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Abstract 

To investigate how taxane’s substituents at C3' affect its metabolism, we compared the 

metabolism of cephalomannine and paclitaxel, a pair of analogue which differ slightly 

at C3' position. After cephalomannine was incubated with human liver microsomes in 

a NADPH-generating system, two mono-hydroxylated metabolites (M-1, M-2) were 

detected by LC/MS/MS. C4'' (M-1) and C6α (M-2) were proposed as the possible hy-

droxylation sites, and the structure of M-1 was confirmed by 1HNMR. Chemical inhi-

bition studies and assays with recombinant human CYPs indicated that 

4''-hydroxycephalomannine was generated predominantly by CYP3A4 and 

6α-hydroxycephalomannine by CYP2C8. The overall biotransformation rate between 

paclitaxel and cephalomannine differed slightly (184 versus 145 pmol/min/mg), but 

the average ratio of metabolites hydroxylated at C13 side chain to C6α for paclitaxel 

and cephalomannine varied significantly (15:85 versus 64:36) in five human liver 

samples. Compared with paclitaxel, the major hydroxylation site transferred from C6α 

to C4'', and the main metabolizing CYP changed from CYP2C8 to CYP3A4 for 

cephalomannine. In the incubation system with rat or minipig liver microsomes, only 

4''-hydroxycephalomannine was detected, and its formation was inhibited by CYP3A 

inhibitors. Molecular docking by Autodock suggested that cephalomannine adopted 

an orientation in favor of 4''-hydroxylation, while paclitaxel adopted an orientation 

favoring 3'-p-hydroxylation. Kinetic studies showed that CYP3A4 catalyzed cepha-

lomannine more efficiently than paclitaxel due to an increased Vm. Our results dem-

onstrate that relative minor modification of taxane at C3’ have major consequence on 
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the metabolism. 
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Introduction 

Paclitaxel is one of the best antineoplastic drugs derived from the yew trees, and it 

has been found effective against a broad spectrum of cancers (Spratlin and Sawyer, 

2007). The superior anti-tumor activity of paclitaxel, however, is undermined by limi-

tations such as multi-drug resistance, poor aqueous solubility, poor oral bioavailability, 

and toxicities (Frapolli et al., 2006). It’s generally recognized that poor oral bioavail-

ability of paclitaxel results from its poor solubility (Singla et al., 2002) and Pgp efflux 

(Sparreboom et al., 1997). To overcome these shortcomings, numerous novel taxanes 

superior to paclitaxel were synthesized (Ojima et al., 1996; Mastalerz et al., 2003; 

Barboni et al., 2005; Lockhart et al., 2007), and some of them such as BAY59-8862 

(Sano et al., 2006), BMS-275183 (Broker et al., 2007), and MAC-321 (Lockhart et al., 

2007) entered clinical trials. Many of these novel taxanes had modified substituents at 

C3' of the C13 side chain, where two phenyls were replaced by other functional 

groups (Sano et al., 2006; Broker et al., 2007; Lockhart et al., 2007). These structure 

modifications made the novel taxanes effective to paclitaxel-resistant tumor cells, 

more soluble, and/or more potent. It’s still not clear how these structure changes at C3' 

affect taxane’s metabolism property, which is crucial to efficacy, toxicity, route of ad-

ministration, pharmacokinetics, and pharmacodynamics (Taniguchi et al., 2005; 

Spratlin and Sawyer, 2007). 

CYP-mediated oxidative metabolism is the major elimination routine for taxanes 

(Anderson et al., 1995; Cresteil et al., 2002), which differ strikingly from one another 

in metabolism despite structure similarity. For example, when benzamide at C3’ in 
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paclitaxel was replaced by boc-amino group in docetaxel, the principal hydroxylation 

site transferred from C6 of the taxane ring to the tert-butyl of the side chain (Cresteil 

et al., 2002; Taniguchi et al., 2005). Meanwhile, the primary monooxygenases 

changed from CYP2C8 to CYP3A4 (Cresteil et al., 2002; Taniguchi et al., 2005). In-

terestingly, when both phenyls at C3' of C13 side chain were replaced by alkyl or al-

kenyl group, the major hydroxylation site was again moved from tert-butyl back to the 

isobutyl or isobutenyl group, such as SB-T-1102, SB-T-1214, SB-T-1216 (Gut et al., 

2006), and IDN5390 (Frapolli et al., 2006). All these results suggested that substitu-

ents at C3' determined taxane metabolism with regard to the site of hydroxylation and 

the CYP isoform implicated. 

Cephalomannine (also known as taxol B) is an analogue of paclitaxel commonly 

occurring in yew extracts (Mroczek et al., 2000). It differs from paclitaxel only in the 

amide portion; the substituent at C3' position is tigloylamide instead of benzamide 

(Fig. 1). Due to structure similarity, cephalomannine shows anti-tumor activity com-

parable to paclitaxel towards several different cell lines (Helson and Ainsworth, 1997; 

Shi et al., 2001). It is especially effective against leukemia and certain neural tumor 

cells (Helson and Ainsworth, 1997). Despite its promising anti-tumor activity, rela-

tively little is known about the metabolism of cephalomannine. 

In the present study, we chose cephalomannine, an analogue of paclitaxel with 

slight modification at C3', to study the effect of structure change on metabolism. 

