the pyridine nitrogen and the heme iron in the SNO-docked structures was 5.1 Å, 305 

compared with 6 Å in the SOR-docked enzyme. There were eight interactions between SOR 306 

and amino acid residues in the active center of CYP2C8. Six of these were common to SNO 307 

binding, including two hydrogen bonds and four hydrophobic interactions. Two further 308 

interactions with separate residues were noted with SOR only, including a halogen bond 309 

between a fluorine atom (donor) from the CF3 aromatic substituent and the side chain oxygen 310 

(acceptor) of Gln 214, and a hydrophobic interaction involving Ile 476. However, the number 311 

of interactions for SNO in the structure of CYP2C8 was greater than for SOR. There were 312 

four additional hydrogen and halogen bonds and two further hydrophobic interactions with 313 

active site residues that were not observed with SOR. These higher energy hydrogen and 314 
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halogen bonds in particular are likely to contribute significantly to the efficiency of SNO 315 

binding in the CYP2C8 structure. 316 

Docking of SOR and SNO with the CYP2C8 X-ray crystal structure (2VN0) revealed 317 

interactions with residues located in the active site cavity of the enzyme (34). Thus, Ser 100 318 

and Ser 103 in helix B′ formed hydrogen bonds with the urea moieties in SNO/SOR. These 319 

residues have been implicated previously in hydrogen bonding to the carboxylate substituents 320 

of montelukast and troglitazone (35). Similarly, Gly-98 in the B-B'-loop was implicated in 321 

hydrogen bonding to the substrate all-trans retinoic acid (35). In addition, Gln 214 in helix F’ 322 

was involved in halogen bonding with SOR, while Asn 218 in helix F’ and Val 296 and Thr 323 

301 were involved in halogen/hydrogen bonding to SNO.  324 

Docking of SOR/SNO in the CYP2C9 (1R9O) structure was also undertaken. 325 

Interactions with eight residues in the active center of CYP2C9 were common to both 326 

molecules, including four hydrogen or halogen bond and four hydrophobic and/or - 327 

stacking interactions. SOR formed an additional hydrophobic interaction with Leu 361 that 328 

was not evident in the SNO-CYP2C8 structure. SNO participated in an additional halogen 329 

bonding interaction with Leu 102 in the B-C-loop that is part of putative substrate recognition 330 

sequence (SRS)-2, and the chlorine atom in the aromatic system and hydrophobic interactions 331 

involving Ile 205, Leu 208, Glu 300 and Thr 301. Some of the residues implicated in 332 

SOR/SNO docking interactions are also involved in the binding of other molecules in the 333 

CYP2C9 active site, including Phe 100 and Leu 361 and tolbutamide binding (36), Phe 114 334 

in SRS-1 is important for S -warfarin, diclofenac and flurbiprofen metabolism (37-39). Phe 335 

114, Leu362, and Phe476 form important interactions with inhibitors (40).  336 

The binding pocket in CYP2C8 is larger (740 Å3) than that in CYP2C9 (510 Å3), 337 

which is consistent with the observation that CYP2C8 can efficiently oxidize relatively large 338 

substrates like paclitaxel (41). In CYP2C8 access to the active site is facilitated by Ile102, 339 

Ser114, Leu208, Val366, and Ile476 because these residues have smaller side chains than the 340 

corresponding residues in CYP2C9 (41). The CYP2C8 active site is also more polar than 341 

CYP2C9 because of Asn99 and Ser114. The number of high energy binding interactions with 342 

CYP2C8 (halogen and hydrogen bonds) was greater for SNO (six) than for SOR (three). In 343 

comparison, there were four and five interactions of this type for the interaction of CYP2C9 344 

with SOR and SNO, respectively. Apparent binding affinities for interactions of the 345 

molecules with CYP2C8/CYP2C9 were calculated, and were consistent with the observed 346 
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findings from inhibition studies (Table III). However, as suggested previously, these values 347 

should be interpreted cautiously (11). 348 

SOR is being used increasingly in combination with other drugs in cancer 349 

chemotherapy but this increases the possibility of pharmacokinetic DDIs and adverse effects. 350 

Regimen containing SOR, carboplatin and the CYP2C8 substrate paclitaxel improved the 351 

response rate and progression free survival in patients with ovarian, fallopian tube, or primary 352 

peritoneal cancer, but increased toxicities (13). Further, SOR increased survival benefits with 353 

aclitaxel/cisplatin/gemcitabine and gemcitabine/cisplatin but also caused a relatively higher 354 

incidence of adverse events in patients with advanced urothelial cancer (14). In patients with 355 

locally advanced or metastatic HER2-negative breast cancer the paclitaxel-SOR combination 356 

was not superior to paclitaxel monotherapy and the safety and toxicity profile of the 357 

combination therapy was less favorable (15). In a completed trial (NCT00558636) the 358 

addition of SOR to a regimen of paclitaxel and carboplatin increased the incidence of serious 359 

adverse events in 91 non-small cell lung cancer patients from 6.8% to 23.4%. On the other 360 

hand, other studies have claimed that toxicity was manageable with dose reductions when 361 

SOR was added to paclitaxel-containing regimen (42, 43). In another study the combination 362 

did not increase adverse events but there was some evidence of increased paclitaxel exposure 363 

(AUC and Cmax increased up to 1.55- and 2.21-fold of those after paclitaxel alone); however, 364 

the small sample size prevented statistical significance from being attained (44). 365 

