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Abstract 

Three novel conjugation metabolites of colchicine were identified in rat bile 

facilitated by enhanced on-line liquid chromatography-accurate radioisotope counting.  

The known 2- and 3- demethylcolchicines (DMC) underwent O-sulfate conjugation in 

addition to the previously described O-glucuronidation.  2-DMC was preferably O-

glucuronidated whereas 3-DMC predominantly yielded O-sulfation conjugates, indicating 

phase II conjugation regio-preferences.  Moreover, M1 was identified as a novel 

glutathione (GSH) conjugate and a possible biotransformation pathway for its formation 

was proposed.  The known 2-DMC (M6), 3-DMC (M7), 2-DMC glucuronide (M4), and 

novel 3-DMC sulfate (M3) were confirmed as the major metabolites.  Radiometric data 

was acquired by the XFlowTM liquid chromatography-accurate radioisotope counting 

(XFlowTM LC-ARC) system, a novel technology for dynamic control of both on-column 

and post-column HPLC flow rates to maximize sensitivity and resolution of 

radiochromatograms.  A comparative evaluation was also performed between the 

XFlowTM LC-ARC system and a conventional flow radiometric detection system using 

bile samples from an in vivo disposition study of colchicine in male Sprague-Dawley rats.  

Results demonstrated a 20 fold sensitivity improvement of the XFlowTM ARC system in 

comparison to radioactivity detection by conventional flow scintillation analyzers (FSA).  

The dynamic flow mode also provided best chromatographic resolution.  Unambiguous 

metabolite identification was performed by high resolution mass spectrometry and NMR 

analysis. 
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Introduction 

Radiolabeled compounds have been widely used in drug discovery and 

development.  Their applications cover identifying binding sites of target enzyme or 

receptors (Weeks et al., 2005), localizing target tissues (Jang et al., 2007), obtaining drug 

metabolism and disposition information in absorption, distribution, metabolism, and 

excretion (ADME) studies (Dalvie, 2000; Marathe, 2004), and imaging pharmacological 

response and drug localization in animals and humans through positron emission 

tomography (PET) (Aloj and Morelli, 2004).  In drug metabolism and pharmacokinetics, 

3H and 14C labeled drug candidates are commonly used for in vitro studies measuring 

absorption (Jigorel et al., 2005), metabolism (Nassar and Lee, 2007), and covalent 

binding (Evans et al., 2004), and in vivo experiments assessing metabolism and excretion 

routes in preclinical and clinical settings (James et al., 2005; Burkey et al., 2006). 

Hyphenation of high performance liquid chromatography (HPLC) to radiometric 

detection has provided a powerful approach for in vitro and in vivo metabolite 

identification, specifically in the analysis of complex biological samples such as bile and 

plasma.  On-line acquisition of 3H or 14C radiochromatograms readily detects drug related 

materials against the backdrop of massive matrix interferences.  However, conventional 

FSA for on-line radioactivity measurement is relatively insensitive (Onisko, 2001; Nassar 

et al., 2003) especially in comparison to mass spectrometric analysis where fmol/amol 

detection limits are routinely achievable (Gobel et al., 2004; Peterman et al., 2006).  

Therefore, comprehensive radiometric on-line detection of drug metabolism profiles can 

be difficult, especially when radiotracers with low specific activities are used or only 

limited quantities of radiolabeled samples are available.  Identification of radiolabeled 
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metabolites from human plasma or urine samples are particularly challenging since only 

low doses of radioactivity are generally administrated due to regulatory restrictions and 

safety considerations.  Hence, highly sensitive on-line radiometric detection is critical for 

rapid and effective metabolite profiling, especially for in vivo samples.  Recent off-line 

microplate scintillation counting methodology has yielded improved sensitivity and 

enhanced sample throughput.  It has been demonstrated that microplate scintillation 

counting achieved comparable accuracy and sensitivity to traditional off-line liquid 

scintillation counting but offered higher throughput for ADME studies (Nassar et al., 

2004; Bruin et al., 2006).  This approach, however, is limited to non-volatile compounds 

since samples are required to be dried down before radiometric counting. 

The XFlowTM LC-ARC system is a novel analytical device for enhanced on-line 

radiometric detection (Nassar et al., 2003; Nassar and Lee, 2007). It controls the 

scintillation liquid flow as well as on-column and post-column LC flows.  It has been 

demonstrated that dynamic liquid flow optimization, in conjunction with an improved 

flow cell design and a high efficiency liquid scintillation cocktail, enhanced radiometric 

detection sensitivity and resolution without prolonging LC run times (Nassar and Lee, 

2007).  Integration of the XFlowTM LC-ARC system with mass spectrometric detection 

allows parallel acquisition of high sensitive radiometric and MS data and thus facilitates 

direct and effective metabolite identification in ADME studies. 

