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bstract

This study investigated the pharmacokinetics of unbound colchicine in rat blood, liver and bile, and its interaction with cyclosporin A (CsA;
-glycoprotein inhibitor) and proadifen (non-specific cytochrome P450 inhibitor) by using a microdialysis and liquid chromatographic system. The
harmacokinetics of colchicine in rat blood showed elimination in a nonlinear manner within the dosage ranges of 1–10 mg/kg. Twenty minutes
fter administration, colchicine reached maximum concentration in the liver and bile. The liver-to-blood distribution ratios (AUCliver/AUCblood) were
.8 ± 0.6, 1.0 ± 0.2 and 0.8 ± 0.1, and the bile-to-blood distribution ratios (AUCbile/AUCblood) were 121.6 ± 24.7, 102.2 ± 13.4 and 116.5 ± 18.4
t dosages of 1, 3 and 10 mg/kg, respectively. The high hepatobiliary excretion of colchicine may lead to increased toxicity in normal tissues and
ndicates that colchicine undergoes hepatobiliary excretion against the concentration gradient from bile-to-blood. The area under the curse (AUC)
f colchicine in the liver increased in the proadifen-treated groups, suggesting that metabolism of colchicine may involve cytochrome P450. CsA

retreatment caused an increase in the AUC of colchicine in the blood, a decreased AUC in the bile, and a profound decline in the bile-to-blood
istribution ratio. Furthermore, the acute diarrhea and body weight loss caused by colchicine were delayed by pretreatment with CsA. These results
ndicate that the hepatobiliary excretion of colchicine was regulated by P-glycoprotein (P-gp) and the related acute diarrhea could be modulated
y CsA. By using a paired rats model, the enterohepatic circulation of colchicine was also observed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Colchicine is an alkaloid derived from the plant Colchicum
utumnale which possesses anti-inflammatory and antimitotic
haracteristics and is most often used to treat symptoms of
out with rheumatic and nonrheumatic conditions. The anti-
nflammatory action mechanism of colchicine may inhibit
eutrophil chemotaxis, thereby decreasing the inflammatory
rocess (Ben-Chetrit and Levy, 1998). Colchicine inhibits the

unction of polymorphonuclear leukocytes, and dermatoses with
strong presence of these cells may benefit the most from the

dministration of this medication (Sullivan et al., 1998).
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The use of colchicine in the treatment of liver cirrhosis
nd primary biliary cirrhosis was reported (Sabouraud et al.,
992). We previously demonstrated that colchicine enhances
he radiosensitivity of human hepatoma HA22T/VGH cells (Liu
t al., 2005). However, detailed colchicine levels in the liver
issue and bile were not measured. The influence of hepatic
iseases on colchicine disposition should be investigated in
rder to define the most appropriate therapeutic dosing. Pharma-
okinetic studies have been relatively limited and their results
omewhat contradictory, with mean terminal elimination half-
ives of 19 min to 9 h being reported (Levy et al., 1991). Some
f these differences may be attributed to assay difficulties.
adioimmunoassay has been used to study post-mortem tissue
oncentrations and the toxicokinetics of colchicine in cases of

cute human poisoning (Rochdi et al., 1992). [Ring C-methoxy-
H]colchicine was used to study the pharmacokinetics of protein
nbound colchicine with a limit of detection of 0.15 ng/ml
Desrayaud et al., 1997). In contrast to radioisotope labeling,
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iquid chromatography has a limit of detection of 1 ng/ml for
olchicine in serum (Ko et al., 1990).

P-gp is normally located on the apical surface of entero-
ytes, the biliary canalicular membrane of hepatocytes, and the
pical surface of endothelial cells in brain capillaries to pro-
ect the organism against xenobiotics by excreting them into
he body (Thiebaut et al., 1987). Colchicine is a substrate for
he multidrug resistance transporter, P-gp (Riordan and Ling,
979). Co-administration of SDZ PSC 833 (P-gp inhibitor)
ncreased the brain penetration of colchicine (Desrayaud et al.,
997).