LC/MS/MS and 1HNMR were recruited to identify the structures of the observed me-

tabolites. Incubations were conducted with CYP isoform specific inhibitors and re-
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combinant human CYP isoforms to ascribe individual biotransformation to a single 

CYP isoform. To compare species difference, metabolism of cephalomannine in rat 

and minipig liver microsomes were also examined. 
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Materials and Methods 

Chemicals. D-glucose-6-phosphate, glucose-6-phosphate dehydrogenase, NADP+, 

sulfaphenazole, quinidine, clomethiazole, furafylline, 8-methoxypsoralen, 

3'-p-hydroxypaclitaxel, and paclitaxel were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Ketoconazole was obtained from ICN Biomedicals Inc. (Aurora, Ohio, 

USA). S-mephenytoin was purchased from Toronto Research Chemicals Inc. (North 

York, Canada). 6α-hydroxypaclitaxel was obtained from BD Gentest Corp. (Woburn, 

MA, USA). Quercetin was purchased from Acros Organics (Geel, Belgium). Cepha-

lomannine (96%) was purchased from Shanghai Jinhe Bio-Technology Co. (Shanghai, 

China). All other reagents were of HPLC grade or of the highest grade commercially 

available. cDNA-expressed recombinant CYP1A2, CYP2A6, CYP2C9, CYP2D6, 

CYP2E1 and CYP3A4 derived from baculovirus infected insect cells coexpressing 

NADPH-P450 reductase was obtained from BD Gentest Corp. (Woburn, MA, USA). 

cDNA-expressed CYP2C8 and CYP2C19 in Escherichia coli coexpressing 

NADPH-P450 reductase were purchased from New England Biolabs (Beijing) Ltd 

(Beijing, China). 

Preparation and characterization of liver microsomes. Human livers were ob-

tained from autopsy samples (n=5, male Chinese, ages from 27 to 48) from Dalian 

Medical University, with the approval of the ethics committee of Dalian Medical 

University. The medication history of the donors was not known. Research involving 

human subjects was done under full compliance with government policies and the 

Helsinki Declaration. 
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Procedures involving animals complied with the Laboratory Animal Management 

Principles of China. Sprague-Dawley (SD) rats (n=10, male, weight 180-220 g) were 

purchased from Dalian Medical University. The animals had free access to tap water 

and pellet diet. CYP was induced by phenobarbital (80 mg/kg, i.p.) in 24-h internals 

for three days. The rats were euthanized by decapitation, and livers were rapidly ex-

cised and pooled for preparation of microsomes. 

Colony-bred Chinese Bama minipig weighing 10 to 12 kg (n=6, male, age 6 

months) were obtained from Department of Animal Science, 3rd Military Medical 

University, China. The animals used are descendants of sows and boars obtained from 

the original stock at Bama County, GuangXi Province, China. The animals were 

euthanized by intravenous injection of pentobarbital sodium (150 mg/kg body weight); 

tissue samples were taken from the left medial lobe of the liver within 5 min after 

death. Liver samples were pooled together to prepare microsomes. 

Liver specimens were stored in liquid nitrogen until preparation of microsomes. 

Microsomes were prepared from liver tissue by differential ultracentrifugation as de-

scribed previously (Li et al., 2006). Protein concentration was determined by using 

bovine serum albumin as standards (Lowry et al., 1951). Total CYP concentration was 

determined according to Omura and Sato (Omura and Sato, 1964) with the use of 

molar extinction coefficient 91 mM-1·cm-1. Liver microsomes were diluted to 10 

mg/mL and were stored at –80 °C. CYP concentration was 0.63, 0.52, and 0.23-0.39 

nmol/mg in minipig, rat, and human liver microsomes, respectively. 

Incubation system. The incubation mixture, with a total volume of 200 µL, con-

sisted of 100 mM potassium phosphate buffer (pH 7.4), NADPH-generating system (1 

mM NADP+, 10 mM glucose-6-phosphate, 1 unit/mL of glucose-6-phosphate dehy-
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drogenase, and 4 mM MgCl2), liver microsomes (0.5 mg/mL), and 10 µM cephalo-

mannine or paclitaxel. Taxanes were previously dissolved in methanol, with a final 

methanol concentration below 1% (v/v) in the reaction mixture. After 3-min preincu-

bation at 37°C, the reaction was initiated by adding NADPH-generating system. After 

incubated for 30 min in a shaking water bath, the reaction was terminated by the addi-

tion of methanol (100 µL). The mixture was kept on ice until it was centrifuged at 

20,000× g for 10 min at 4 °C. Aliquots of supernatants were transferred for HPLC 

analysis. Control incubations without NADPH or without substrate or without micro-

somes were carried out to ensure that metabolites formation were microsomes and 

NADPH dependent. The metabolites of cephalomannine were quantified based on the 

calibration curves of cephalomannine, assuming similar molar extinction coefficients. 

The metabolites of paclitaxel were quantified by comparing the calibration curves of 

6α-hydroxypaclitaxel and 3'-p-hydroxypaclitaxel. 

HPLC/MS method. The HPLC system (SHIMADZU, Kyoto, Japan) consisted of 

a SCL–10A system controller, two LC–10AT pumps, a SIL–10A auto injector, a 

SPD–10AVP UV detector and a Shim-pack (Shimadzu corporation) C18 column 

(4.6×150 mm, 5 µ) was used to separate taxanes and its metabolites. The mobile phase 

was 65% methanol in water. The eluent was monitored at 230 nm with a flow rate of 

1.0 mL/min. 

LC/MS was used to characterize the structures of cephalomannine metabolites. 

The HPLC eluent from detector was introduced into the mass spectrometer via a 1:4 

split. The mass spectrometer was a TSQ triple quadrupole (Thermo Fisher Scientific, 
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Waltham, MA, USA) equipped with an ESI interface. The spray voltage was 4.5 kV 

and the capillary temperature was 300 ºC. Nitrogen was used as nebulizing and auxil-

iary gas. The nebulizing gas backpressure was set at 40 psi, and auxiliary gas at 20 

(arbitrary units). For MS/MS, argon at a pressure of 3 mTorr was used as the collision 

gas. The collision energy was set at 15-30 V. Initially, the mass spectrometer was 

programmed to perform full scans between m/z 200 and 1000 in order to observe the 

[M+H]+ and [M-H]─ signals. 