A key objective of this study was to evaluate the XFlowTM LC-ARC system 

versus a conventional flow radiometric detection system using bile samples from an in 

vivo disposition study of colchicine in male Sprague Dawley rats and to determine a 

comprehensive metabolic profile in this matrix.  Colchicine is a highly soluble alkaloid, 
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originally extracted from plants of the genus Colchicum.  It has been used in gout and 

Familia Mediterrancean Fever (FMF) treatment (Wallace, 1974; Cerquaglia et al., 2005) 

and is also well known as an antimitotic agent by inhibiting microtubule polymerization 

through binding to tubulin (Morejohn and Fosket, 1991).  Radiolabeled colchicine was 

utilized in the first preparations of purified tubulin (Correia, 1991).  Its high toxicity, 

however, limits its clinical use.  In previous drug metabolism studies in rats, colchicine 

has been shown to undergo extensive hepatic metabolism, and parent and metabolites are 

mainly eliminated by biliary excretion (Hunter and Klaassen, 1975; Sabouraud et al., 

1992).  Historic metabolic profiling of colchicine in rat bile was conducted with low 

sensitive scintillation counting and ultraviolet spectroscopy; thus, re-elucidation of 

colchicine metabolism in rat bile was chosen as an excellent test case for high sensitivity 

on-line radiometric detection.  
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Materials and Methods 

 
 Materials.  [10-methoxy-3H] Colchicine was purchased from PerkinElmer 

(Boston, MA) with a specific activity of 80.4 Ci/mmol.  2-DMC was a gift from Dr. K.H. 

Lee (Natural Products Research Laboratories, University of North Carolina, Chapel Hill, 

NC).  1-DMC was synthesized by regio-selective demethylation of colchicine (Blade-

Font, 1979) and 3-DMC was synthesized from colchicoside by treatment with 85% 

phosphoric acid (Rosner et al., 1981).   All other chemicals were HPLC or analytical 

grade and were obtained from Fisher Scientific (Suwanee, GA), unless specified 

otherwise. 

Animal Studies and Sample Collections.  All studies were reviewed and 

approved by the Merck Research Laboratories Institutional Animal Care and Use 

Committee.  50 µCi/kg (0.25 mg/kg) [10-methoxy-3H] colchicine was administered 

intravenously to three bile duct cannulated male Sprague-Dawley rats purchased from 

Taconic (Hudson, NY).  Throughout the duration of the study, the animals were housed 

in Nalgene metabolic cages (Nalgene, Pittsburgh, PA), and an artificial bile solution 

(100 mM taurocholic acid salt in 0.9% saline, 0.5% KCl) was infused at 0.5 mL/hr into 

the duodenum.  Bile was collected between 0-2, 2-4, 4-6, 6-8, 8-10, 10-24, and 24-48 hr 

over dry ice.  Rats were euthanized with CO2 after completion of the studies.  The 

obtained bile samples were stored frozen at -80 °C until analysis.  The samples were 

filtered through 0.45 µm Millipore syringe filters (Billerica, MA) before injection into the 

LC system. 

Instrumentation.  The LC-ARC-XFlow-MS system consisted of two Shimadzu 

LC-10ADvp pumps (Kyoto, Japan), a CTC PAL autosampler (Swingen, Switzerland), an 
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AIM XFlowTM unit (Hockessin, Delaware), a 600TR PerkinElmer radiomatic TM detector 

(Meriden, CT), and a Thermo LTQ QrbitrapTM high resolution mass spectrometer (San 

Jose, CA).  The XFlowTM unit software controlled the entire system, including HPLC, 

radioactivity detector, XFlowTM unit, and mass spectrometer. 

For all chromatographic separations, a Luna  analytical C18 (2) column (4.6 x 

250 mm, 5 µm particle size, Phenomenex, Torrance, CA) was used.  Mobile phases were 

0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).  

The column was held at ambient temperature and the samples were eluted at a flow rate 

of 0.80 mL/min with a linear gradient from 5% to 30% solvent B over 50 minutes.  The 

HPLC effluent was split into the radiometric detector fitted with a 1 mL radiochemical 

liquid flow cell (ARC flow cell, AIM) and the mass spectrometer at a fixed 3:1 ratio 

controlled by the XFlowTM device.  StopFlow ADTM cocktail (AIM, Hockessin, 

Delaware) was used as the scintillation liquid.  The ARC instrument software provided 

full control over the radioactivity detector and the LC system.  For comparative analysis, 

a 600TR PerkinElmer radiomaticTM detector with a built-in 0.5 mL radiochemical liquid 

cell and Ultima-FloTM cocktail (PerkinElmer, Meriden, CT) was used as a conventional 

LC-FSA system.  The cocktail flow rate during operation was 2.4 mL/min to maintain a 

3:1 ratio of the cocktail to LC eluent.  The LTQ QrbitrapTM mass spectrometer was 

operated in positive electrospray ionization (ESI) mode.  The heated capillary 

temperature was maintained at 350 °C; the sheath gas and auxiliary gas flow rates were 

set to 60 and 15 units, respectively.  The ion spray voltage, capillary voltage, and tube 

lens offset voltage were adjusted to 2, 9, and 85 volts, respectively.  The normalized 

collision energy was 30% during MS/MS acquisition and helium was used as the 
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collision gas.  High resolution mass measurement was performed in OrbitrapTM mode 

with a resolution of 100,000.  High resolution data was expressed as five decimal atomic 

mass units and mass difference (∆M) between measured mass and the calculated mass 

was expressed in parts per million (ppm) units.  Elemental compositions were calculated 

based on high resolution mass data and McLafferty's nitrogen rule.  