Hepatic transformation, biliary excretion and enterohepatic
irculation may have significant effects on the pharmacokinetics
f a number of drugs. According to classical pharmacokinetics
rinciples, several factors, including chemical properties and
embrane-penetration capacities, can influence distribution or

xcretion. In addition, hepatic blood flow, protein binding and
epatic intrinsic clearance also play important role. The present
tudy develops a microdialysis coupled to liquid chromato-
raphic system to investigate the mechanism of hepatobiliary
xcretion and enterohepatic circulation of colchicine which may
e regulated by P-gp. Besides, severe diarrhea of colchicine is
elayed by pretreatment with P-gp inhibitor.

. Methods and materials

.1. Animal experimentation

All experimental protocols involving animals were reviewed
nd approved by the institutional animal experimentation com-
ittee of the National Yang-Ming University and Mackay
emorial Hospital. All animal care and husbandry were con-

ucted in accordance with the Guide for the Care and Use
f Laboratory Animal in a facility accredited by the Associa-
ion for Assessment and Accreditation of Laboratory Animal
are. Male specific pathogen-free Sprague–Dawley rats weigh-

ng 250–300 g were obtained from the Laboratory Animal
enter of National Yang-Ming University or the National
aboratory Animal Center, Taipei, Taiwan. The rats were

nitially anesthetized with urethane 1 g/ml and �-chloralose
.1 g/ml (1 ml/kg, i.p.), and remained anesthetized throughout
he experimental period. The femoral vein was exposed for
rug administration. The rat’s body temperature was main-
ained at 37 ◦C with a heating pad during the experiment. In
he colchicine-induced diarrhea experiments, rats were housed
n wire-bottom cages with paper underneath. Rats received stan-
ard rodent chow (Laboratory Autoclavable Rodent Diet 5001,
abDiet, St. Louis, MO, USA) and water ad libitum during the
xperiments.

.2. Chemicals and reagents

Colchicine and cyclosporin A (CsA) (Sandimmun) were

urchased from Sigma Chemicals (St. Louis, MO, USA) and
ovartis Pharma (Basle, Switzerland), respectively. The sol-
ents and reagents for chromatography were purchased from
DH (Poole, UK). Triply de-ionized water from Millipore

a
s
1
d
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Bedford, MA, USA) was used for all preparations. Phosphate
uffered saline (PBS) was used to dissolve colchicine and CsA
or tail-vein injection. The pH value after preparation to the
arget concentration was 7.0.

.3. Liquid chromatography

Liquid chromatographic grade solvents and reagents were
btained from E. Merck (Darmstadt, Germany). The HPLC
ystem consisted of a chromatographic pump (BAS PM-80,
est Lafayette, IN, USA), an off-line fraction collector (CMA

40, Stockholm, Sweden) equipped with a 20 �l sample loop,
nd an ultraviolet detector (Varian, Walnut Creek, CA, USA).
olchicine in the dialysate was resolved using an Agilent Zorbax
xtend-C18 column (4.6 mm × 150 mm i.d., particle size 5 �m)
aintained at room temperature of 23–25 ◦C. The mobile phase
as comprised of acetonitrile–1 mM octanesulfonic acid (28:72,
/v, pH 3.0 adjusted with orthophosphoric acid) and the flow rate
f the mobile phase was 1 ml/min. The mobile phase was filtered
hrough a Millipore 0.45 �m filter and degassed prior to use. The
ptimal UV detection for colchicine was set at a wavelength of
45 nm. Output data from the detector were integrated via an
ZChrom chromatographic data system (Scientific Software,
an Ramon, CA, USA).

.4. Method validation

For assessment of intra-assay and inter-assay variabilities,
olchicine was assayed (six replicates) at concentrations of 0.01,
.05, 0.1, 0.50, 1.00, 5.00, 10.00, 50.00 and 100.00 �g/ml on
he same day and on six sequential days, respectively. The accu-
acy (%Bias) was calculated from the nominal concentration
Cnom) and the mean value of the observed concentration (Cobs)
s follows: Bias (%) = [(Cobs − Cnom)/Cnom] × 100. The preci-
ion relative standard deviation (R.S.D.) was calculated from
he observed concentrations as follows: %R.S.D. = [standard
eviation (S.D.)/Cobs] × 100. Accuracy (%Bias) and precision
%R.S.D.) values of the limit of the quantification were pre-
efined as within ±15% (Bressolle et al., 1996). The lowest
oncentration of the calibration curve served as the limit of
uantification.

