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Abstract 1 

Vinorelbine is a semi-synthetic vinca alkaloid used in the treatment of advanced breast and non- 2 

small cell lung cancers.  Vincristine, a related vinca alkaloid, is 9-fold more efficiently 3 

metabolized by CYP3A5 than by CYP3A4 in vitro.  This study quantified the relative 4 

contribution of CYP3A4 and CYP3A5 to the metabolism of vinorelbine in vitro using cDNA- 5 

expressed human P450s and human liver microsomes (HLMs). CYP3A4 and CYP3A5 were 6 

identified as the P450s capable of oxidizing vinorelbine using a panel of human enzymes and 7 

selective P450 inhibitors in HLMs. For CYP3A4 co-expressed with cytochrome b5 8 

(CYP3A4+b5) and CYP3A5+b5, the Michaelis-Menten constants for vinorelbine were 2.6 µM 9 

and 3.6 µM, respectively, but the Vmax of 1.4 pmol/min/pmol was common to both enzymes.  In 10 

HLMs the intrinsic clearance of vinorelbine metabolism was highly correlated with CYP3A4 11 

activity and there was no significant difference in intrinsic clearance between CYP3A5 high and 12 

low expressers. Using radiolabeled vinorelbine substrate there were clear qualitative differences 13 

in metabolite formation fingerprints between CYP3A4+b5 and CYP3A5+b5 as determined by 14 

NMR and MS analysis.  One major metabolite (M2), a didehydro-vinorelbine, was present in 15 

both recombinant and microsomal systems but was more abundant in CYP3A4+b5 incubations.  16 

We conclude that despite the equivalent efficiency of recombinant CYP3A4 and CYP3A5 in 17 

vinorelbine metabolism, the polymorphic expression of CYP3A5, as shown by the kinetics with 18 

HLMs, may have a minimal effect on systemic clearance of vinorelbine. 19 

 20 

 21 

 22 

23 
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Introduction 24 
Vinorelbine is a semi-synthetic vinca alkaloid used as chemotherapy primarily in the 25 

treatment of advanced breast and non-small-cell lung cancers (NSCLC).  The advantages of 26 

vinorelbine over the naturally occurring vinca alkaloids, such as vincristine, include less overall 27 

drug-related toxicity due to a lower therapeutic dose (4 to 10-fold) and a broader anti-tumor 28 

spectrum (Leveque and Jehl, 1996).   29 

Clinical pharmacokinetic studies of vinorelbine reveal significant interpatient variability 30 

(Gauvin, et al., 2002, Gauvin, et al., 2002, Qian, et al., 2011).  Wong et al. reported no 31 

association of vinorelbine pharmacokinetic parameters with ABCB1 or CYP3A5 genotypes; 32 

however, the study was not adequately powered to truly evaluate for genetic.  Furthermore, this 33 

study found an association between patient body surface area and myelosuppresion; however, 34 

they found no association of either of these factors with vinorelbine pharmacokinetics (Wong, et 35 

al., 2006). As such, while there are a number of factors that may be contributing to the 36 

significant variability in vinorelbine pharmacokinetics (Baker and Sparreboom, 2006, Wong, et 37 

al., 2006), one that remains to be systematically investigated is the potential impact of variability 38 

of genes encoding important drug metabolizing enzymes on vinorelbine pharmacokinetics.  39 

Cytochrome P450 enzymes are a superfamily of hemoproteins responsible for most oxidative 40 

metabolic drug clearance in vivo, including metabolism of the vinca alkaloids.  The CYP3A 41 

family includes CYP3A4, which alone comprises over 30% of hepatic enzymes and is involved 42 

in the metabolism for over 50% of marketed drugs that rely on metabolic elimination.  CYP3A5 43 

is structurally similar to CYP3A4, yet the substrate selectivity of these highly homologous 44 

proteins differs unpredictably (Kuehl, et al., 2001, Lamba, et al., 2002, Xie HG, 2004).  Genetic 45 

polymorphisms of CYP3A5 affect protein expression and activity, and consequently alter the 46 

intrinsic clearances of drugs selectively metabolized by CYP3A5 (Kuehl, et al., 2001, Lamba, et 47 
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al., 2002, Xie HG, 2004).  Subjects homozygous or heterozygous for the CYP3A5*1 allele are 48 

characteristically high expressers of the functional protein (Kuehl, et al., 2001) whereas the 49 

CYP3A5*3, *6, and *7 alleles result in greatly diminished expression of the enzyme (Hustert, et 50 

al., 2001, Kuehl, et al., 2001, Lamba, et al., 2002, Xie HG, 2004).  CYP3A5 is expressed by 51 

approximately 55% of African-Americans but only 10-20% of Caucasians (Kuehl, et al., 2001, 52 

Roy, et al., 2005).  53 

Vincristine, a related vinca alkaloid, is metabolized by cytochrome P450 (CYP) 3A 54 

enzymes, CYP3A4 and CYP3A5 (Dennison, et al., 2006).  Vincristine is highly selectively 55 

metabolized by CYP3A5 in vitro, suggesting the possible need for an individualized therapeutic 56 

approach (Dennison, et al., 2006). It is well established that African-Americans have poorer 57 

overall survival rates compared to Caucasians in a number of malignancies for which vincristine 58 

is a core chemotherapeutic agent (Longo, et al., 1986, Pollock, et al., 2000).  Individuals that 59 

express CYP3A5 may metabolize vincristine more efficiently than non-expressers, resulting in 60 

lower vincristine exposure and thus potentially less drug efficacy and toxicity.  Clinical data 61 

demonstrate less vincristine-induced peripheral neuropathy in African-Americans, and a recent 62 

retrospective study in children diagnosed with ALL and treated with vincristine positively 63 

correlated increased neuropathy in CYP3A5 non-expressers (Egbelakin, et al., 2011, Renbarger, 64 

et al., 2007).   65 

Vinorelbine, as a member of the vinca alkaloid family, could be hypothesized to be 66 

similar to vincristine in the contribution of CYP3A5-mediated metabolism with analogous 67 

clinical outcomes.  A study using human liver microsomes with known P450 enzyme protein 68 

concentrations suggested that vinorelbine is extensively metabolized by CYP3A4 but not by 69 

CYP2D6; the role of CYP3A5 was not clearly defined (Beulz-Riche, et al., 2005).  70 
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 Preliminary retrospective clinical studies have explored the possible association between 71 