For NMR analysis, the isolated metabolites were dissolved in 

hexadeuterodimethyl sulfoxide or deuterium oxide, and spectra were recorded with a 

Varian Inova 600 spectrometer with a cryogenic probe.  A Shigemi advanced 3mm NMR 

microtube (Sigma-Aldrich, St. Louis, MO) was used for M1 during NMR data 

acquisition.  Chemical shifts (δ) are expressed as ppm downfield relative to 

tetramethylsilane, and coupling constants (J) are expressed in Hertz (Hz). 

The preparative HPLC system contained two Shimadzu LC-10ADvp pumps, a 

Shimadzu SIL-10ADvp auto injector, and a Shimadzu SPD-M10Avp diode array detector 

(Kyoto, Japan).  The mobile phase was 2 mM ammonium acetate in acetonitrile/water 

(9:1) and 2 mM ammonium acetate in water, delivered at 5 mL/min.  Separations were 

performed using a Luna  semi-preparative C18 (2) column (10 x 250 mm, 5 µm particle 

size, Phenomenex, Torrance, CA).  The LC gradient conditions were individualized for 

different metabolites to achieve maximum isolation purity.  UV chromatograms at 260 

nm and 306 nm were used to guide manual fraction collections.  UV spectra of 

metabolites were recorded by Shimadzu SPD-M10Avp detector. 

Primary Hepatocyte Isolation and Incubations.  Rat hepatocytes were isolated 

from male Sprague-Dawley rats according to the two-step collagenase perfusion method 

(Seglen, 1976).  The liver was perfused via a catheter inserted into the inferior vena cava.  
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The sequential retrograde perfusion was performed with two consecutive buffers: 

calcium- and magnesium-free salt solution (140 mM NaCl, 6 mM KCl, 10 mM 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.4), followed by the same 

buffer with the addition of 4 mM CaCl2 and 0.025 mg/mL Liberase Blendzyme 3 (Roche 

Applied Science, Indianapolis, IN).  After digestion, hepatocytes were released with 

gentle shaking of the lobes, filtered through a 100 µm mesh and washed twice with 

Williams' medium E (50 g, 5 min).  Hepatocytes were purified from non-parenchymal 

cells through centrifugation with 90% isotonic Percoll (100 g, 15 min).  The resulting 

pellet was re-suspended in Williams' medium E and cell viability was determined by 

trypan blue exclusion.  Hepatocyte preparations with viabilities greater than 90% were 

used for experiments.  

Incubations were performed by suspending the rat hepatocytes in InVitroGROTM 

hepatocyte Media (InVitro Technologies, Baltimore, MD) followed by the addition of 

aqueous solution of colchicine, 1-DMC, 2-DMC, or 3-DMC.  The final substrate 

concentration in cell suspension was 10 µM in a volume of 1 mL at a cell density of 2 x 

106 cells/mL.  Incubations proceeded for 2hr at 37 °C in 20 mL glass vials under 95% 

O2:5% CO2. 

Isolation and Identification of the Novel Metabolites.  Preparative incubation 

of colchicine (50 µM) in the presence of 5 mM GSH was performed in the rat primary 

hepatocytes as described above, using a total of 200 incubation vials.  After the reaction 

was quenched with trifluoroacetic acid, incubation mixtures from each vial were pooled 

and neutralized with 1 M ammonia to pH 6.5.  The neutralized mixtures were sonicated 

for 5 minutes and centrifuged at 3000g for 10 minutes.  The supernatants were 
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lyophilized overnight and the residues were dissolved in 10 mL water.  Each of 5 mL 

aliquots was loaded on a Sep-Pak C18 cartridge (10g, Waters, Milford, MA) and 

subsequently eluted with 15 mL of each 0%, 5%, 10%, 15%, and 20% acetonitrile in 

water.  Fractions containing glucuronide conjugates, sulfate conjugates, and the GSH 

adduct were pooled, lyophilized under vacuum, and subsequently reconstituted in 0.80 

mL water, respectively.  The crude extract of each metabolite was re-purified on the 

preparative HPLC system described above. 