Metabolite purification. Rat liver microsomes (RLMs) catalyze cephalomannine 

efficiently to one of its metabolites (M-1), this allowed for the preparation of suffi-

cient quantities of M-1 for 1HNMR analysis. The incubation system was scaled up to 

250 mL. Cephalomannine (50 µM) was incubated with RLMs (1.0 mg/mL) and 

NADPH-generating system (1 mM NADP+, 10 mM glucose-6-phosphate, 1 unit/mL 

of glucose-6-phosphate dehydrogenase, and 4 mM MgCl2) for 90 min at 37 °C. Under 

these conditions, about 20% of cephalomannine was converted to M-1. The reaction 

mixture was extracted with 50% ethyl acetate, and the organic layer was separated 

after the reaction mixture was centrifuged at 9000× g for 10 min. The extraction pro-

cedure was repeated three times and the organic layer was combined. The organic 

phase was dried in vacuo, and the residue was dissolved in methanol (1.5 mL). 

Cephalomannine and its metabolite were separated by HPLC, and the eluent contain-

ing the metabolite was collected and dried in vacuo. The purity of M-1 was about 

92% (HPLC). 

NMR spectroscopy. Proton NMR spectra were obtained at 400 MHz on a Bruker 
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AV-400 spectrometer (Bruker, Newark, Germany). Compounds were dissolved in 

CDCl3 and experiments were conducted at 21 °C. Chemical shifts are reported in ppm 

with reference to tetramethylsilane. 

Chemical inhibition studies. Chemical inhibition studies were performed by 

adding different human CYP inhibitors to the incubation mixture of cephalomannine 

(20 µM) before the addition of NADPH-generating system. Information concerning 

the plasma concentration of cephalomannine was lacking. Selection of a 20 µM con-

centration was based on the plasma concentration of paclitaxel (Cmax, 14 µM) (Bhalla 

et al., 1999). The selective inhibitors (or substrates) of eight major CYPs and their 

concentrations were as follows (Bjornsson et al., 2003; Huang et al., 2007): furafyl-

line (10 µM) for CYP1A2, 8-methoxypsoralen (2.5 µM) for CYP2A6, quercetin (20 

µM) for CYP2C8 (Harris et al., 1994), sulfaphenazole (10 µM) for CYP2C9, 

S-mephenytoin (100 µM) for CYP2C19, quinidine (10 µM) for CYP2D6, clomethia-

zole (50 µM) for CYP2E1, ketoconazole (1 µM) for CYP3A4. 8-methoxypsoralen is 

known as a mechanism-based inhibitor, so it was preincubated with human liver mi-

crosomes (HLMs), buffer, and NADPH-generating system at 37 °C for 10 min, and 

the reaction was initiated by the addition of cephalomannine. 

Troleandomycin (Anzenbacher et al., 1998), ketoconazole (Li et al., 2006), sul-

faphenazole (Kobayashi et al., 2003), and furafylline (Kobayashi et al., 2003) were 

found to be inhibitors of rat or minipig CYP3A, CYP2C and CYP1A, respectively. 

Therefore, inhibitory effects of troleandomycin (25 µM), ketoconazole (1 µM), sul-

faphenazole (10 µM), and furafylline (10 µM) towards cephalomannine (10 µM) me-
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tabolism in RLMs and minipig liver microsomes (PLMs) were examined. Trolean-

domycin was preincubated with liver microsomes, buffer, and NADPH-generating 

system at 37 °C for 10 min, and the reaction was initiated by the addition of cephalo-

mannine. 

Assay with recombinant human CYPs. cDNA-expressed recombinant human 

CYP isoforms co-expressing NADPH-P450 reductase either from insect cells 

(CYP1A2, CYP2A6, CYP2C9, CYP2D6, CYP2E1 and CYP3A4) or from Es-

cherichia coli (CYP2C8 and CYP2C19) was used. The incubations were carried out as 

described for the human liver microsomal study. To examine the contribution of each 

CYP isoform, cephalomannine (60 µM) was incubated with each of the recombinant 

CYPs (40-80 pmol of CYP/mL) at 37°C for 60 min. HPLC with UV detection was 

used to monitor possible metabolites. Relative high substrate concentration was se-

lected so that adequate metabolites were generated for the convenience of detection. 

Kinetic Assays. To estimate kinetic parameters, cephalomannine (4.0-70 µM) or 

paclitaxel (2.0-50 µM) was incubated with liver microsomes (0.5 mg/mL) or recom-

binant CYPs (40 nM) for 30 min. For RLMs, the incubation time was reduced to 10 

min because of extensive metabolism of cephalomannine. The apparent Vm and Km 

values were calculated from nonlinear regression analysis of experimental data ac-

cording to the Michaelis-Menten equation, and the results were graphically repre-

sented by double-reciprocal plots of velocities versus concentrations of substrate. The 

H1 human liver microsomal sample was used in kinetics and inhibition studies be-

cause it exhibited high activity of CYP3A4 and CYP2C8, and enabled analysis of 
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both metabolites at low substrate concentrations. Preliminary experiments were car-

ried out to make sure that formation of metabolites was in the linear range of both re-

action time and the concentration of liver microsomes. All incubations were carried 

out in duplicate with SD values generally below 10%. 

Molecular Docking. Autodock 4.0 (Scripps Research Institute, La Jolla, CA) 

(Morris et al., 1998) was used to dock paclitaxel and cephalomannine to the active site 

CYP3A4(PDB entry 2j0d) (Ekroos and Sjogren, 2006). The cocrystallized ligand 

erythromycin was removed from the protein structure before docking. 3D structures 

of paclitaxel and cephalomannine were obtained from National Cancer Institute data-

base of small molecules (http://129.43.27.140/ncidb2/). AutoDockTools 1.4.5 

(Scripps Research Institute, La Jolla, CA) (Sanner, 1999) was used to prepare all 

docking parameter files for both taxanes and CYP3A4. A 60 × 60 × 60 point grid with 

a spacing of 0.375 Å centered at –15.0, -17.0, 25.0 was used for the protein model. 