CYP2C8 is also important in the biotransformation of other drugs, including imatinib 366 

(18). An individual with chronic myloid leukemia and thyroid carcinoma received the 367 

imatinib/SOR combination that was initially well tolerated (45). However, after twenty-one 368 

months the patient died of sudden myocardial infarction. Separately it was suggested that, 369 

even though the dose-normalised serum concentrations of imatinib were 1.7-fold higher than 370 

expected, the drug combination was feasible (46). It remains a possibility, however, that 371 

increased imatinib exposure could have contributed to myocardial toxicity.  372 

A number of drugs and xenobiotics generate metabolites that are more effective than 373 

the parent agents as CYP inhibitors. These include reactive metabolites generated during 374 

biotransformation of alkylamine, benzodioxole, thionosulfur and alkene/alkyne-containing 375 

chemicals (47-53). There is an increasing number of stable metabolites, including N-oxide 376 

metabolites, that have a greater propensity for CYP inhibition than their precursor chemicals 377 

(54-56). SOR pharmacokinetics are complex and inter-individual variation is extensive (6,7 378 

OK). The systemic availabilities of SOR and SNO are increased in some patients after long-379 

term therapy (4,6-9). Thus, the Cmax of SNO reached 8.5 µM in the serum of one patient; this 380 
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is of similar magnitude to the Ki determined for CYP2C8 inhibition. Other studies found that 381 

SNO can attain serum concentrations of 1-5 µM in some patients (7, 57, 58). Accordingly, 382 

there is the potential that SOR may elicit pharmacokinetic DDIs in patients who produce high 383 

concentrations of SNO. CYP3A4 is the major catalyst of SOR oxidation (5), and the activity 384 

of the enzyme is subject to variation caused by genetic polymorphisms, exposure to drugs 385 

and other chemical inhibitors and inducers (54 OK), female sex and liver disease (54-61). 386 

The present study adds to the evidence that the N-oxide SOR metabolite SNO may contribute 387 

to the inhibition of multiple CYPs. It would now be of interest to evaluate these possibilities 388 

directly in clinical studies. 389 

 390 

CONCLUSIONS 391 

The present study suggests that SNO is more potent than SOR as an inhibitor of 392 

CYP2C8 but not the closely-related enzyme CYP2C9. In docking studies, SOR interacted 393 

with multiple amino acid residues in the active site of CYP2C8. Compared with SOR, SNO 394 

was involved in additional interactions of higher energy (halogen and hydrogen bonds), 395 

which is consistent with its greater inhibitory potency. The binding of SOR and SNO in the 396 

active center of CYP2C9 was similar. SOR continues to be evaluated in combination with 397 

other anti-cancer and adjunct treatments in patients. However, the drug is contra-indicated 398 

with a large number of agents and some clinical trials of such combinations have been 399 

terminated because of a high incidence of adverse effects. Whether this is due to 400 

pharmacokinetic DDIs has not been established. To complement the present study it would 401 

now be of interest to assess SNO production directly in patients who are receiving drug 402 

combinations containing SOR. Moreover, serum SNO monitoring during therapy may enable 403 

individual patients to be identified who might benefit from drug regimen modifications in 404 

order to avoid SOR-mediated DDIs.  405 
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 630 

FIGURE LEGENDS 631 

Figure 1: SOR and its biotransformation to the principal metabolite SNO.  632 

Figure 2:  Inhibition of (a) paclitaxel 6-hydroxylation and (b) losartan oxidation in human 633 

hepatic microsomes by SOR (closed bars) and SNO (open bars). Different from 634 

inhibition by SOR at that concentration: *P<0.05, ***P<0.001. 635 

Figure 3: Kinetic analysis of the inhibition of human microsomal paclitaxel 6-636 

hydroxylation by SOR and SNO. (a) Michaelis-Menten plot of paclitaxel 6-637 

hydroxylation; (b) Lineweaver-Burk plot at SOR concentrations () 0 µM, () 1 638 

µM, () 10 µM, (O) 30 µM, (∆) 50 µM, (c) Lineweaver-Burk plot at SNO 639 

concentrations () 0 µM, () 1 µM, () 10 µM, (O) 30 µM, (∆) 50 µM, (d) 640 

Lineweaver-Burk slope replots for SOR () and SNO (). A representative 641 

analysis conducted in microsomal fractions from donor liver HL9 is shown. Values 642 

are means of at least duplicate determinations that varied by <12%. 643 

Figure 4. Michaelis-Menten equilibria showing formation of CYP2C8-inhibitor/substrate 644 

complexes and linear mixed-type reversible inhibition of CYP2C8-dependent 645 

paclitaxel 6-hydroxylation; [inhibitor] refers to either SOR or SNO. 646 

Figure 5: Binding modes of (a) SOR and (b) SNO in X-ray structures of CYP2C8. Key 647 

binding site residues are displayed (C atoms in green). C atoms in SOR and SNO 648 

are represented as sticks in magenta and orange, respectively. The CYP heme is 649 

shown in ball and stick format. O, N, F, Cl are shown in red, blue, cyan and green, 650 

respectively.  651 

Figure 6: Binding modes of (a) SOR and (b) SNO in X-ray structures of CYP2C9. Key 652 

binding site residues are displayed (C atoms in green). C atoms in SOR and SNO 653 

are represented as sticks in magenta and orange, respectively. The CYP heme is 654 

shown in ball and stick format. O, N, F, Cl are shown in red, blue, cyan and green, 655 

respectively.  656 
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