Analytical Data of M1, M2, and M3: 3-Demethylcolchicine GSH adduct (M1): 

UVmax (acetonitrile/water, 1:1), 260 nm and 380 nm.  HRESI-MS [M+H]+: m/z 

675.23332 (C31H39N4 O11S, ∆M 0.39 ppm).  1H NMR (D2O, δ, 600 MHz): 7.57 (d, 1H, 

10.4 Hz, H-12), 7.32 (d, 1H, 10.4 Hz, H-11), 7.16 (s, 1H, H-8), 6.74 (s,1H, H-4), 4.62 (m, 

1H, Hb), 4.31 (m, 1H, H-7), 3.78 (s, 3H, OCH3-3), 3.73 (s, 3H, OCH3-2), 3.60 (m, 2H, 

Ha), 3.52 (m, 1H, Hd), 3.51 (m, 1H, Hc), 3.48 (s, 3H, OCH3-10), 3.25 (m, 1H, Hc'), 2.52 

(m, 1H, H-5), 2.32 (m, 2H, Hf &Hf'), 2.22 (m, 1H, H-5'), 2.12 (m, 1H, H-6), 1.92 (m, 2H, 

He&He'), 1.88 (s, 3H, H3COC), 1.82 (m, 1H, H-6'). 

3-Demethylcolchicine glucuronide (M2): UVmax (acetonitrile/water, 1:1), 245 

nm and 350 nm.  HRESI-MS [M+H]+: m/z 562.19155 (C27H32NO12, ∆M 0.63 ppm).  1H 

NMR (DMSO-d6, δ, 600 MHz): 8.45 (d, 1H, 7.54 Hz, NH), 7.08 (s, 1H, H-8), 7.06 (d, 

1H, 11.1 Hz, H-11), 6.98 (d, 1H, 11.1 Hz, H-12), 6.80 (s, 1H, H-4), 4.82 (d, 1H, 7.34 Hz, 

Ha), 4.29 (m, 1H, H-7), 3.85 (s, 3H, OCH3-1), 3.81 (s, 3H, OCH3-2), 3.50 (s, 3H, OCH3-

10), 3.31 (1H, He), 3.20 (m, 1H, Hb), 3.19 (m, 1H, Hd), 3.08 (t, 1H, Hc), 2.15 (m, 1H, H-

5), 1.95 (m, 1H, H-5'), 1.95 (m, 1H, H-6), 1.81 (s, 3H, H3COC), 1.75 (m, 1H, H-6'). 
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3-Demethylcolchicine sulfate (M3): UVmax (acetonitrile/water, 1:1), 245 nm and 

350 nm.  HRESI-MS [M+H]+: m/z 466.11779 (C21H24NO9S, ∆M 2.49 ppm).  1H NMR 

(DMSO-d6, δ, 600 MHz): 8.48 (d, 1H, 7.44 Hz, NH), 7.09 (s, 1H, H-8), 7.05 (d, 1H, 10.4 

Hz, H-11), 7.00 (d, 1H, 10.4 Hz, H-12), 6.63 (s, 1H, H-4), 4.34 (m, 1H, H-7), 3.83 (s, 3H, 

OCH3-1), 3.71 (s, 3H, OCH3-2), 3.46 (s, 3H, OCH3-10), 2.53 (m, 1H, H-5), 2.15 (m, 1H, 

H-5'), 1.99 (m, 1H, H-6), 1.81 (s, 3H, H3COC), 1.77 (m, 1H, H-6'). 
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Results 

Sensitivity comparison between conventional LC-FSA and XFlowTM LC-

ARC system.  Bile samples (0 – 2hr) collected from [10-methoxy-3H] colchicine treated 

rats were analyzed using four different instrument conditions (Table 1) to evaluate the 

XFlowTM LC-ARC system performance.  The radioactivity chromatogram I (Fig. 1) was 

acquired on the conventional LC-FSA system after injection of 10 µL filtrate, equivalent 

to 2.9 x 10-2 µCi (6.5 x 104 DPM).  Colchicine and the major metabolites M3 and M4 

were detected; however, the peak signal-to-noise ratio (PSNR) of colchicine was only 9.  

Peaks of metabolites M1 and M2 could barely be distinguished from the background 

noise level.  Metabolites M5, M6, and M7 were not observed.  In chromatogram II, 

acquired by the same conventional LC-FSA, the injection volume of filtrate was 

increased to 50 µL, quintupling the injected radioactivity.  Under these conditions, the 

major metabolites were readily identified.  The PSNR of colchicine reached 47 and the 

peaks of M1, M2, M3, and M4 were observed and resolved.  The intensities of M1 and 

M2 peaks increased above the background.  M5 was observed, but with low confidence 

due to the poor achieved sensitivity.  M6 and M7 were identified in the chromatogram 

but remained unresolved. 