For other parameters, the default values were selected. The poses with lowest docking 

energy were selected for analysis. 
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Results 

Identification of cephalomannine metabolites. After cephalomannine was in-

cubated with HLMs and NADPH-generating system, two new peaks were eluted at 

6.5 (M-1) and 10.9 min (M-2), respectively (Fig. 2). The new peaks were not ob-

served in the negative controls without NADPH, or without substrate, or without mi-

crosomes. Only the control without NADPH was shown for clarity (Fig. 2). 

LC/MS/MS was employed to elucidate the structures of cephalomannine metabo-

lites. Both positive-ion mode and negative-ion mode were examined in the LC/MS. In 

the positive-ion mode, the following fragments were observed for the cephalomannine 

(Table 1): m/z 832.7, [M+H]+; m/z 854.9, [M+Na]+; m/z 870.7, [M+K]+; m/z 509.6, 

i.e. consecutive loss of C13 side chain and acetic acid; m/z 309.8, i.e. consecutive loss 

of C2 side chain, acetic acid and water on m/z 509.6; m/z 264.6, i.e. C13 side chain; 

m/z 246.5, i.e. water loss on m/z 264.6. These fragments were in agreement with pre-

vious report (Vivekanandan et al., 2006). Characteristic fragment ions of metabolites 

were 16 mass units greater than that of cephalomannine, indicating that both metabo-

lites were mono-hydroxylated (Table 1). For M-1, m/z 509.3 and 280.2 indicated that 

the hydroxylation site was in the C13 side chain but not in the taxane core ring (Table 

1). For M-2, m/z 525.3, 325.3, and 264.3 implied that hydroxylation site was in the 

taxane core ring but not in the C2 or C13 side chain (Table 1). 

Consistent with previous report (Song et al., 2005), the negative-ion mode pro-

vided better sensitivity than the positive-ion mode, therefore negative-ion mode was 

adopted for MS/MS analysis in current investigation. MS spectra were dominated by 
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[M+AcO]─ in these conditions, therefore [M+AcO]─ was selected as precursor ion to 

be further fragmented. Fragment ions of cephalomannine (Table 2) included m/z 

890.7, [M+AcO]─; m/z 830.7, [M-H]─; m/z 770.6, [M-AcOH-H]─; m/z 525.5 (base 

peak), [M-Ac-C13-H]─, i.e. consecutive loss of hydrogen, acetyl and C13 side chain 

breaking C13 ester bond; m/z 373.4, [525.5-BzOH-HCHO]─, i.e. loss of C2 benzoic 

acid and formaldehyde on m/z 525.5; m/z 262.5, i.e. C13 side chain. For M-1, m/z 

278.4 and m/z 525.5 implied that hydroxylation site was in C13 side chain and not in 

the taxane ring, and the m/z shift from 525.5 to 373.2 excluded benzoate ring at C2 as 

hydroxylation site (Table 2). Similarly, for M-2, m/z 541.4, 389.6, and 262.3 sug-

gested that the hydroxylation site was in the taxane ring but not in the C13 side chain 

or C2 benzoate ring (Table 2). The hydroxylation sites deduced from the negative-ion 

mode were in agreement with that from the positive-ion mode. 

The 1HNMR spectra of cephalomannine and its metabolite (M-1) indicated that 

the phenyls in the C13 side chain were intact (Table 3). In agreement with previous 

reports (Miller et al., 1981; Chen et al., 2001), the most distinct spectra changes were 

involved in the tigloylamide group. The 4''-methyl proton signal at 1.73 ppm (3H, d, 

J=6.8 Hz) was replaced by a signal at 4.25 ppm (2H, t, J=5.6 Hz). The corresponding 

3''-proton signal change from 6.43 ppm (1H, q, J=7.2 Hz) to 6.36 ppm (1H, t, J=6.0 

Hz). These observations suggested that the hydroxylation site was in 4''-methyl group. 

Another proton signal appeared at 3.70 ppm (1H, t, J=4.8 Hz) was assigned to 4''-OH 

(Table 3). The structure of M-2 (RT=10.9 min) couldn’t be ascertained from the frag-

ment ions. In analogy with hydroxylation sites of paclitaxel and some other taxanes 
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(Cresteil et al., 2002; Frapolli et al., 2006), we propose C6α as the possible hydroxy-

lation site for M-2 (Fig. 1). 

Different metabolism between cephalomannine and paclitaxel. To compare the 

metabolism between cephalomannine and paclitaxel, we studied the metabolism of 

two taxanes in five individual human liver samples (H1, H2, H3, H4, and H5), and the 

results are shown in Fig. 3. For comparison, substrate concentration (10 µM), micro-

somal concentration (0.5 mg/mL), and reaction time (30 min) were all kept the same. 

Under these conditions, there was little difference between cephalomannine and pa-

clitaxel in the overall biotransformation rate (145 versus 184 pmol/min/mg). For pa-

clitaxel, 6α-hydroxypaclitaxel by CYP2C8 was always the dominant product in five 

liver samples, and the average ratio of the two metabolites hydroxylated at 6α to C3' 

was 85:15 (Fig. 3). For cephalomannine, however, 4''-hydroxycephalomannine instead 

of 6α-hydroxycephalomannine was the main metabolite in the four out of the five 

liver samples, and H3 produced about the same amount of the two metabolites (Fig. 3). 

The average ratio of the two metabolites hydroxylated at 6α to C4'' was 36:64. 

To compare species differences, the metabolism of cephalomannine and paclitaxel 

in RLMs and PLMs was also examined. For cephalomannine, only 

4''-hydroxycephalomannine was detected after cephalomannine (50 µM) was incu-

bated with rat or minipig liver microsomes (0.5 mg/mL) for 30 min (Table 4). 