.5. Microdialysis experiment

Blood, liver and bile microdialysis systems consisted of a
MA/100 microinjection pump (CMA, Stockholm, Sweden)
nd microdialysis probes. The dialysis probes for blood and
iver (1 cm in length) (Tsai, 2003) were made of silica capil-
aries in a concentric design with the tips covered by a dialysis

embrane (Spectrum, 150 �m outer diameter with a cut-off at a
ominal molecular mass of 13,000 Da, Laguna Hills, CA, USA).
he blood and liver microdialysis probes were positioned within

he jugular vein/right atrium and the median lobe of the liver

nd then perfused with anticoagulant citrate dextrose (ACD)
olution (citric acid 3.5 mM; sodium citrate 7.5 mM; dextrose
3.6 mM) at a flow-rate of 2.4 �l/min. The bile duct micro-
ialysis probes were developed in our laboratory (Tsai, 2001;



2 al of

T
b
i
d
(
i
a
f
w
s
p
b
b
p
t
n
t
t
o
b
p
s
w
m
w
(
(
t
r
2
o

2

m
p
o
p
(
(
v
F
v
T
d
e
b
r
(
(
a
m
c
d
S
N

2

g
c
m
b
a
e
c
m
e
c
w
c
d
r
e
w
w
w
c
t

2

w
o
t
t

2

d
i
m
a
a
p
o
s
e
d
t
a
2
C
v
j
b

32 Y.-J. Chen et al. / International Journ

sai et al., 2001; Tsai et al., 2002). A 7 cm dialysis mem-
rane was inserted into a polyethylene tube (PE-60; 0.76 mm
.d.; 1.22 mm o.d., Clay-Adams, NJ, USA). The ends of the
ialysis membrane and PE-60 were inserted into silica tubing
40 �m i.d; 140 �m o.d., SGE, Australia) and PE-10 (0.28 mm
.d.; 0.61 mm o.d.), respectively. Both the ends of the tubing
nd the union were cemented with epoxy and allowed to dry
or a period of 24 h. Shunt microdialysis probe implantation
as connected to the PE-60 tubing. The inlet of microdialy-

is probe was connected from anterior region of the proximal
art of bile duct. The outlet of microdialysis probe was inserted
ack to the posterior region of distal part of the bile duct. After
ile juice flowed through the microdialysis probe and colchicine
enetrate the dialysis membrane into the dialysate according to
he concentration gradient, outlet of the shunt probe was con-
ected to the distal portion of bile duct which allowing bile
o flow back the duodenum. Following bile duct cannulation,
he probe was perfused with Ringer’s solution at a flow rate
f 2.4 �l/min. All dialysates collected from rat blood, liver and
ile were analyzed by the liquid chromatographic system. Multi-
le microdialysis probes for blood, liver and bile microdialysis
ampling were carried out on the same animals. All animals
ere used only once. The in vivo probe recovery was deter-
ined by estimating the loss (the extraction ratio) of colchicine,
hich was calculated from the concentration in the dialysate

Cout) relative to the concentration of colchicine in the perfusate
Cin). Recovery (Rdial) was expressed using the following equa-
ion: Rdial = 1 − (Cout/Cin). The in vivo methods for the recovery
at blood microdialysates and bile (Tsai, 2003; Tsai and Tsai,
004) using microdialysis probes have been described in previ-
us reports.