In comparison, the radioactivity chromatograms III and IV were acquired on the 

XFlowTM LC-ARC system after injection of 10 µL filtrate.  The XFlowTM system was 

operated in normal flow and dynamic flow modes.  The normal flow mode mimicked the 

same functions as the conventional FSA, providing a constant flow rate of the cocktail to 

maintain a fixed LC eluent/cocktail ratio.  Results are shown in chromatogram III.  The 

measured PSNR of colchicine was 209, representing a 20 fold PSNR increase versus 
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chromatogram I.  The radiometric peaks of metabolites M1-M7 were detected.  In 

chromatogram IV, the flow rates of cocktail and LC effluents were adjusted dynamically 

depending on the appearance of a radiometric signal (dynamic flow mode).  Under these 

experimental conditions, the radiometric peak of colchicine reached a PSNR of 185, 

similar to the observed value in normal flow mode (chromatogram III).  Notably, 

metabolites M1-M7 were now well separated.  The retention times of M6 and M7 were 

43.2 min and 44.1 min, respectively, and were 2 mins later than the respective retention 

times in III.  However, the resolution between M6 and M7 improved.  The total LC run 

times were identical in all radiochromatograms.  In addition, the area ratio of each 

identified metabolite to the parent compound remained unaltered in chromatograms II, 

III, and IV, although different sensitivities and resolutions were observed. 

Identification of colchicine metabolites in rat bile.  Seven major metabolites of 

colchicine were detected under high sensitivity on-line radiometric detection (trace IV, 

Fig. 1).  In addition, one non-radioactive metabolite was observed by LC-MS only.  The 

assigned structures of these metabolites were based on MS and NMR data or confirmed 

by synthetic standards.  Colchicine eluted at 48.1 min and exhibited a [M+H]+ ion at m/z 

400.  Its MS/MS spectrum provided fingerprint fragment ions at m/z 367, 358, 341, 326, 

310, and 281/282 (supplemental data). 

Metabolites M6, M7, and M8 displayed an [M+H]+ ion at m/z 386, indicating net 

loss of a methylene group from colchicine.  M8 did not show a corresponding radiometric 

peak and eluted between M7 and colchicine (data not shown).  The MS/MS spectrum of 

M8 revealed fragment ions at m/z 353, 344, 327, 312, 295/296, and 267, indicating a 

mass shift of 14 amu relative to the corresponding fragment ions of colchicine.  This 
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suggested that colchicine had undergone O-demethylation via loss of the radiolabeled 

methyl group at C10.  In this biotransformation, the radiolabeled methyl group was 

released as tritiated methanol or formic acid and could be detected in the solvent front of 

the radiochromatogram.  M8 was concluded to be a minor metabolite since only modest 

radioactive signal was associated with the eluting solvent front.  Observation of relatively 

low peak area of M8 in both MS and UV spectra compared to colchicine, M6, and M7 

supported this conclusion.  Metabolites M6 and M7 had retention time of 43.2 and 44.1 

mins, respectively.  MS/MS spectra of M6 and M7 exhibited the same fragment ion 

pattern as M8 (m/z 353, 344, 327, 312, 295/296, and 267), indicating that M6 and M7 

were isomers of M8.  Comparison of the LC retention times and MS/MS spectra of M6 

and M7 against synthetic standards of 1-DMC, 2-DMC, and 3-DMC led to the 

unambiguous identification of M6 and M7 as 2-DMC and 3-DMC, respectively.  

 Metabolites M3 and M5 eluted at 36.3 and 38.2 mins.  Both metabolites yielded 

the same molecular ion [M+H]+ (m/z 466).  MS/MS spectra of M3 and M5 showed a 

dominant fragment ion at m/z 386, consistent with a neutral loss of 80 amu from the 

molecular ion.  This finding suggested that both metabolites were sulfate conjugates of a 

metabolic precursor with a molecular ion of m/z 386.  Further MS/MS experiments (MS3) 

on this fragment ion (m/z 386) provided the typical product ion spectrum of DMC.  

Consequently, M3 and M5 were identified as sulfate conjugates of O-demethylated 

colchicine.  Synthetic 1-3 DMCs were incubated with rat hepatocytes and the incubation 

supernatants were analyzed in LC-MS to unambiguously confirm the sulfate conjugate 

position.  The retention times of direct sulfate conjugates from synthetic 2-DMC and 3-

DMC in LC were identical to those observed from M5 and M3, respectively.  Therefore, 
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M3 and M5 were conclusively assigned as the 3-DMC sulfate and 2-DMC sulfate 

conjugates, respectively.  M3 was detected as a major metabolite both in bile (Fig. 1) and 

in hepatocyte incubations and was isolated from the preparative in vitro incubation.  The 

1H NMR spectrum was identical to 3-DMC spectrum, except for the downfield shift of 

the H4 resonance from 6.47 ppm in 3-DMC to 6.63 ppm in 3-DMC sulfate. 

 The observed retention times for M2 and M4 were 24.2 and 37.1 mins, 

respectively, and both metabolites had the same molecular ion [M+H]+ (m/z 562).  

Similar to the observations made for M3 and M5, the MS/MS spectra of M2 and M4 

showed a dominant fragment ion at m/z 386 after neutral loss of 176 amu, suggesting 

glucuronide conjugates of the parent ion at m/z 386.  The ion at m/z 386 was confirmed as 

the DMC moiety based on daughter ions at m/z 353, 344, 327, 312, 295/296, and 267.  