6α-hydroxycephalomannine was absent in both liver microsomal incubations. For pa-

clitaxel, only 3'-p-hydroxypaclitaxel was detected after paclitaxel (50 µM) was incu-

bated with RLMs (0.5 mg/mL) for 30 min (Table 4). Neither 3'-p-hydroxypaclitaxel 
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nor 6α-hydroxypaclitaxel was detected after paclitaxel (50 µM) was incubated with 

minipig liver microsomes (0.5 mg/mL) for 30 min (Table 4), although the minipig 

liver microsomes sample showed high testosterone 6β-hydroxylation activity (Li et al., 

2006). 

Chemical inhibition studies. Selective inhibitors of the eight major CYPs were 

used to screen the CYP isoforms responsible for cephalomannine metabolism in hu-

man (Fig. 4). Among tested inhibitors, ketoconazole inhibited the activity of cepha-

lomannine 4''-hydroxylation by about 90%, but didn’t inhibit the formation of 

6α-hydroxycephalomannine significantly. Quercetin, on the other hand, inhibited the 

activity of cephalomannine 6α-hydroxylation by about 90%, but didn’t inhibit the 

formation of 4''-hydroxycephalomannine remarkably. Inhibitors of other CYP iso-

forms didn’t show significant inhibition (less than 30% inhibition) towards the forma-

tion of either metabolite. These results revealed that CYP3A4 was involved in cepha-

lomannine 4''-hydroxylation, and CYP2C8 in 6α-hydroxylation. 

Inhibition of cephalomannine 4''-hydroxylation in RLMs and PLMs by CYP3A, 

CYP1A, and CYP2C inhibitors is shown in Fig. 5. The inhibitory profiles by selected 

inhibitors were similar in both RLMs and PLMs incubations system. Both troleando-

mycin (25 µM) and ketoconazole (1 µM) inhibited the activity of cephalomannine 

4''-hydroxylation by more than 80%. Furafylline (10 µM) and sulfaphenazole (10 µM) 

exhibited about 10% and 20% inhibition, respectively. 

Assay with recombinant human CYPs. To further verify CYP isoforms in-

volved in the metabolism of cephalomannine, activity of cephalomannine hydroxyla-
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tion was determined using eight cDNA-expressed CYP isoforms (Fig. 6). Cephalo-

mannine 4''-hydroxylation was catalyzed by CYP3A4 (0.66 pmol/min/pmol CYP), 

and cephalomannine 6α-hydroxylation was catalyzed by CYP2C8 (1.29 

pmol/min/pmol CYP). Other CYP isoforms didn’t produce detectable amount of me-

tabolite (less than 0.01 pmol/min/pmol CYP). Therefore, cephalomannine 

6α-hydroxylation was ascribed to CYP2C8, and cephalomannine 4''-hydroxylation 

was ascribed to CYP3A4. 

Molecular Docking. Paclitaxel and cephalomannine were docked to the active 

site of CYP3A4 (PDB entry 2j0d, Fig. 7). Consistent with experimental data, 

paclitaxel adopted an orientation in favor of 3'-p-hydroxylation, while 

cephalomannine adopted an orientation favoring 4''-hydroxylation (Fig. 7). The 

binding energy didn’t differ significantly between paclitaxel (-6.39 kcal/mol) and 

cephalomannine (-7.61 kcal/mol). The amino acid residues Arg106, Phe108, Ser119, 

Phe304, Ala305, Phe213, Gly481, and Leu482 showed interactions with paclitaxel, while 

the amino acid resides interacting with cephalomannine were Arg105, Phe213, Phe304, 

Glu308, Thr309, Ala370, and Leu482. 

Kinetic characteristics of cephalomannine and paclitaxel metabolism. In H1 

liver microsomes, formation rates of cephalomannine and paclitaxel metabolites were 

linear up to 0.5 mg/mL microsomal protein and 30 min. Thus, 0.5 mg/mL HLMs and 

30 min were adopted in the following kinetic assay. The formation of cephalomannine 

and paclitaxel metabolites in liver microsomes and recombinant CYPs obeyed the 

Michaelis-Menten kinetics. The kinetic parameters, Km and Vm for cephalomannine 
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and paclitaxel oxidation were listed in Table 4 and results of typical kinetic experi-

ments of cephalomannine were graphically displayed in Fig. 8. The Km values of pa-

clitaxel 6α- and 3'-p-hydroxylation were similar (13 versus 17 µM), but the values of 

their Vm showed about 3-fold difference (233 versus 84 pmol/min/mg). The catalytic 

efficiency of 6α-hydroxylation, as measured by Vm/Km, was about 3-fold higher than 

3'-p-hydroxylation (17 versus 5). On the other hand, cephalomannine 6α- and 

4''-hydroxylation showed about 3-fold difference in their Km values (52 versus 16 µM) 

despite that the Vm values were similar (234 versus 275 pmol/min/mg). The catalytic 

efficiency of 6α-hydroxylation, as reflected by Vm/Km, was 4-fold lower than 

4''-hydroxylation (4 versus 17). 

In RLMs, the values of Km towards cephalomannine and paclitaxel differed only 

slightly (15 versus 21 µM, Table 4). The 12-fold difference in their Vm values (1853 

versus 153 pmol/min/mg) made RLMs metabolized cephalomannine much more effi-

ciently than paclitaxel (Vm/Km value, 125 versus 7). In PLMs, the Km and Vm values 

for cephalomannine 4''-hydroxylaiton were 11 µM and 108 pmol/min/mg (Table 4), 

and the catalytic efficiency of cephalomannine was about 10-fold lower in PLMs than 

in RLMs (Vm/Km value, 10 versus 125). 