CYP3A5 genotype and clinical response to vinorelbine.  Wong et.al only found a weak 72 

correlation between vinorelbine clearance and both CYP3A5 expression status and a common 73 

ABCB1 genotype (Wong, et al., 2006).   In a study with NSCLC patients, presence of a 74 

CYP3A5*1 allele was found to correlate to a slightly higher overall chemotherapy response to 75 

vinorelbine (Pan, et al., 2008).  To clarify the effect of CYP3A5 expression, we quantified the 76 

relative contribution of CYP3A4 and CYP4A5 to the metabolic clearance of vinorelbine in vitro 77 

and used MS/MS and NMR to identify the major oxidative metabolites specific to CYP3A4. 78 

 79 

Materials and Methods 80 

Chemicals and Enzymes 81 

Vinorelbine tartrate, ketoconazole, omeprazole, quinidine, trimethoprim, sulfaphenazole, 82 

α-naphthoflavone, pilocarpine, diethyldithiocarbamate, thioTEPA  and NADPH were purchased 83 

from Sigma-Aldrich (St. Louis, MO). Vinorelbine [3H(G)] (5 Ci/mmol) was obtained from 84 

American Radiolabeled Chemicals, Inc. (St. Louis, MO).  All other reagents were of HPLC 85 

grade and were purchased from Fisher Scientific (Pittsburg, PA). 86 

Supersomes containing cDNA-expressed cytochrome P450s co-expressed with 87 

cytochrome P450-reductase with (CYP1A1, 1A2, 2B6, 2C19, 2D6, 2J2, 3A4, 3A5, 3A7, and 88 

4A11) and without (CYP2A6, 2C8, 2C9, and 2E1) co-expressed cytochrome b5 were purchased 89 

from the BD Gentest (Woburn, MA). The manufacturer provided the cytochrome P450-reductase 90 

activities, protein concentrations, and the cytochrome P450 content of the Supersomes. 91 

Incubations with cDNA-Expressed Cytochrome P450s 92 
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Preliminary experiments with cDNA-expressed CYP3A4+b5 and CYP3A5+b5 93 

significantly depleted the parent drug but did not result in quantifiable metabolite formation 94 

using HPLC with UV detection at a 1 µM substrate concentration.  Consequently, in all 95 

subsequent experiments, the rates of vinorelbine metabolism were quantified by substrate 96 

depletion.   Linearity of time and protein content was used to determine incubation conditions 97 

suitable for all substrate concentrations, and percent vinorelbine depletion ranged from 8 to 33 % 98 

from initial concentrations as determined from the –NADPH controls; statistical significance 99 

between samples and –NADPH controls was determined.  Less than 5 % day-to-day variability 100 

was observed in HPLC-UV analysis as compared to QC controls, and the limit of quantification 101 

of vinorelbine was 0.1 µM.  102 

Incubations were performed under conditions previously developed to study the oxidation 103 

of vincristine (Dennison, et al., 2006).  Samples were incubated in an oscillating water bath at 104 

37˚C for specified time as determined per experiment.  Vinorelbine in methanol (MeOH) was 105 

added to each 3 mL polypropylene reaction vial and evaporated to dryness in a centrifuge under 106 

vacuum prior to all incubations (Thermo Electron Corporation Savant, SC210A SpeedVac 107 

Concentrator).  Two hundred microliters of 100 mM Na2HPO4 buffer with 5 mM MgCl2, pH 7.4, 108 

was added to each vial and vortexed to ensure the drug was in solution prior to incubation.  Each 109 

vial was placed in the 37ºC water bath and pre-incubated for 3 min.  Enzyme was then added, 110 

followed by NADPH after a further 3 min to start the reaction.  To terminate the reaction, an 111 

equal volume (200 uL) of acetonitrile (ACN) was added to each vial at the appropriate time to 112 

quench the incubation.  Vials were immediately placed on ice and the internal standard, 113 

ketoconazole (1 µM in MeOH) was added.  Samples were then placed into a -80°C freezer for a 114 

minimum of 30 min, then subsequently thawed and centrifuged for 10 min (3000 x rpm, 20°C) to 115 
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precipitate any excess salt.  The clear liquid was collected and stored at -80°C until HPLC 116 

analysis.   117 

A panel of fourteen human drug metabolizing, cDNA-expressed P450s (1A1, 1A2, 2B6, 118 

2C19, 2D6, 2J2, 3A4, 3A5, 3A7, 4A11, 2A6, 2C8, 2C9, and 2E1) were incubated with 1 µM 119 

vinorelbine and 30 pmol/mL of each enzyme for 12 min in duplicate.  Control reactions did not 120 

contain NADPH.   121 

To determine the Michaelis-Menten parameters of vinorelbine for CYP3A4+b5 and 122 

CYP3A5+b5, incubations were performed in triplicate at six vinorelbine concentrations of 1, 2, 3, 123 

5, 7, and 10 µM.  Incubation controls were also performed in triplicate and lacked NADPH.  124 

Non-incubated controls consisted of vinorelbine in buffer.  Samples were incubated with 30 125 

pmol/mL of recombinant enzyme for 5 min.  Concentrations for each sample were measured 126 

after a 5 min incubation, however as there was no metabolism observed in the –NADPH control 127 

samples, -NADPH controls were also used to indicate initial substrate concentrations at each 128 

time point.  The rate of vinorelbine metabolism was calculated for each supersome from the 129 

pmol of parent drug lost per min per pmol of CYP3A4+b5 or CYP3A5+b5.  Substrate 130 

concentrations were corrected for depletion using the –NADPH controls at each respective 131 

concentration as a 0 min time point concentration before calculating Michaelis-Menten 132 

parameters of vinorelbine metabolism.  Corrected substrate concentrations were calculated as the 133 

average vinorelbine concentration over 5 min.  134 

Incubations with Human Liver Microsomes (HLMs)   135 

HLMs (n = 56) were prepared from human liver tissues from the Indiana University (IU) 136 

Liver Bank (Indiana University, Indianapolis, IN) as described previously (Gorski, et al., 1998). 137 

Each HLM was prepared from tissue that had been genotyped for CYP3A5,*3,*6, and *7 as 138 
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described in detail previously (Dennison, et al., 2007).   Microsomal protein concentrations and 139 