.6. Pharmacokinetic analysis

The concentrations of colchicine in rat dialysates were deter-
ined from the calibration curves. The midpoint of the 10 min

eriods was used as the sampling time for the construction
f blood and bile colchicine microdialysate concentration–time
rofiles. After a 2 h post-surgical stabilization period, colchicine
1, 3 or 10 mg/kg, i.v.) was administered to the control group
n = 6). For CsA treatment, 20 mg/kg of CsA was administered
ia the left femoral vein 10 min prior to colchicine injection.
or proadifen treatment, 10 mg/kg of proadifen was injected
ia the left femoral vein 10 min prior to colchicine injection.
he volume of each injection was 1 ml/kg. Blood, liver and bile
ialysates were assayed by liquid chromatography on the same
xperimental day. Colchicine concentrations in blood, liver and
ile were corrected by the estimated in vivo recoveries from the
espective microdialysis probes. Microdialysate concentrations
Cm) of colchicine were converted to unbound concentrations
Cu) as follows: Cu = Cm/Rdial. The microdialysate recovery
nd concentration calculations were performed according to the
ethod in our previous report (Tsai and Tsai, 2004). Pharma-
okinetic calculations were performed on each individual set of
ata using the pharmacokinetic calculation software WinNonlin
tandard Edition Version 1.1 (Scientific Consulting Inc., Apex,
C, USA) by the noncompartmental method.

2

m
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.7. Model of colchicine-induced acute diarrhea

To establish a model of colchicine-induced acute diarrhea,
roups of rats (n = 2–5) were treated with various doses of
olchicine by injection via the tail vein. The Sprague–Dawley
ale rats injected with doses equal to or greater than 0.9 mg/kg

ody weight colchicine (0.9, 1, 10 mg/kg) all died within 1 h
fter injection without diarrhea. According to these preliminary
xperiments, we found that a dose of colchicine of 0.7 mg/kg
onsistently caused severe acute diarrhea within 1 day without
ortality and the diarrhea subsided after 4–6 days. To test the

ffect of CsA, experiments were performed using this dose of
olchicine for generating acute diarrhea. Scoring of the diarrhea
as conducted twice a day 30 min prior to injection and for 6

onsecutive days thereafter. Body weight was monitored on a
aily basis throughout the experiment. The severity of the diar-
hea was scored by a modified scale described by others (Kurita
t al., 2000): 0 (normal; normal stool or absent); 1 (slight; slightly
et and soft stool); 2 (moderate; unformed liquid stool mixed
ith some small stool particles); 3 (severe; unformed liquid stool
ithout visible particles and with severe perianal staining of the

oat). Changes in the diarrhea score and body weight were used
o evaluate the severity of diarrhea for each animal.

.8. Administration of colchicine and CsA

Totally three groups of rats (n = 5 in each group) were treat
ith solvent (PBS), colchicine (0.7 mg/kg of body weight) alone
r CsA pretreatment (20 mg/kg of body weight, by injection via
ail vein for 2 consecutive days) plus colchicine (10 min after
he second dose of CsA).

.9. Enterohepatic circulation

The paired rats model for the enterohepatic circulation was
esigned as follows: a donor rat (for drug given) and a recip-
ent rat (no drug administration), age and weight (280–320 g)

atched, were initially anesthetized with urethane 1 g/ml
nd �-chloralose 0.1 g/ml (1 ml/kg, i.p.). The rats remained
nesthetized throughout the experiment period with body tem-
eratures maintained at 37 ◦C with a heating pad. The bile duct
f the donor rat was cannulated proximal to the liver with a 20 cm
ection of PE 10 tubing (i.d. 0.28 mm o.d. 0.61 mm). The other
nd of the tubing was inserted through the bile duct into the duo-
enum of the recipient rat. To balance the fluid losses and gains in
he donor and recipient rats, the bile duct of the recipient rat was
lso cannulated to channel bile back to the donor rat (Tsai et al.,
000). After the surgical procedures, colchicine (10 mg/kg) and
sA (20 mg/kg) were intravenously injected into the femoral
ein of the donor rat. The dialysates were collected from the
ugular vein of the donor and recipient rats for additional assay
y liquid chromatography.
.10. Statistics

The results are represented as mean ± standard error of the
ean. Statistical analyses were performed with SPSS version
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0.0 (SPSS Inc. Chicago, IL, USA). One-way ANOVA was fol-
owed by a Dunnett’s post hoc test comparison between the
ontrol (colchicine treated alone), CsA, and proadifen treated
roups. All statistical tests were performed at the two-tailed 5%
evel of significance.