Determination of the glucuronidation sites in M2 and M4 was achieved using the same 

experimental approach described for the sulfate conjugates.  The retention times of 

glucuronide conjugates of synthetic 2-DMC and 3-DMC were identical to M4 and M2, 

respectively.  This observation led to the assignment of M2 and M4 as the 3-DMC 

glucuronide and 2-DMC glucuronide, respectively.  M2 was a major metabolite in 

hepatocyte incubation and was isolated by preparative LC.  The proton chemical shifts of 

the colchicine moiety in the 1H NMR spectrum were almost identical to 3-DMC, again 

with the only exception of a downfield chemical shift of H4 from 6.46 ppm in 3-DMC to 

6.80 ppm in 3-DMC glucuronide (M2).  The anomeric proton in the glucuronic acid 

moiety exhibited a chemical shift of 4.82 ppm with axial-axial coupling of 7.34 Hz, 

confirming that the glucuronide was in the β configuration. 
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M1 eluted at 24.2 min and its MS spectrum revealed a molecular ion [M+H]+ of 

m/z 675.2.  The acquired MS/MS spectrum showed four major fragment ions at m/z 

402.1, 528.2, 546. 2, and 600.2 (Fig. 2), which corresponded to the neutral loss of 273, 

147, 129, and 75 amu, respectively.  Typical neutral loss of 129 (glutamate moiety), 75 

(glycine moiety), and 273 (GSH moiety) (Tang et al., 2005) inferred that M1 was a GSH 

conjugate.  The high resolution MS spectrum of M1 showed m/z 675.23332, which best 

matched a molecular formula of C31H38N4O11S (∆M 0.39 ppm).  Subtraction of the GSH 

moiety led to a truncated molecular formula of C21H22NO5, suggesting a net loss of CH3O 

from the parent colchicine (C22H25NO6). 

The complete structural assignment of M1 was based on one- and two- 

dimensional 1H NMR spectra.  The 1H NMR spectrum of isolated M1 showed three 

remaining methoxy groups at 3.78, 3.73, and 3.48 ppm, suggesting net loss of one 

methoxy group from colchicine.  The resonance at 1.88 ppm indicated that the N-acetyl 

group was intact.  Four aromatic protons (H4, H8, H11, and H12) in the tricyclic ring 

were found, and H4 was assigned as the singlet resonance at 6.74 ppm based on its 

correlation with an aliphatic proton at 2.52 ppm (H5) in the ROESY spectrum.  The 

presence of a methoxy group at C3 was subsequently confirmed by the correlation 

between this particular methoxy group and H4 in the ROESY spectrum.  H8 was 

assigned to another singlet resonance at 7.16 ppm based on its correlation with H7 at 4.31 

ppm and the methyl group of the N-acetyl moiety (1.88 ppm).  Two mutually coupled 

doublet resonances at 7.57 and 7.32 ppm were unique for the aromatic protons H11 and 

H12.  H11 was tentatively assigned to the resonance at 7.57 ppm based on its relatively 

strong correlation with the methoxy group (3.48 ppm) at C10, which displayed an upfield 
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resonance relative to the other methoxy groups on the six-membered aromatic ring.  The 

chemical shifts of both H11 and H12 were observed downfield relative to the 

corresponding resonances in colchicine.  The TOCSY spectrum of M1 suggested that the 

molecule contained three spin systems, H5 to H7 in the tricyclic ring, Hd to Hf in 

glutamate, and Hb to Hc in cysteine. 

Therefore, the loss of CH3O atoms from colchicine could be narrowed down to 

methoxy groups at C1, C2, or the oxygen at C9.  The ROESY correlation between H7 

and Hc (3.51 ppm) in cysteine suggested that the cysteine group in the GSH moiety was 

close to H7, and thus GSH could have substituted the oxygen at C9.  A ROESY 

correlation between the 1-methoxy group and H12 is normally observed in colchicine and 

3-DMC but this correlation disappeared in M1, suggestive of a loss of the 1-methoxy 

group.  A rearrangement of the conjugated double bonds in the tricylic ring was proposed 

for M1 to satisfy valence requirements (Fig. 3).  The observed absorption wavelength 

differences in the UV spectra of colchicine and M1 supported this double bond 

rearrangement (supplemental data).  Finally, the downfield shift of both H11 and H12 

resonances in M1 could be caused by an anisotropic deshielding effect of the carbonyl 

group at C1, indirectly supporting the presence of a nearby carbonyl group. 
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Discussion 

The metabolic profiling of radiolabeled colchicine discussed herein demonstrates 

the advantages of the XFlowTM LC-ARC system for on-line radiometric detection.  In a 

comparative sensitivity analysis of radiolabeled colchicine, the PSNR of the colchicine 

peak using the XFlowTM LC-ARC system was about 20 times higher than that using 

conventional LC-FSA.  The observed sensitivity improvement was consistent with 

previous published results (Nassar and Lee, 2007).  The enhanced sensitivity and 

chromatographic resolution of this system enabled detection of three novel colchicine 

metabolites in rat bile samples. 