CYP3A4 and CYP3A5 abundances of the HLMs were reported previously (Leveque and Jehl, 140 

1996). From this bank of 56 livers, 20 were chosen to cover a broad range of CYP3A4 and 141 

CYP3A5 contents.  Protein contents of the enzymes per HLM were quantified by Western blot 142 

(Dennison, et al., 2007).  The activity of CYP3A4 was quantified from the rates of itraconazole 143 

hydroxylation and testosterone 6β-hydroxylation; CYP3A5 activity was quantified by vincristine 144 

M1 formation rate (Dennison, et al., 2007).  The formation rate of 6β-hydroxylation from 145 

testosterone has been shown to be 27-fold faster by CYP3A4 than CYP3A5, suggesting that 6β- 146 

hydroxylation formation could be used to determine CYP3A4 activity in HLMs (Leeder, et al., 147 

2005).  Likewise, OH-itrazonazole formation has been previously shown to be CYP3A4 but not 148 

CYP3A5-mediated in supersomes (Isoherranen, et al., 2004).  The 20 HLMs were incubated with 149 

1µM vinorelbine with 0.8 mg/mL of protein for 12 min as described above.  Each sample was 150 

run in triplicate and controls were incubated without NADPH addition.  The rate of vinorelbine 151 

depletion (and metabolism) was calculated for each HLM from the pmoles of parent drug lost 152 

per min per mg of microsomal protein.  Sample preparation was as described above. 153 

HLM Incubations using Selective CYP450 Inhibitors 154 

A pool of HLMs was incubated with vinorelbine and selective inhibitors of CYP450s 155 

above Ki concentrations as previously described to determine contributions of the major human 156 

drug metabolizing P450s to vinorelbine metabolism (Dennison, et al., 2007).  Vinorelbine at 1 157 

µM was incubated with omeprazole (CYP2C19; 10 µM), quinidine (CYP2D6; 1 µM), 158 

trimethoprim (CYP2C8; 50 µM), sulfaphenazole (CYP2C9; 10 µM), ketoconazole (CYP3A; 1 159 

µM), α-naphthoflavone (CYP1A2; 1 µM), pilocarpine (CYP2A6; 50 µM), 160 

diethyldithiocarbamate (CYP2E1; 50 µM), and thioTEPA (CYP2B6; 50 µM) for 12 min (Bapiro, 161 
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et al., 2001, Dennison, et al., 2007, Rodrigues, 1999)with 0.8 mg/mL of protein from pooled 162 

HLMs.  The HLM pool consisted of 5 livers pooled to be equally represented on the basis of 163 

total microsomal protein concentration; two of the five HLMs contained high concentrations of 164 

CYP3A5.  Each incubation was run in triplicate and compared to controls that lacked inhibitor or 165 

both inhibitor and NADPH.  Sample preparation was as described above. 166 

Selective Inhibition of CYP3A4-Mediated Metabolism of Vinorelbine by Cyclosporine A in 167 

Supersomes and HLMs 168 

 Recombinant CYP3A4+b5 and CYP3A5+b5 were incubated with vinorelbine and 169 

Cyclosporine A (CsA) to confirm selectivity of CYP3A4 versus CYP3A5-mediated vinorelbine 170 

metabolism.  Two human liver microsomes with similarly high CYP3A4 activities (> 50% drug 171 

depletion under incubation conditions of 0.16 mg HLM protein and 1 µM vinorelbine for 12 172 

min) were selected for this inhibition study.  An HLM with high CYP3A5 protein content (IUL- 173 

73) and one with low protein content (IUL-55) were incubated in triplicate with vinorelbine and 174 

25 µM CsA at 0.3% MeOH (v/v).  Controls contained 0.3% MeOH (v/v) and no CsA.  Samples 175 

were incubated with 1 µM vinorelbine for 12 min with either 30 pmol/mL of recombinant 176 

enzyme or 0.16 mg HLM protein.   177 

High Pressure Liquid Chromatography Analysis 178 

High Pressure Liquid Chromatography (HPLC) was used to quantify parent drug 179 

depletion and metabolite formation.   The HPLC system consisted of a high pressure gradient 180 

binary pump and autosampler (1100 series, Agilent Technologies, Wilmington, DE) and an 181 

ultraviolet (UV) absorbance detector (1050 series, Hewlett Packard, Wilmington, DE).  Post- 182 

incubation samples (as described above) were diluted with an equal volume of 0.2% formic acid 183 

and injected onto a reverse phase column (C18 column, Inertsil ODS3, 3.0 x 150 mm, 5-µm 184 
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particle size; MetaChem Technologies Inc., Torrance, CA).  The mobile phases A and B 185 

consisted of 0.2% formic acid in MeOH with ratios of 80:20 and 20:80, respectively, flowing at a 186 

rate of 0.4 mL/min.  A linear gradient over 25 min was used for simple drug depletion 187 

quantification: 0 min/0% B, 20 min/100% B, 20.1 min/0% B.  A longer linear gradient over 75 188 

min was used to distinguish metabolites formed: 0 min/0% B, 7 min/0% B, 57.1 min/70% B, 189 

57.2 min/100% B, 67.2 min/100% B, 67.3 min/0% B.  The parent drug, metabolites, and internal 190 

standard were detected by UV absorbance at a wavelength of 254 nm. 191 

Radiolabeled Metabolite Analysis 192 

Generally tritiated vinorelbine was purified using a HPLC no more than a day before 193 

incubations.  3H vinorelbine (2x106 dpm; 0.9uM + 5µM cold vinorelbine) was incubated for 40 194 

min with recombinant CYP3A4+b5 and CYP3A5+b5 enzymes (100 pmol/mL), and for 20 min 195 

with IU Liver (IUL)-73 (0.5 mg, high CYP3A5 protein content) and IUL-55 (0.5 mg, low 196 

CYP3A5 protein content). Incubation time and enzyme content were chosen to ensure extensive 197 

metabolite formation.  Samples were injected neat and manually onto the HPLC aliquots of 198 

eluant were collected every 20 seconds into 7 mL scintillation vials.  Scintillation fluid was 199 

added for a total volume of approximately 5 mL.  Radioactive disintegrations per min (DPMs) 200 

were quantified using a liquid scintillation counter (Tri-Carb 2100TR, Packard Instrument 201 