. Results

.1. Method validation

Typical chromatograms of colchicine in rat blood, liver and
ile dialysis are shown in Figs. 1–3 with a retention time
f 3.8 min. Fig. 1A shows a standard injection of colchicine
1.0 �g/ml), and Fig. 1B shows the chromatogram of a blank
lood dialysate from pre-drug administration. Fig. 1C shows the
hromatogram of a blood dialysate sample containing colchicine
0.47 �g/ml) collected 10 min after colchicine administration
3 mg/kg).

Fig. 2A shows the chromatogram of a standard injection of
olchicine (1.0 �g/ml), and Fig. 2B shows the chromatogram of
blank liver dialysate. Fig. 2C shows the chromatogram of a liver
ialysate sample containing colchicine (0.35 �g/ml) collected
0 min after colchicine administration (3 mg/kg).

Fig. 3A shows the chromatogram of a standard injection of
olchicine (10.0 �g/ml), and Fig. 3B shows the chromatogram of
blank bile dialysate. Fig. 3C shows the chromatogram of a bile
ialysate sample containing colchicine (8.93 �g/ml) collected
0 min after colchicine administration (3 mg/kg).
The intra-assay and inter-assay precision and accuracy of
olchicine were well within the predefined limits of acceptability
Table 1). The average microdialysate recoveries of colchicine
1, 5 and 10 �g/ml) for blood, liver and bile were 26.1 ± 0.9,

ig. 1. (A) Standard injection of colchicine (1.0 �g/ml), and (B) chromatogram
f a blank blood dialysate from the pre-drug administration. None of the observed
eaks interfered with the analyte. (C) Chromatogram of a blood dialysate sample
ontaining colchicine (0.47 �g/ml) collected 10 min after colchicine adminis-
ration (3 mg/kg). (1) Colchicine.

3
i

p

F
m
t
(
C

he analyte. (C) Chromatogram of bile dialysate sample containing colchicine
0.35 �g/ml) collected 20 min after colchicine administration (3 mg/kg). (1)
olchicine.

9.8 ± 0.7 and 53.3 ± 1.6%, respectively. This method is suffi-
iently sensitive to allow measurement of colchicine in rat blood,
iver and bile for pharmacokinetic study.

.2. Pharmacokinetics of colchicine in blood, liver and bile

n dose-dependent

Microdialysis, which excludes large molecules and thus sim-
lifies the sample cleaning procedures often necessary preceding

ig. 3. (A) Chromatogram of a standard colchicine (10.0 �g/ml), and (B) chro-
atogram of a blank bile dialysate. None of the observed peaks interfered with

he analyte. (C) Chromatogram of bile dialysate sample containing colchicine
8.93 �g/ml) collected 80 min after colchicine administration (3 mg/kg). (1)
olchicine.
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Table 1
Intra-assay and inter-assay precision (R.S.D.) and accuracy (Bias) of the HPLC
method for the determination of colchicine

Nominal concentration
(�g/ml)

Observed concentration
(�g/ml)

R.S.D. (%) Bias (%)

Intra-assay
0.01 0.011 ± 0.001 9.1 10.0
1 1.002 ± 0.003 0.3 0.2
100 99.91 ± 0.30 0.3 −0.09

Inter-assay
0.01 0.009 ± 0.001 11.1 −10.0
1 0.999 ± 0.001 0.1 −0.1
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100 100.05 ± 0.43 0.4 0.05

ata expressed as means ± S.D. (n = 6).

iquid chromatographic analysis, provides an excellent means by
hich unbound drugs in multiple sites in biological fluids and

issues can be concurrently monitored (De Lange et al., 2000).
he dialysates were quickly and adequately resolved. Figs. 1–3
how typical chromatograms of colchicine standard, dialysates
rior to intravenous administration and those from a rat sam-
le following intravenous administration of colchicine in blood,
iver and bile.