Kinetic parameters of cephalomannine and paclitaxel metabolism in recombinant 

CYP3A4 and CYP2C8 are shown in Table 5. CYP3A4 catalyzed cephalomannine 

more efficiently than paclitaxel (Vm/Km value, 195 versus 16) mainly by an increased 

Vm (1600 versus 91 pmol/min/nmol CYP). On the other hand, increased Km (33 ver-

sus 8.5 µM) made CYP2C8 transform cephalomannine less efficiently than paclitaxel 
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(Vm/Km value, 150 versus 221). 

Taxanes are known to be hydrophobic compounds, and the aqueous solubility of 

paclitaxel is 35 µM (Swindell et al., 1991). The addition of 1% methanol increases the 

solubility slightly. The solubility limitation makes it impossible to extend the 

substrate concentration further to cover the range of five-fold Km value. Therefore, the 

Km might be overestimated and the resulting intrinsic clearance might be inaccurate 

because of the narrow substrate concentration range. 
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Discussion 

CYP-mediated oxidative metabolism represented the major excretion pathway for 

paclitaxel in both human and rat, with only 10% of paclitaxel was excreted as un-

changed drug (Anderson et al., 1995; Cresteil et al., 2002).10-acetyl and C13 side 

chain were found to affect taxane’s regioselective oxidation (Cresteil et al., 2002). 

However, more evidences indicated that the regioselective hydroxylation was deter-

mined by the substituents at C3' (Frapolli et al., 2006; Gut et al., 2006). Many of the 

new generation taxanes had modified substituents at C3' compared with paclitaxel, 

such as BAY59-8862 (Sano et al., 2006), IDN5390 (Ferlini et al., 2005), BMS-275183 

(Broker et al., 2007), MAC-321(Lockhart et al., 2007), and SB-T-1102 (Ojima et al., 

1996). It would helpful to synthesize metabolism-stable taxanes if we knew how sub-

stituents at C3' affected taxane’s metabolism. Therefore, we selected a pair of ana-

logue slightly different only at C3', cephalomannine and paclitaxel, to evaluate the 

effect of slight structure change on metabolism. 

In the incubation system with HLMs, two cephalomannine metabolites (M-1, M-2) 

were detected, and M-1 was identified to be 4''-hydroxycephalomannine. Mass spectra 

suggested that the hydroxylation site of M-2 was in the taxane core ring, but not in the 

C2 or C13 side chain, nor in the acetyls at C4 or C10. C6α was proposed as the possi-

ble hydroxylation site for M-2. Chemical inhibition studies and assays with recombi-

nant human CYPs indicated that 4''-hydroxycephalomannine was produced predomi-

nantly by CYP3A4 and 6α-hydroxycephalomannine by CYP2C8. In five different 

human liver samples, cephalomannine 6α-hydroxylation correlated with paclitaxel 
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6α-hydroxylation (CYP2C8, R2=0.95), and cephalomannine 4''-hydroxylation corre-

lated with paclitaxel 3'-p-hydroxylation (CYP3A4, R2=0.96). Relative poor correla-

tions were found between paclitaxel 6α-hydroxylation (CYP2C8) and paclitaxel 

3'-p-hydroxylation (CYP3A4, R2=0.64), and between cephalomannine 

6α-hydroxylation and cephalomannine 4''-hydroxylation (R2=0.40). These results 

were in agreement with M-1 was produced by CYP3A4, and M-2 was by CYP2C8. 

In humans, paclitaxel was primarily hydroxylated by CYP2C8 at C6α and sec-

ondly by CYP3A4 at C3' (Harris et al., 1994). Although 3'-p-hydroxypaclitaxel could 

be the dominant metabolite in certain cases (Desai et al., 1998; Taniguchi et al., 2005), 

6α-hydroxypaclitaxel was generally regarded as the major product, and the ratio of 

two metabolites hydroxylated at C6α to C3' was about 80:20 in HLMs 

(Venkatakrishnan et al., 2003; Taniguchi et al., 2005). This result was in agreement 

with present study, in which the average ratio of paclitaxel metabolites hydroxylated 

at C6α to C3' in five liver microsomes was 85:15 (Fig. 3). For cephalomannine, on the 

other hand, the average ratio of the two metabolites hydroxylated at 6α to C4'' was 

36:64 in the same panel of liver samples (Fig. 3). Therefore, the main hydroxylation 

site transferred from C6α to C4'', and the main metabolizing CYP for cephalomannine 

changed from CYP2C8 to CYP3A4 compared with paclitaxel. In vitro antitumor ac-

tivity of 4''-hydroxycephalomannine was more than 60-fold less potent than cephalo-

mannine (Chen et al., 2001), therefore cephalomannine 4''-hydroxylation could be re-

garded as a detoxification process. 

From kinetics of paclitaxel and cephalomannine hydroxylation (Table 4 and Table 
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5), it can be concluded that the presence of a tigloyl group instead of a benzoyl group 

at C3' reduces the contribution of CYP2C8 via decreasing the affinity for the protein. 

It probably indicates that the hydrophobic interactions with CYP2C8 peptide chain as 

suggested before (Cresteil et al., 2002) decrease when the benzoyl is replaced by the 

tigloyl. On the other hand, the replacement of benzamide by tigloylamide increases 

the overall metabolism by CYP3A via an increased Vm in human, rat and minipig liver 

microsomes and recombinant CYP3A4 (Table 4 and Table 5). This may imply that 

alkyl is more susceptible to CYP3A hydroxylation than phenyl in the amide part of 

taxane. During P450 catalytic cycle, the target C─H bond would break and form 

radicals before oxygen was added (Porter and Coon, 1991). The bond dissociation en-

ergy (DH) of C─H bond at C4'' (CH3C=CHCH2─H, DH≈88.8 kcal/mol) in cephalo-

mannine is lower than that at 3'-p-phenyl (C6H4─H, DH≈109 kcal/mol) in paclitaxel 

(Blanksby and Ellison, 2003), which gives cephalomannine a lower activation energy. 