Company, Meriden, CT) with quench correction. 202 

Metabolite Identification 203 

Metabolite structures were identified using LC/MS/MS  and NMR analysis as described 204 

previously (Dennison, et al., 2006).  Vinorelbine metabolites formed by CYP3A4+b5 were 205 

isolated using a C18 column (Phenomenex 150 x 4.60 mm, 5-µm particle size; Phenomenex, Inc., 206 

Torrance, CA).  NMR samples were dissolved in ~150 µL of DMSO-d6 and transferred to a 207 
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Wilmad 335 NMR tube.  Data were acquired on a Varian INOVA 500 NMR spectrometer with a 208 

Varian gradient, triple-resonance Cold Probe.  The suite of experiments included a standard 209 

proton, 2D homonuclear gCOSY and TOCSY, direct-correlation multiplicity-edited HSQCAD, 210 

and long-range gHMBCAD.  Water suppression for all experiments was accomplished with the 211 

wet1D element at the beginning of each pulse sequence.  Data were acquired at 25°C and 212 

referenced to the solvent at 2.49 ppm for 1H and 39.5 ppm for 13C.   213 

Data Analyses 214 

Michaelis-Menten constants (KM) and maximal rates of metabolism (Vmax) for each 215 

enzyme were determined by fitting the data with nonlinear least squares regression (WinNonlin 216 

4.0, Pharsight, Mountian View, CA).  The intrinsic clearance (Clint) of vinorelbine for 217 

CYP3A4+b5 and CYP3A5+b5 was calculated (equation 1). 218 

𝐶𝑙!"# =
!!"#
!!

  Equation 1 219 

The intrinsic clearance of vinorelbine (Clint) in HLMs was predicted from the individual 220 

intrinsic clearances of expressed CYP3A4+b5 and CYP3A5+b5 and the previously determined 221 

enzyme concentrations in each HLM (equation 2).   This approach assumes that the only 222 

difference between cDNA expressed P450and microsomal P450is in abundance and was 223 

previously successful in the case of vincristine (Dennison, et al., 2007).  The average CYP3A4 224 

and CYP3A5 (expressers only) concentration was 51.89 ± 38.5 pmol/mg and 29.05 ± 24.7 225 

pmol/mg, respectively (Dennison et. al., 2007).                                                                       226 

𝐶𝑙!"#=  
Vmax,CYP3A4

Km,  CYP3A4+ S
*[CYP3A4]+   Vmax,  CYP3A5

Km,  CYP3A5+ S
*[CYP3A5]  (Equation 2) 227 

The specific contribution of CYP3A5 to the intrinsic clearance of vinorelbine was 228 

estimated by subtracting the CYP3A4 component using the relationship between CYP3A4 229 

activity (OH-ITZ formation) and rate of vinorelbine metabolism in low expressers of CYP3A5 230 
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(Dennison, et al., 2007).  The two-sided Student t-test using was used to compare the velocities 231 

of vinorelbine metabolism by supersomes and in microsomes that contained either high or low 232 

contents of CYP3A5.  A p-value of < 0.05 was considered statistically significant.      233 

Results  234 

Determination of P450 Enzymes that Contribute to Vinorelbine  Metabolism by Recombinant 235 

Enzymes and HLMs: 236 

Incubations with a panel of CYP450s (Figure 1A) indicated that vinorelbine was 237 

selectively metabolized by CYP3A4+b5 (43.9% depletion) and CYP3A5+b5 (43.6% depletion).  238 

A pooled set of HLMs was incubated with vinorelbine (1 µM) and selective P450 239 

inhibitors to determine contribution of each enzyme to vinorelbine metabolism (Figure 2B).  The 240 

percent remaining relative to no inhibitor control was: omeprazole, 89.6% (CYP2C19; 10 µM); 241 

quinidine, 99.1% (CYP2D6; 1 µM); trimethoprim, 94.4% (CYP2C8; 50 µM); sulfaphenazole, 242 

117.5 % (CYP2C9; 10 µM); ketoconazole, 5.1 % (CYP3A4/5; 1 µM); α-naphthoflavone, 96.5 % 243 

(CYP1A2; 1 µM); pilocarpine, 94.5 % (CYP2A6; 50 µM); diethyldithiocarbamate, 102.4 % 244 

(CYP2E1; 50 µM); thioTEPA = 108.0 % (CYP2B6; 50 µM).  These data are consistent with the 245 

cDNA-expressed enzyme panel and indicate that only CYP3A enzymes are involved in 246 

vinorelbine microsomal oxidation.   247 

CsA (25 µM) inhibited > 80 % of CYP3A4-mediated vinorelbine metabolism but only 20 248 

% of CYP3A5-mediated vinorelbine metabolism in supersomes (Figure 1C).  This data indicates 249 

that CsA (25 µM) can be used to selectively inhibit CYP3A4-mediated vinorelbine metabolism 250 

in HLMs.  There was no difference in vinorelbine depletion in HLMs with comparable CYP3A4 251 

but high (IUL-73) and low (IUL-55) CYP3A5 contents (26 % and 28 % remaining activity 252 

compared to no-inhibitor controls, respectively) (Figure 1C).  253 
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Determination of Michaelis-Menten Parameters of Vinorelbine Metabolism by Recombinant 254 

CYP3A4 and CYP3A5: 255 

Percent vinorelbine depleted at each substrate concentration point after incubating with 256 

CYP3A4+b5 and CYP3A5+b5 supersomes was significantly different compared to –NADPH 257 

controls (Supplemental Table 1).  CYP3A4+b5 and CYP3A5+b5 were found to have low Km 258 

values (CYP3A4 2.63 ± 0.48 µM, CYP3A5 3.64 ± 0.96 µM) and similar Vmax values (CYP3A4 259 

1.37 ± 0.09 pmol VRL/min/pmol P450, CYP3A5 1.40 ± 0.15 pmol VRL/min/pmol P450) 260 

(Figure 2A, B, Table 1).  The corresponding intrinsic clearances were 0.52 ± 0.06 µl/min/pmol 261 

CYP and 0.38 ± 0.06 µl/min/pmol P450 for CYP3A4 and CYP3A5 respectively (Table 1).  The 262 

Km, Vmax, and Clint vinorelbine metabolism by CYP3A4 and CYP3A5 did not significantly differ 263 