Mean colchicine blood, liver and bile concentrations ver-
us time profiles at doses of 1, 3 and 10 mg/kg are presented
n Figs. 4–6. The profiles suggest that the pharmacokinet-
cs of colchicine in rat blood, liver and bile exhibited dose
ependence in the 1–10 mg/kg range. The concentration of
olchicine in the liver and bile gradually increased, reaching
peak concentration in about 20–30 min. The concentration

f colchicine in bile was significantly higher than that in

lood, suggesting active excretion of colchicine from bile-to-
lood at doses of 1–10 mg/kg (Tables 2–4). The hepatobiliary
xcretion of colchicine was defined as the liver-to-blood

able 2
harmacokinetic data of colchicine (1 mg/kg) in rat blood, liver and bile, both
ith and without treated with CsA (20 mg/kg) or proadifen (10 mg/kg)

rug treatment Colchicine (1 mg/kg)

Colchicine alone With CsA With proadifen

lood
AUC (min �g/ml) 14.8 ± 1.7 24.7 ± 2.2* 16.2 ± 2.3
Cmax (�g/ml) 1.3 ± 0.4 0.9 ± 0.2 1.0 ± 0.2
Cl (ml/(kg min)) 72.9 ± 9.9 42.2 ± 4.3* 67.1 ± 7.8
MRT (min) 16.0 ± 3.9 38.7 ± 3.5* 21.0 ± 1.6

iver
AUC (min �g/ml) 23.1 ± 6.8 14.1 ± 1.3 75.9 ± 15.6*
Cmax (�g/ml) 0.5 ± 0.2 0.4 ± 0.1 1.7 ± 0.4*
MRT (min) 47.2 ± 3.9 45.3 ± 3.8 51.4 ± 3.5

ile
AUC (min �g/ml) 1756 ± 441 315 ± 53* 1716 ± 94
Cmax (�g/ml) 48.5 ± 9.1 5.4 ± 0.8* 43.7 ± 2.5
MRT (min) 72.5 ± 4.1 111.9 ± 6.2* 77.2 ± 5.0

AUCliver/AUCblood 1.8 ± 0.6 0.6 ± 0.05 5.0 ± 1.0*
AUCbile/AUCblood 121.6 ± 24.7 12.9 ± 1.8* 115.2 ± 15.2

ata are expressed as mean ± S.E. mean (n = 6). *p < 0.05 significantly different
rom the colchicine alone group.

Fig. 4. Concentration–time profiles for colchicine in blood after intravenous
administration of (A) 1 mg/kg colchicine, (B) 3 mg/kg colchicine and (C)
10 mg/kg colchicine alone (closed circle), combined with CsA (20 mg/kg) (open
circle) and combined with proadifen (10 mg/kg) (closed triangle). Each group
of data is represented as mean ± S.E. mean from six individual microdialysis
experiments.
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Fig. 5. Concentration–time profiles for colchicine in liver after intravenous
administration of (A) 1 mg/kg colchicine, (B) 3 mg/kg colchicine and (C)
10 mg/kg colchicine alone (closed circle), combined with CsA (20 mg/kg) (open
circle) and combined with proadifen (10 mg/kg) (closed triangle). Each group
of data is represented as mean ± S.E. mean from six individual microdialysis
experiments.

Fig. 6. Concentration–time profiles for colchicine in bile after intravenous
administration of (A) 1 mg/kg colchicine, (B) 3 mg/kg colchicine and (C)
10 mg/kg colchicine alone (closed circle), combined with CsA (20 mg/kg) (open
circle) and combined with proadifen (10 mg/kg) (closed triangle). Each group
of data is represented as mean ± S.E. mean from six individual microdialysis
experiments.