The StopFlow system, a previous model, demonstrated enhanced sensitivity for 

on-line radioactivity measurement (Nassar et al., 2003).  However, its operation 

prolonged the actual run time in order to achieve the required sensitivity.  This limitation 

has been overcome with the XFlowTM system.  As shown in Fig.1, the run times of III 

and IV using the XFlowTM system were identical to I and II using conventional LC-FSA.  

No delays were incurred to achieve the desired sensitivity.  In addition, the XFlowTM 

system provided high chromatographic resolution in dynamic flow mode.  M6 and M7 

co-eluted in the fixed flow mode III; in contrast, dynamic control of the flow rates of 

cocktail and LC effluents resolved these radioactive peaks in IV.  The dynamic flow 

function also broadens the range of compatible LC flow rates, enabling highly resolved 

chromatographic separations from 0.3 mL/min to 1 mL/min with the same flow cell 

(Yang et al., 2006).  In contrast, to achieve adequate resolution, conventional LC-FSA 

requires LC flow rates to be specifically optimized for the volume of the flow cell.  In 

summary, the low detection limit, high resolution, and facile integration with LC-MS 
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make the XFlowTM system a highly useful tool for on-line detection of radiolabeled 

compounds. 

Previous disposition studies in rat revealed that colchicine and its metabolites 

were predominantly excreted into the bile (Hunter and Klaassen, 1975).  2-DMC, 3-

DMC, 10-DMC, 2-DMC O-glucuronide, and 3-DMC O-glucuronide have been reported 

as major metabolites in bile (Sabouraud et al., 1992).  The LC-ARC-XFlowTM system 

allowed facile radiometric detection of the five known colchicine metabolites in the 

current study.  O-Demethylation and subsequent O-glucuronidation were confirmed as 

the major metabolic pathway of colchicine.  In addition, three hitherto unknown 

metabolites (M1, M3, and M5) were identified.  Novel sulfate conjugates M3 and M5 and 

the glutathione conjugate M1 suggested the existence of O-sulfation and glutathione 

phase II conjugation metabolic pathways.  Metabolism of colchicine in vivo has not been 

fully investigated in humans (Niel and Scherrmann, 2006) but the in vitro experiments 

have demonstrated that colchicine undergoes same oxidative demethylation in both 

human and rat liver microsomes (Tateishi et al., 1997).  The limited information 

regarding in vivo human colchicine metabolism could be partially due to low quantities of 

radiolabeled samples available from patients as therapeutic doses of colchicine are low 

(Cerquaglia et al., 2005).  Therefore, it can be expected that application of LC-ARC-

XFlowTM system will overcome this limitation and the system will become an important 

tool for in vivo human metabolism studies in the future. 

MS/MS fragmentation spectra were insufficient for unambiguous determination 

of demethylation and conjugation sites.  Synthetic 1-, 2-, and 3-DMCs were used to 

confirm the demethylated metabolites M6 and M7 and generate the glucuronide and 
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sulfate conjugate metabolites in rat hepatocyte incubations.  2-DMC (M6) and 3-DMC 

(M7) were identified as the major O-demethylated metabolites while 10-DMC was 

observed as a minor metabolite.  2-DMC O-glucuronide (M4) and 3-DMC O-sulfate 

(M3) were determined as the two major conjugated metabolites.  O-Glucuronide and 

sulfate conjugation did not significantly impact proton resonances of the DMC metabolic 

precursor in 1H NMR spectra.  UV spectra of the conjugated metabolites were identical to 

colchicine.  The radioactive peak area of M4 was significant bigger than M5, suggesting 

that 2-DMC was preferably conjugated with glucuronic acid in vivo.  In contrast, 3-DMC 

preferably underwent O-sulfation.  Although the regio-selectivity of CYP and aldehyde 

oxidase catalyzed reactions has been widely studied (Sheridan et al., 2007; Torres et al., 

2007), the regio-preferences of glucuronidation and sulfation currently remain unknown.  

These regio-dependent conjugation patterns of DMCs might serve as an interesting model 

for further investigation of geometric preferences in phase II biotransformations. 

M1 was identified as an unexpected metabolite of colchicine.  MS/MS data 

revealed a neutral loss of 129, indicating the presence of a GSH adduct in M1.  Since O-

demethylation has been established as the major phase I metabolic pathway for 

colchicine, the structural variant A was originally proposed (Fig 4).  It was rationalized 

that consecutive O-demethylation of two methoxy moieties yields a dihydroquinone 

intermediate.  Under aerobic conditions, the dihydroquinone moiety is readily oxidized to 

form the ortho-quinone, which would then be susceptible to the GSH conjugation (Chen 

et al., 2002; Evans et al., 2004; Yu et al., 2004).  The molecular formula of this proposed 

isobaric GSH conjugate A is C30H34N4O12S, with a calculated exact mass of 674.18939.  