(p > 0.05 for each parameter). 264 

  In this study, the presence of co-expressed cytochrome b5 greatly increased the overall 265 

rate of vinorelbine depletion.  When incubated with vinorelbine, CYP3A5 without cytochrome b5 266 

metabolized the parent at one-third of the rate of CYP3A5+b5; CYP3A4 without cytochrome b5 267 

did not detectibly metabolize vinorelbine (data not shown). 268 

Vinorelbine Metabolism in Human Liver Microsomes Expressing High and Low CYP3A5 269 

Content: 270 

To determine the relative contributions of CYP3A4 and CYP3A5 to the metabolism of 271 

vinorelbine, HLMs (n = 20) previously characterized for CYP3A activities were incubated with 272 

vinorelbine.  There was positive association between the rate of vinorelbine depletion (pmol 273 

vinorelbine depletion/min/mg protein) and two highly selective CYP3A4 activities, itraconazole 274 

hydroxylation (r2 = 0.93, ***p < 0.001) and testosterone 6β-hydroxylation (r2 = 0.78, ***p < 275 

0.001) as shown (Figures 3A and B).  The rate of vinorelbine depletion was highly correlated (r2 276 
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= 0.89, ***p < 0.001) with the rate of vincristine M1 formation in CYP3A5 low expressers 277 

(Figure 3D) but these activities were weakly correlated (r2 = 0.23, p = 0.224) in high CYP3A5 278 

expressers in which both CYP3A4 and CYP3A5 contribute to vincristine M1 formation (Figure 279 

3C).  This correlation analysis indicates that in HLMs, CYP3A4 is primary enzyme responsible 280 

for the depletion of vinorelbine.   281 

Predicted Hepatic Clearance of Vinorelbine: 282 

The observed mean (± sd) rate of vinorelbine depletion by CYP3A5 high expressers (31.0 283 

± 18.7 pmol VRL/min/mg HLM) and low expressers (31.7 ± 18.9 pmol VRL/min/mg HLM) 284 

were not statistically different (p = 0.941; Table 2).  The corresponding Clint values (after 285 

accounting for total microsomal protein in a 70 kg man) were 2546.7 ± 1534.2 mL/min and 286 

2599.9 ± 1548.2 mL/min for CYP3A5 high expressers and low expressers, respectively.  The 287 

relationship between the intrinsic clearance of vinorelbine depletion and itraconazole 288 

hydroxylation in low expressers was used to determine the contribution of CYP3A5 to 289 

vinorelbine intrinsic clearance in high expressers as previously described for vincristine (Figure 290 

4; (Dennison, et al., 2007)).  The clearance of vinorelbine depletion by CYP3A5 after correcting 291 

for CYP3A4 contribution was 2.5 ± 4.7 (µL/min/mg protein) in high expressers and this was not 292 

significantly different to zero (p = 0.27). 293 

Predicted rates of vinorelbine depletion in the HLMs were calculated using the additive 294 

Clint model for cDNA-expressed CYP3A4+b5 and CYP3A5+b5 (Equation 2) and were found to 295 

be 1.3-fold higher for the CYP3A5 high expressers (high, 27.4 ± 19.9 pmol VRL/min/mg HLM; 296 

low, 20.6 ± 15.2 pmol VRL/min/mg HLM) but not significantly different (p = 0.428) (Table 2).   297 

Predicted clearance using the cDNA-expressed enzyme Michaelis-Menten parameters over- 298 
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predicted the contribution of CYP3A5 (predicted to be 36 % higher than low CYP3A5- 299 

expressing HLMs) to the metabolism of vinorelbine in HLMs. 300 

Radiolabeled Metabolite Detection: 301 

Recombinant enzymes CYP3A4+b5, CYP3A5+b5, and an insect control were incubated 302 

with 3H vinorelbine to detect metabolites by liquid scintillation count.  Three common 303 

metabolites were detected after incubations with recombinant enzymes CYP3A4 and CYP3A5.  304 

Metabolite 2 (M2) (Figure 6A, 6B) was the most prevalent (as identified by HPLC/MS/MS).  In 305 

the radio-chromatogram depicting metabolism by CYP3A5 (Figure 6B), M2 had a 3-fold lower 306 

peak area (dpm) than for CYP3A4 (Fig ure 6A).  However, the overall depletion of 3H 307 

vinorelbine was similar for both (CYP3A4= 69.4%, CYP3A5= 71.2%), perhaps suggesting that 308 

subsequent metabolism of M2 by CYP3A5 may be occurring.  309 

Two HLMs were incubated with 3H vinorelbine, both with similarly high CYP3A4 310 

activity and different CYP3A5 protein contents:  IUL-55 (minimal CYP3A5 content, Figure 7A) 311 

and IUL-73 (high CYP3A5 content, Figure 7B).  The control was IUL-73 lacking NADPH 312 

(Figure 7C).  The overall depletion of 3H vinorelbine was similar for both (IUL-55 = 59.4%, 313 

IUL-73 = 64.1%), consistent with predominant metabolism of vinorelbine by CYP3A4.  In the 314 

radio-chromatogram depicting vinorelbine metabolism by IUL-55, the M2 peak was 1.5 fold 315 

larger than that of the M2 peak formed with IUL-73, similar to the higher ratio of M2 detected 316 

within the CYP3A4 versus CYP3A5 supersomes. 317 

Metabolite Structure Identification: 318 

Metabolite structures were identified using MS/MS and NMR analysis.  The structures of 319 

vinorelbine and the proposed metabolite structures are shown in Table 3 along with the product 320 

ions and description of the key product ions for vinorelbine.  The N-oxide of vinorelbine, M1, 321 
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was determined from the NMR data.  Significant downfield shifts to the carbons adjacent to N4', 322 

compared to parent, clearly indicate the presence of an N-oxide.  M1, however, is thought to be a 323 

by-product of the extraction method, as it was not detected when the incubated sample 324 

supernatants were analyzed without additional sample preparation.  325 

The main metabolite of interest, M2, was present in both the recombinant and 326 

microsomal systems.  M2 has been identified as a didehydro metabolite.  Based on its protonated 327 

molecular ion at m/z 777 and its MS/MS and NMR data, the additional double bond is on the 328 

tetrahydropyridyl ring of the ‘catharanthine like’ side of the molecule.  Key MS/MS product ions 329 

used to support the structure included m/z 321, consistent with ‘catharanthine like’ side minus 330 

two hydrogens and m/z 469, consistent with no change to the vindoline side of the molecule. The 331 

resultant double bond could only exist in one of three places; between C3’-C14’, C14’-C17’, and 332 