236 Y.-J. Chen et al. / International Journal of Pharmaceutics 350 (2008) 230–239

Table 3
Pharmacokinetic data of colchicine (3 mg/kg) in rat blood, liver and bile, both
with and without treated with CsA (20 mg/kg) or proadifen (10 mg/kg)

Drug treatment Colchicine (3 mg/kg)

Colchicine alone With CsA With proadifen

Blood
AUC (min �g/ml) 68.6 ± 7.8 162.3 ± 21.8* 81.6 ± 10.2
Cmax (�g/ml) 6.4 ± 1.1 4.8 ± 1.1 5.3 ± 0.8
Cl (ml/(kg min)) 47.3 ± 6.6 20.6 ± 3.1* 40.7 ± 6.6
MRT (min) 15.4 ± 2.5 118.2 ± 12.0* 35.0 ± 4.2

Liver
AUC (min �g/ml) 67.4 ± 7.1 92.5 ± 10.2 263.0 ± 77.4*
Cmax (�g/ml) 1.5 ± 0.2 0.9 ± 0.1 5.8 ± 2.2*
MRT (min) 51.4 ± 4.2 172.7 ± 24.4* 55.1 ± 5.2

Bile
AUC (min �g/ml) 6572 ± 640 1963 ± 391* 10173 ± 914*
Cmax (�g/ml) 185.6 ± 23.0 5.4 ± 0.8* 225.7 ± 16.0
MRT (min) 75.4 ± 6.6 155.1 ± 17.6* 90.7 ± 6.6

AUCliver/AUCblood 1.0 ± 0.2 0.6 ± 0.06 3.3 ± 1.0*
AUCbile/AUCblood 102.2 ± 13.4 12.4 ± 1.8* 134.2 ± 17.8
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Table 5
Unbound colchicine AUC in rat blood following the paired-rat model for the
experiment of enterohepatic circulation after colchicine (10 mg/kg, iv) and CsA
(20 mg/kg, iv) co-administration into donor rat

Parameter AUC (min �g/ml)

Donor rat 847.7 ± 141.0
Recipient rat 55.5 ± 29.2*
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ata are expressed as mean ± S.E. mean (n = 6). *p < 0.05 significantly different
rom the colchicine alone group.

nd bile-to-blood distribution (k value), which was calcu-
ated by dividing the colchicine AUC in liver or bile by that
n blood (kliver = AUCliver/AUCblood) (kbile = AUCbile/AUCblood)
De Lange et al., 2000). The liver-to-blood distributions
ere 1.79 ± 0.57, 1.04 ± 0.15 and 0.84 ± 0.07; the bile-to-
lood distributions were 121.55 ± 24.65, 102.15 ± 13.43 and

16.46 ± 18.40 after colchicine injection at doses of 1, 3 and
0 mg/kg, respectively (Table 5). These results indicate that
olchicine goes through hepatobiliary excretion and against the

able 4
harmacokinetic data of colchicine (10 mg/kg) in rat blood, liver and bile, both
ith and without treated with CsA (20 mg/kg) or proadifen (10 mg/kg)

rug treatment Colchicine (10 mg/kg)

Colchicine
alone

With CsA With proadifen

lood
AUC (min �g/ml) 221.6 ± 15.4 874.3 ± 93.0* 393.6 ± 95.9
Cmax (�g/ml) 12.6 ± 2.8 36.2 ± 9.8* 30.3 ± 12.4
Cl (ml/(kg min)) 46.2 ± 3.3 12.2 ± 1.5* 30.5 ± 4.5
MRT (min) 54.2 ± 12.0 128.7 ± 18.0* 57.8 ± 7.3

iver
AUC (min �g/ml) 183.7 ± 15.9 391.6 ± 49.6 1018.3 ± 221.5*
Cmax (�g/ml) 2.5 ± 0.4 2.8 ± 0.5 17.7 ± 2.5*
MRT (min) 98.0 ± 9.5 219.9 ± 30.2* 80.5 ± 14.1

ile
AUC (min �g/ml) 24743 ± 2416 8850 ± 1208* 35948 ± 5632*
Cmax (�g/ml) 36704 ± 14.8 54.8 ± 4.9* 406.2 ± 28.3
MRT (min) 105.7 ± 7.6 292.1 ± 54.7* 164.1 ± 39.7

AUCliver/AUCblood 0.8 ± 0.07 0.5 ± 0.04 2.9 ± 0.7*
AUCbile/AUCblood 116.5 ± 18.4 10.2 ± 1.2* 100.8 ± 14.7

ata are expressed as mean ± S.E. mean (n = 6). *p < 0.05 significantly different
rom the colchicine alone group.
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ata are expressed as mean ± S.E. mean (n = 4). Significant difference was
bserved between the group of donor rat and recipient rat (p < 0.05).

oncentration gradient from a lower blood level excreted to a
igher level in bile.