When the activation energy decreases, the rate constant would increase according to 

the Arrhenius equation. Thus the rate of cephalomannine 4''-hydroxylation is faster 

than that of paclitaxel 3'-p-hydroxylation. 

In contrast to paclitaxel, C4'' instead of 3'-p-phenyl in cephalomannine is hy-

droxylated. Molecular docking suggests the regioselective metabolism of paclitaxel 

and cephalomannine at C3’ is determined by the ligand and receptor interaction. An-

other possible explanation is the difference in the DH values. As discussed earlier, 

substituent with a lower C─H DH value is more susceptible to CYP oxidation, as it 

needs lower activation energy. The DH of C─H at C4'' is lower than that at 
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3'-p-phenyl, thus C4'' instead of 3'-p-phenyl in cephalomannine is hydroxylated. The 

same rationale can also explain the observations that the tert-butyl (OC(CH3)2CH2─H, 

DH≈101 kcal/mol) but not the phenyl (C6H4─H, DH≈109 kcal/mol) at C3' of do-

cetaxel is hydroxylated by CYP3A4 (Cresteil et al., 2002), and the isobutyl 

((CH3)2C─H, DH≈98.6 kcal/mol) or the isobutenyl (CH=CCH2─H, DH≈88.8 

kcal/mol) instead of the tert-butyl (OC(CH3)2CH2─H, DH≈101 kcal/mol) is hydroxy-

lated in SB-T-1102, SB-T-1214, SB-T-1216 (Gut et al., 2006), and IDN5390 (Frapolli 

et al., 2006). It should be noted that we neglected other aspects such as steric hin-

drance, structure modifications at C10, and influence of nearby functional groups, 

which may also contribute the regioselective metabolism. 

Similar to the metabolism of paclitaxel (Vaclavikova et al., 2004), species differ-

ences in cephalomannine metabolism were observed, and 6α-hydroxycephalomannine 

was missing in the incubation system of RLMs and PLMs. The main metabolites of 

paclitaxel varied a lot among different species (Vaclavikova et al., 2004), but for 

cephalomannine, 4''-hydroxycephalomannine was the main metabolite in HLMs, 

RLMs, and PLMs. In RLMs and PLMs, the activity of cephalomannine 

4''-hydroxylation was strongly inhibited by CYP3A inhibitors troleandomycin and 

ketoconazole. These observations suggested that human CYP3A4 orthologs in 

minipig (CYP3A29) and rat (CYP3A1/2) might play a major role in cephalomannine 

metabolism; however, detailed examinations with recombinant rat and minipig CYPs 

were needed to ascribe the reaction to particular animal CYP isoforms. 

In conclusion, the major hydroxylation site and primary CYP isoform are quite 
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different between cephalomannine and paclitaxel despite their structure similarity. 

Like paclitaxel, C6α of cephalomannine is still the hydroxylation site, whereas the 

major hydroxylation site transfers to C4'' in the side chain and CYP3A4 instead of 

CYP2C8 becomes the main metabolism enzyme. Our results demonstrate that relative 

minor modification of taxane at C3’ has major consequence on its metabolism, and 

taxane’s C3' substituent with a lower C─H DH value is more susceptible to CYP oxi-

dation. 
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Figure legends 

Figure 1. Structure of paclitaxel (A) and cephalomannine (B). Arrows denote identi-

fied hydroxylation sites in paclitaxel or proposed hydroxylation sites in cephaloman-

nine. 

 

Figure 2. Representative HPLC profiles of cephalomannine and its metabolites. 

Cephalomannine (60 µM) was incubated with HLMs (1.0 mg/mL) at 37 °C for 60 min 

with (+NADPH) or without (-NADPH) NADPH-generating system as described in 

Materials and Methods. Metabolites (M-1 and M-2) and cephalomannine were eluted 

at 6.5, 10.9, and 14.1 min, respectively. 

 

Figure 3. Different metabolism of cephalomannine and paclitaxel in microsomes from 

five different human liver samples (H1, H2, H3, H4, and H5). Cephalomannine (10 

µM) or paclitaxel (10 µM) was incubated with liver microsomes (0.5mg/mL) for 30 

min. Mean ± SD of duplicate incubations. 

 

Figure 4. Inhibition of cephalomannine metabolism by selective P450 inhibitors in 

HLMs. The selective inhibitors (or substrates) and their concentrations were as fol-

lows: furafylline (10 µM) for CYP1A2, 8-methoxypsoralen (2.5 µM) for CYP2A6, 

quercetin (20 µM) CYP2C8, sulfaphenazole (10 µM) for CYP2C9, S-mephenytoin 

(100 µM) for CYP2C19, quinidine (10 µM) for CYP2D6, clomethiazole (50 µM) for 

CYP2E1, ketoconazole (1 µM) for CYP3A4. Mean ± SD of duplicate incubations. 
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Figure 5. Inhibition of cephalomannine metabolism in RLMs and PLMs. Inhibitors 

and their concentrations were as follows: troleandomycin (25 µM), ketoconazole (1 

µM), sulfaphenazole (10 µM), and furafylline (10 µM). Mean ± SD of duplicate incu-

bations. 

 

Figure 6. Cephalomannine hydroxylation by cDNA-expressed P450 isoforms. Cepha-

lomannine (60 µM) was incubated with each of the recombinant CYPs (40-80 pmol of 

CYP/mL) at 37°C for 60 min. Mean ± SD of duplicate incubations. 

 

Figure 7. Docking of paclitaxel (A, binding energy –6.39 kcal/mol) and cephaloman-

nine (B, binding energy –7.61 kcal/mol) to the active site of CYP3A4 (PDB entry, 

2j0d) 

 

Figure 8. Michael-Menten plots (A) and Lineweaver-Burk plots (B) of cephaloman-

nine hydroxylation in H1 liver microsomes. Cephalomannine (4.0-70 µM) was incu-

bated with HLMs (0.5mg/mL) at 37 °C for 30 min with NADPH-generating system. 
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Table 1. Positive-ion LC/MS fragmentations of cephalomannine and its two metabo-

lites (M-1 and M-2). 