C19’-C18’.  Although, the exact location of this double bond could not be determined, the 18’- 333 

19’ ethyl moiety is clearly observed in the NMR data, indicating that the dehydration occurred 334 

with C14’ and an adjacent carbon.  335 

Other more minor metabolites were tentatively identified from their MS/MS product ion 336 

data and their proposed structures are shown in Table 3.  From the MS/MS data, oxidation 337 

occurred on both the vinorelbine and ‘catharanthine like’ side of the molecule.  Oxidative 338 

demethylation was also observed on the vinorelbine moiety. 339 

 340 

Discussion 341 

In this study we tested the hypothesis that vinorelbine would be more efficiently 342 

metabolized by CYP3A5 than CYP3A4 in view of the finding that a related compound, 343 

vincristine, displayed this unusual selectivity.  Similar to vincristine metabolism, only cDNA- 344 
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expressed CYP3A4 and CYP3A5 were able to metabolize vinorelbine.  A library of highly 345 

selective P450 inhibitors confirmed that only CYP3A enzymes catalyzed the loss of vinorelbine 346 

from human liver microsomes.  However, in contrast to vincristine metabolism, CYP3A5 did not 347 

selectively metabolize vinorelbine; the two CYP3A enzymes displayed similar efficiencies 348 

toward vinorelbine depletion in vitro.   Therefore, CYP3A5 expression would not be predicted to 349 

affect systemic clearance of vinorelbine.   350 

Consistent with this hypothesis, there was little difference in vinorelbine intrinsic 351 

clearance between the high expresser (CYP3A5 *1/*1, *1/*3, *1/*6) and low expresser (CYP3A5 352 

*3/*3) genotype human liver microsomes.  It is notable that two livers (IUL-57 and IUL-71) 353 

were found to be *1 carriers, which would be expected to be high expressers of CYP3A5 hepatic 354 

protein; however, these livers with both found to have low expression of CYP3A4 protein and as 355 

such were classified as low expressers.  CYP3A5*1 carrier status was determined by process of 356 

elimination with testing for *3, *6, and *7 included.  We anticipate two potential explanations 357 

for the low CYP3A5 protein expression in these livers, including: 1) an undetected genetic 358 

polymorphism for these cases that promoted loss of CYP3A5 protein expression or 2) perhaps 359 

the donors were in critical condition or chronically ill, thus resulting in altered protein 360 

production.  The predicted human hepatic clearance was essentially the same in high expressers 361 

and low expressers.  Correlation analysis also indicated that vinorelbine intrinsic clearance was 362 

highly associated with CYP3A4 activities in human liver microsomes but not CYP3A5 activity.  363 

This is consistent with the expectation that CYP3A5 genotype does significantly impact 364 

vinorelbine hepatic clearance.  365 

Recombinant supersome incubations determined CYP3A4 and CYP3A5 to have similar 366 

KM and Vmax values for vinorelbine.  Therefore, we hypothesized that microsomes expressing 367 
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CYP3A5 protein would have statistically higher drug depletion rates after normalization to 368 

CYP3A4 activity.  However, despite protein levels of CYP3A5 accounting for 41% of total 369 

CYP3A content on average (in HLMs expressing CYP3A5), vinorelbine depletion in human 370 

liver microsomes was shown to be predominantly mediated by CYP3A4.  Vinorelbine 371 

metabolism was inhibited to similar extents by CsA in HLMs with high and low CYP3A5 372 

content and similar amounts of CYP3A4 protein (Figure 1C), suggesting that there was minimal 373 

contribution of CYP3A5 to vinorelbine metabolism in the high CYP3A5-expressing HLM.    374 

Our recombinant enzyme data suggest that CYP3A5 may contribute if CYP3A5 protein 375 

levels are high enough in the liver.  However, this in vitro prediction was probably not correct 376 

based on the HLM data.  In HLMs with high CYP3A5 (in several cases higher than CYP3A4), 377 

the contribution of CYP3A5 was not detected.  As such, we would conclude that the contribution 378 

of CYP3A5 is insignificant.  Together, these data indicate that CYP3A5 expression may not play 379 

a clinically significant role in vinorelbine metabolism in vivo, unlike as previously shown with 380 

vincristine (Dennison, et al., 2006).  381 

Based on the findings of this in vitro investigation, we would not expect vinorelbine 382 

metabolism to differ based on CYP3A5 genotype.  Consistent with the results of our study, 383 

clinical data from Wong et al. support a lack of CYP3A5 contribution to clearance of vinorelbine 384 

(Wong, et al., 2006).  In contrast, CYP3A5*1 genotype has even been shown to be moderately 385 

associated with better overall median survival rates in patients with NSCLC (Pan, et al., 2007).  386 

In the study of P450 genotypes and clinical outcomes in patients with NSCLC, they found that 387 

patients with at least one CYP3A5*1 allele had slower rates of tumor growth and a higher 388 

associated median survival rate than did patients without a CYP3A5*1 allele.  As such, the 389 

patients in the two genotype groups in the NSCLC clinical trial would be expected to have 390 
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similar vinorelbine clearance rates. Any number of confounding factors could be contributing to 391 

therapeutic efficacy in CYP3A5*1 subjects.  One possible explanation for the finding of this 392 

clinical trial is that there is an unidentified variable factor between the two genotype groups 393 

studied resulting in a difference in vinorelbine such as volume of distribution, active transport, or 394 

non-P450 parallel elimination pathways between groups resulting in greater vinorelbine exposure 395 

in the CYP3A5*1 genotype group.  Another possible reason for the difference observed in this 396 

study is that CYP3A5 may be sequentially metabolizing an inactive vinorelbine metabolite that 397 

competes with vinorelbine at the level of the tumor, resulting in greater vinorelbine exposure at 398 

the level of the tumor.  A noticeable difference between the metabolites formed by CYP3A4 and 399 

CYP3A5 was apparent when studying the radiochromatograms of metabolite profiles resulting 400 

from incubation of parent drug with individual recombinant enzymes.  Metabolite 2 (M2) was 401 

observed when vinorelbine was incubated with both the recombinant and microsomal systems 402 