However, the actually measured HRMS of M1 showed a 52.7 ppm mass difference from 
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the calculated mass of A, indicating that the proposed structure A was likely incorrect.  

The most probable elemental composition derived from the measured HRMS of M1 was 

C31H38N4O11S, suggestive of a net loss of CH3O from colchicine instead of two carbons 

and seven hydrogens as proposed in structure A.  HRMS was critical in distinguishing the 

proposed isobaric molecular formulae.  Subsequent 1H NMR analysis confirmed that only 

one methoxy resonance had been lost in the spectrum of the isolated metabolite M1.  

Thus, M1 formation must have proceeded through a mono-demethylation step and the 

biotransformation pathway (B), consistent with this observation, was proposed in Fig 4.  

It is postulated that colchicine was first regioselectively demethylated to 1-DMC, 

followed by 1,2-addition of GSH to the carbonyl group at C9.  Dehydration and 

rearrangement of the conjugated double bonds yielded M1.  Synthetic 1-, 2-, and 3-

DMCs were individually incubated with primary rat hepatocytes to examine if 1-DMC 

was indeed an intermediate in this pathway.  Unfortunately, M1 was not detectable in any 

of the incubation mixtures.  Whether in fact O-demethylation and GSH addition occur 

simultaneously or as a two-step process remains to be determined.  1,2-Additions of GSH 

are reported only in chemical reaction (Gebauer, 2007) or in the permeabilized 

recombinant yeast incubation (Liu et al., 1999) currently.  Further experiments to 

ascertain the mechanistic subtleties of this biotransformation are currently under 

consideration. 

Endogenous GSH is a natural trapping agent for chemically reactive metabolites.  

Formation of the GSH conjugate M1 suggests that colchicine biotransformation may 

proceed through an electrophilic intermediate.  Electrophilic activation of xenobiotics can 

lead to covalent binding of these molecules to biological macromolecules, and is often 
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associated with drug-induced idiosyncratic toxicities (Knowles et al., 2003; Evans et al., 

2004; Walgren et al., 2005).  Chronic colchicine therapy in patients causes adverse 

effects mainly in the gastrointestinal system (Cerquaglia et al., 2005; Niel and 

Scherrmann, 2006) and acute toxicity of colchicine is manifested in multiorgan failure.  

No toxicities associated with bioactivation have been reported so far.  It is noteworthy to 

point out that idiosyncratic reactions are generally associated with drugs administrated at 

elevated doses (Knowles et al., 2003).  Thus idiosyncratic syndromes are unlikely 

observed in colchicine therapy, since very low doses (0.03 mg/kg/day) are given daily 

(Cerquaglia et al., 2005).  The propensity for covalent protein binding of colchicine and 

its consequences for organ toxicity are currently under investigation. 
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Footnotes 

 

Send reprint requests to: Lin Xu, DMPK, Merck & Co., Inc., BMB4-110, 33 Avenue 

Louis Pasteur, Boston, MA 02115; telephone: 617-992-2087; fax: 617-992-2485; email: 

lin_xu2@merck.com
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FIG 1.  LC radiochromatograms acquired with a conventional radiometric detector (I and 

II) and with the XFlowTM system (III and IV).  Experimental parameters are listed in 

Table I.  (CPM, counts per minutes) 

FIG 2.  High resolution product ion mass spectrum of M1 obtained by collision induced 

dissociation (CID) of the [M+H]+ ion at m/z 675.20.  Elemental composition of major 

product ions was calculated based on high resolution mass measurements (resolution 

100,000). 

FIG 3.  1H NMR spectrum (600 MHz) of M1. 

FIG 4.  Proposed biotransformation pathways and structural variants of M1. A was 

excluded based on HRMS results. 

FIG 5.  Metabolic pathway of colchicine in rat bile. 
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Table 1.  Comparison of sensitivity of radiochromatograms between the XFlowTM LC-

ARC systems versus a conventional FSA. 

The bile sample (0-2 hr) from rats orally treated with [3H] colchicine was filtered.  

10 µL filtrate (equivalent to 2.9 x 10-2 µCi) was injected in the LC chromatogram I, III, 

and IV and 50 µL filtrate was injected in the chromatogram II. 

XFlowTM Flow Cell Size Cocktail 
Injected 

Radioactivity 
Colchicine 

PSNRa No. 
Control Flow Mode mL  x 10-2 µCi  

I No --- 0.5 Ultima-FloTM 2.9 9 
       

II No --- 0.5 Ultima-FloTM 14.5 47 
       

III Yes Normal 1.0 StopFlow-ADTM 2.9 209 
       

IV Yes Dynamic 1.0 StopFlow-ADTM 2.9 185 
aPSNR: peak signal-to-noise ratio. 
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Supplemental data 5: TOCSY NMR spectrum of M1 (D2O, 600 MHz).
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Supplemental data 6: ROESY NMR spectrum of M1 (D2O, 600 MHz).