Compounds RT (min) Fragments 

M-1 6.5 886.3, 870.4, 848.4, 509.3, 309.4, 280.2, 262.2 

M-2 10.9 886.3, 870.3, 848.2, 525.3, 325.3, 264.3, 246.2 

Cephalomannine 14.1 870.7, 854.9, 832.7, 509.6, 309.8, 264.6, 246.5 
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Table 2. Negative-ion LC/MS/MS fragmentations of cephalomannine and its two me-

tabolites (M-1 and M-2). 

Compounds RT (min) Precursor ion Product ions (Base peak in bold) 

M-1 6.5 906.6 846.6, 786.4, 525.5, 373.2, 278.4 

M-2 10.9 906.6 846.5, 786.8, 541.4, 389.6, 262.3 

Cephalomannine 14.1 890.7 830.6, 770.6, 525.5, 373.4, 262.5 
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Table 3. 1HNMR data for cephalomannine and its metabolite (M-1). 

Cephalomannine M-1 Position 

8.12 (2H, dd, J=8.4, 1.2) 8.12 (2H, dd, J=7.2, 1.6) o-H of OBz 

7.62 (1H, tt, J=7.6, 1.2) 7.62 (1H, t, J=7.2) p-H of OBz 

7.51 (2H, t, J=7.6) 7.51 (2H, t, J=8) m-H of OBz 

7.42 (2H, br s) 7.42 (2H, br s) o-H of 3'-Ph 

7.41 (2H, br s) 7.41 (2H, br s) m-H of 3'-Ph 

7.34 (1H, m, J=4.0) 7.35 (1H, m, J=4.8) p-H of 3'-Ph 

6.51 (1H, d, J=8.8) 6.65 (1H, d, J=8.8) NH 

6.43 (1H, q, J=7.2) 6.36 (1H, t, J=6.0) 3''-H 

6.27 (1H, s) 6.27 (1H, s) 10-H 

6.21 (1H, br t, J=9.2) 6.24 (1H, br t, J=8.8) 13-H 

5.67 (1H, d, J=7.2) 5.67 (1H, d, J=6.8) 2-H 

5.61 (1H, dd, J=8.8, 2.8) 5.63 (1H, dd, J=9.2, 2.8) 3'-H 

4.94 (1H, dd, J=9.6, 2.0) 4.94 (1H, dd, J=10.0, 1.2) 5-H 

4.71 (1H, d, J=2.8) 4.72 (1H, d, J=2.8) 2'-H 

4.40 (1H, dd, J=10.8, 6.8) 4.40 (1H, dd, J=10.4, 6.8) 7-H 

4.30 (1H, d, J=8.8) 4.30 (1H, d, J=8.4) 20-H 

― 4.25 (2H, t, J=5.6) 4''-H 

4.19 (1H, d, J=8.8) 4.19 (1H, d, J=8.4) 20-H 

3.79 (1H, d, J=6.8) 3.79 (1H, d, J=6.8) 3-H 
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― 3.70 (1H, t, J=4.8) 4''-OH 

3.49 (1H, s) 3.64 (1H, s)  

2.55 (1H, m) 2.55 (1H, m) 6-H 

2.36 (3H, s) 2.38 (3H, s) 10-OCOCH3 

2.30 (2H, m) 2.32 (2H, m) 14-H 

2.25 (3H, s) 2.25 (3H, s) 4-OCOCH3 

1.89 (1H, m) 1.89 (1H, m) 6-H 

1.80 (3H, s) 1.80 (3H, s) 18-CH3 

1.80 (3H, s) 1.80 (3H, s) 2''-CH3 

1.73 (3H, d, J=6.8) ― 4''-CH3 

1.68 (3H, s) 1.68 (3H, s) 19-CH3 

1.26 (3H, s) 1.26 (3H, s) 16-CH3 

1.15 (3H, s) 1.15 (3H, s) 17-CH3 

Notes: a) Chemical shifts are expressed in ppm and coupling constants in Hz. 

b) s, singlet; d, doublet; dd, double doublet; t, triplet; tt, triple triplet; q, quad-

ruplet; br s, broad singlet; m, multiplet. 
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Table 4. Kinetic parameters of cephalomannine and paclitaxel metabolism in HLMs, RLMs, and PLMsa. 

HLMb RLM PLM 
Taxane Metabolite 

Km Vm Vm/Km Km Vm Vm/Km Km Vm Vm/Km 

  µM pmol/min/mg  µM pmol/min/mg  µM pmol/min/mg  

6α 52 234 4 N.D. N.D. N.D. N.D. N.D. N.D. 
Cephalomannine

C4'' 16 275 17 15 1853 124 11 108 10 

6α 13 233 17 N.D. N.D. N.D. N.D. N.D. N.D. 
Paclitaxel 

C3' 17 84 5 21 153 7 N.D. N.D. N.D. 

aN.D., not detected. 

bKinetic parameters were estimated from H1 liver microsomes. 
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Table 5. Kinetic parameters of cephalomannine and paclitaxel metabolism in recombinant CYP3A4 and CYP2C8a. 

CYP3A4 CYP2C8 
Taxane Metabolite 

Km Vm Vm/Km Km Vm Vm/Km 

  µM pmol/min/nmol P450  µM pmol/min/nmol P450  

6α N.D. N.D. N.D. 33 4900 150 
Cephalomannine

C4'' 8.2 1600 195 N.D. N.D. N.D. 

6α N.D. N.D. N.D. 8.5 1900 221 
Paclitaxel 

C3' 5.8 91 16 N.D. N.D. N.D. 

aN.D., not detected 
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