(Figures 6 and 7).  However, formation of M2 was significantly lower in the presence of 403 

CYP3A5.  In the recombinant enzyme system, M2 formation with CYP3A4 was 3-fold higher 404 

than with CYP3A5.  The formation of M2 by IUL-55 (low CYP3A5 content) was 1.5-fold higher 405 

than by IUL-73 (high CYP3A5 content).  By comparing the HLMs with similarly high CYP3A4 406 

activity levels, it was assumed that a similar amount of M2 was formed by CYP3A4.  A 407 

plausible hypothesis to address this discrepancy of M2 detection between systems expressing or 408 

not expressing CYP3A5 could be the sequential metabolism of M2 by CYP3A5. 409 

In this study, tandem mass spectrometry analysis of in vitro incubations with both 410 

recombinant enzymes and human liver microsomes demonstrated M2 (didehydro-vinorelbine on 411 

the velbenamine side of the molecule) as the major vinorelbine metabolite formed by CYP3A4.  412 

This major metabolite of vinorelbine M2 is distinct from the major CYP3A-mediated metabolite 413 
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of vincristine M3, an unusual metabolite formed after an intramolecular amidation reaction 414 

(Dennison, et al., 2006).  The molecular rearrangement of vincristine by CYP3A metabolism 415 

would not be expected for vinorelbine because of the chemical differences between the 416 

molecules on the catharanthine side.   417 

As for other possible metabolites of vinorelbine, previous clinical studies of vinorelbine 418 

have shown the presence of the metabolite deacetyl-vinorelbine (deacetyl-navelbine) in the urine 419 

(Nicot, et al., 1990, Van Heugen, et al., 2001).  However, deacetyl-vinorelbine has only been 420 

detected in trace amounts, representing only 0.25% of the vinorelbine dose (30 mg/m2).  421 

Although it has been detected in trace amounts in vivo within blood and feces (Leveque and Jehl, 422 

1996, Van Heugen, et al., 2001), vinorelbine N-oxide in our study was determined to be a by- 423 

product of the extraction process (data not shown) and is therefore not thought to occur via 424 

CYP3A4-mediated oxidation.  Recombinant CYP450s and HLMs are only responsible for 425 

oxidative metabolism of vinorelbine, so deacetyl-vinorelbine was not detected in this in vitro 426 

study.  Recently, a number of vinorelbine metabolites, including vinorelbine N-oxide, were 427 

identified using LC-MS/MS from human biological fluids and categorized as being found in 428 

blood, urine, or faeces (de Graeve, et al., 2008).  A comparison of the metabolites (M13, M7, 429 

M10, M5, M15, and M2) identified from human biological fluids (de Graeve, et al., 2008) 430 

showed strong similarities with metabolites M2, M3, M4, M6, M7, and M8, respectively (Table 431 

3) identified in this study as being CYP3A4-mediated.  These metabolites therefore may be 432 

biologically relevant, especially M2, because it was the predominant metabolite formed in 433 

human liver microsomes lacking CYP3A5. 434 

In conclusion, based on our in vitro findings, CYP3A enzymes are predicted to 435 

metabolize vinorelbine, primarily to a didehydro-metabolite M2 (Table 3).  However, 436 
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polymorphic CYP3A5 expression is not expected to significantly contribute to vinorelbine 437 

metabolism in vivo because unlike vincristine, vinorelbine is not selectively metabolized by 438 

CYP3A5.   439 

 440 
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Legends for Figures 540 

Figure 1:  (A) Percent depletion from control for a panel of cytochrome P450 enzymes 541 

incubated with vinorelbine.  Incubations were performed in duplicate, using 5 µM vinorelbine 542 

and 200 pmol/mL of CYP450 for 60 min.  Control was insect cell protein that did not express 543 

CYP450 enzymes.  CYP3A4 and CYP3A5 were the only enzymes that showed statistically 544 

significant difference in vinorelbine depletion from the control (***p < 0.001).  (B) Remaining 545 

percent active depletion of vinorelbine by human liver microsomes normalized to control after 546 

chemical inhibition by hepatic CYP450s.  Vinorelbine (1 µM) was incubated for 12 min with 0.8 547 

mg/mL of protein from pooled human liver microsomes and each chemical inhibitor at their 548 

respective Ki concentrations.  The control contained no chemical inhibitors.  Only the inhibition 549 

of CYP3A by ketoconazole (1 µM) showed significantly diminished activity (***p < 0.001). (C) 550 

Inhibition of vinorelbine metabolism by Cyclosporine A in CYP3A4 and CYP3A5 supersomes 551 

and HLMs with high CYP3A5 (IUL-73) and low CYP3A5 (IUL-55) expression. 552 

 553 

Figure 2:  (A) Vinorelbine depletion rate plotted against vinorelbine concentration when 554 

incubated with CYP3A4+b5 (○) or CYP3A5+b5 (●).  (B) Eadie-Hofstee plots of CYP3A4+b5 555 

(○) or CYP3A5+b5 (●)-mediated metabolism of vinorelbine.  All incubations were performed in 556 

triplicate with 30 pmol/mL CYP3A4+b5 or CYP3A5+b5 for 5min.  Lines represent the best fit to 557 

the Michaelis-Menten equation for vinorelbine metabolism by CYP3A4+b5 (dotted line) or 558 

CYP3A5+b5 (solid line) as determined using WinNonLin.    559 

 560 

Figure 3:  Relationships between rate of vinorelbine metabolism by human liver microsomes 561 

and the rates of OH-ITZ formation from itraconazole (4A; r2 = 0.93, ***p < 0.001), testosterone 562 
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6-β -hydroxylation (4B; r2 = 0.78, ***p < 0.001) and vincristine M1 formation in human liver 563 

microsomes with high CYP3A5 protein content (4C; r2 = 0.23, p = 0.224) and low protein 564 

content (4D; r2 = 0.89, ***p < 0.001).  Microsomes are designated by CYP3A5 protein content: 565 

high (●) and low (○).  All incubations were performed in triplicate; 1 µM vinorelbine and 0.8 566 

mg/mL protein content per human liver microsome were incubated for 12 min.   567 

 568 

Figure 4:  Formation of OH-ITZ (µL/min/mg protein) plotted against vinorelbine clearance 569 

(µL/min/mg protein) between human liver microsomes with high (●) and low (○) CYP3A5 570 

protein content.  Regression line and 95% confidence intervals represent the correlation between 571 

HLMs with low CYP3A5 content (○), in which clearance is predominantly CYP3A4-mediated.  572 

The majority of HLMs regardless of CYP3A5 expression fell within the 95% confidence 573 

intervals.  After correcting for CYP3A4 contribution, CYP3A5 did not significantly contribute to 574 

vinorelbine clearance in HLMs.     575 

 576 

Figure 5:  Radiochromatograms of 3H vinorelbine (DPM; disintegrations per min) incubated 577 

with CYP3A4+b5 (6A), CYP3A5+b5 (6B), or non CYP450-expressing insect control (6C) 578 

supersomes.  Fractions were separated by HPLC, collected in 20 second intervals, and quantified 579 

by scintillation count.  The relative formation of M2 appears to be 3-fold higher when 580 

vinorelbine is incubated with CYP3A4+b5 than with CYP3A5+b5 (VRL = vinorelbine, M2 = 581 

metabolite 2).   582 

 583 

Figure 6:  Radiochromatograms of 3H vinorelbine (DPM; disintegrations per min) incubated 584 

with human liver microsomes IUL-55 (low CYP3A5 protein content; 7A), IUL-73 (high 585 
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CYP3A5 protein content; 7B), or IUL-73 lacking NADPH as control (7C).  Fractions were 586 

separated by HPLC, collected in 20 second intervals, and quantified by scintillation count.  The 587 

relative detection of M2 is 1.5-fold higher for IUL-55 than by IUL-73 (VRL = vinorelbine, M2 = 588 

metabolite 2).  Based upon supersome data, and that both IUL-55 and IUL-73 contained similar 589 

amounts of CYP3A4 protein, the difference in M2 detection may be due to subsequent 590 

metabolism of M2 by CYP3A5 in IUL-73.    591 

 592 

593 
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Tables 594 

Table 1: Michaelis-Menten parameters for vinorelbine metabolism by CYP3A4 and CYP3A5 595 

supersomes.   596 

 KM  
(µM) 

Vmax  
(pmol VRL/min/pmol P450) 

Clint  
(µL/min/pmol P450) 

CYP3A4 2.63 ± 0.48 1.37 ± 0.09 0.52 ± 0.06 
 

CYP3A5 3.64 ± 0.96 1.40 ± 0.15 0.38 ± 0.06 
 

 597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 606 
 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 
 621 
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 623 
 624 
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Table 2: Genotypes of HLMs and Vinorelbine Metabolism Rates 631 

HLM CYP3A5 
Genotypea 

Gender CYP3A4  
Protein 
Content 

(pmol/mg) 

CYP3A5  
Protein 
Content 

(pmol/mg) 

v [1µM Vinorelbine] 
(pmol/min/mg) 

Intrinsic 
Clearanceb 
(mL/min) 

Hepatic 
Clearancec 
(mL/min) 

CYP3A5 High Expressers: 
IUL-40 *1/*1 M 103.8 89.4 48.2 3952.3 337.1 
IUL-41 *1/*3 F 14.7 20.5 33.1 2716.9 249.2 
IUL-42 *1/*3 F 23.7 16.1 17.2 1414.9 141.0 
IUL-59 *1/*3 N/A 36.3 14.7 29.0 2379.3 222.8 
IUL-66 *1/*3 M 24.4 20.6 24.4 1999.5 191.8 
IUL-73 *1/*3 F 96.1 20.1 67.6 5546.3 433.7 
IUL-74 *1/*6 F 10.7 26.2 11.2 915.4 94.4 
IUL-85 *1/*3 M 85.5 24.8 17.7 1448.9 144.1 

CYP3A5 Low Expressers: 
IUL-6 *3/*3 N/A 19.0 0.8 13.9 1137.1 115.5 

IUL-49 *3/*3 M 48.8 0.8 28.9 2370.3 222.1 
IUL-52 *3/*3 M 14.8 0.0 10.3 846.2 87.6 
IUL-55 *3/*3 N/A 130.4 0.8 57.6 4722.5 385.8 
IUL-57 *1/*3 M 40.6 0.8 19.5 1598.6 157.4 
IUL-65 *3/*3 M 15.6 0.6 15.0 1232.8 124.4 
IUL-71 *1/*7 F 10.9 1.1 16.7 1371.5 137.1 
IUL-72 *3/*3 F 25.3 0.9 17.5 1434.7 142.8 
IUL-75 *3/*3 N/A 78.2 2.3 46.2 3788.5 326.1 
IUL-78 *3/*3 F 109.5 3.1 52.4 4296.9 359.4 
IUL-81 *3/*3 M 71.7 2.0 40.8 3350.7 295.9 
IUL-86 *3/*3 N/A 77.8 2.1 61.5 5049.2 405.3 

 
    

 
v [1µM Vinorelbine] 

(pmol/min/mg) 
Intrinsic Clearanceb 

(mL/min) 
Hepatic Clearancec 

(mL/min) 

Mean: CYP3A5 High Expressers: 31.0 ± 18.7 2546.7 ± 1534.2 226.8 ± 112.4 
Mean: CYP3A5 Low Expressers: 31.7 ± 18.9 2599.9 ± 1548.2 229.9 ± 117.4 

p-value 0.941 0.941 0.952 

a Genotypes and protein content (pmol/mg) of CYP3A4 and CYP3A5 per HLM from Dennison 632 
et. al, 2007. 633 

b Intrinsic clearance = Clint = v[1µM Vinorelbine] · 1500 g liver · 45 mg microsomal protein/g liver/Km 634 
for a 70-kg man. (Dennison, et al., 2007) 635 

c Predicted hepatic clearance = CLH = Q · (CLint ·∙	
  fu) /(Q + (CLint ·∙	
  fu)), where fu= 0.11and Q = 636 
1.5 L/min for a 70-kg man. 637 
 638 

  639 
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Table 3: Vinorelbine and its CYP3A4 metabolites based on LC/MS/MS and NMR data. 640 

ID M+H+ MS/MS Product Ions Proposed Metabolite Structure 

Vinorelbine 
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M5 781 610,455,443,138,122 

 
M6 795 777,717,633,526,457,403,202,122

,108 

 
M7 763 704,672,566,535,455,423,321 

 
M8 777 718,717,658,657,467,389 
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