.3. Effect of cytochrome P450 inhibition on colchicine in
lood, liver and bile

After co-administration of colchicine (1–10 mg/kg) and
roadifen (a cytochrome P450 inhibitor) at doses of 10 mg/kg
ach, the AUC in blood was not significantly altered. However,
he colchicine levels in liver and bile increased (Figs. 4–6).
omparing the liver-to-blood and bile-to-blood of colchicine
istribution ratios, the liver-to-blood ratio was significantly
ncreased from 1.8 ± 0.6, 1.0 ± 0.2 and 0.8 ± 0.07 to 5.0 ± 1.0,
.3 ± 1.0 and 2.9 ± 0.7 at the doses of 1, 3 and 10 mg/kg,
espectively, with proadifen co-administration (Tables 2–4).
he results indicated that the metabolism of colchicine in the

iver was clearly affected by proadifen, a cytochrome P450
nhibitor.

.4. Effects of CsA co-administration on colchicine in blood

CsA co-administration significantly altered the blood pro-
le of colchicine concentrations in the dose ranges of
–10 mg/kg (Figs. 4–6). At a lower dose of 1 mg/kg,
he blood AUC of colchicine alone and the CsA treated
roup were 14.8 ± 1.7 and 24.7 ± 2.2 min �g/ml. The blood
UC of colchicine alone and the CsA treated group were
8.6 ± 7.8 and 162.3 ± 21.8 min �g/ml, respectively, at a
ose of 3 mg/kg colchicine. At a higher dose of 10 mg/kg,
he blood AUC of colchicine increased from 221.6 ± 15.4
o 874.3 ± 93.0 min �g/ml with CsA co-administration. The
esults indicate that the AUC and the mean resident time (MRT)
ere significantly increased but the clearance (Cl) was decreased
hen CsA was co-administered (Tables 2–4).

.5. Effects of CsA co-administration on colchicine in the
iver and bile

Since there were no significant differences between the
olchicine alone and colchicine co-administration groups, it
s suggested that CsA could not alter the AUC of colchicine
n the liver at doses of 1–10 mg/kg. However, the colchicine

evel in the bile decreased dramatically after it was co-
dministered with CsA at doses of 1, 3 and 10 mg/kg
Figs. 4–6). The AUC of colchicine alone and with CsA co-
dministered in bile were 1756 ± 441 and 315 ± 53 min �g/ml,
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Fig. 8. Diarrhea scores of rats which received various treatments. Control:
injected with PBS; colchicine alone: 0.7 mg/kg of body weight; colchicine
p
v
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m
r
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w
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c
c
t
a
may not be sufficiently sensitive to detect unbound colchicine
in brain extracellular fluid. More sensitive techniques such as
radioimmunoassay using [3H]colchicine were employed for
the direct measurement of colchicine levels without extrac-
ig. 7. The concentration–time profiles of colchicine in blood of the donor and
ecipient rats after colchicine (10 mg/kg) and CsA (20 mg/kg) co-administration
n = 4).

572 ± 640 and 1963 ± 391 min �g/ml, and 24743 ± 2416 and
850 ± 1208 min �g/ml, respectively, at colchicine doses of 1,
and 10 mg/kg (Tables 2–4). Since the liver-to-blood distri-

ution ratio showed no difference but the bile-to-blood ratio
as significantly reduced at each dose after co-administration
ith CsA, it is suggested that the bile efflux transport system of

olchicine may be markedly affected by treatment with CsA, a
-gp inhibitor.

.6. Enterohepatic circulation of colchicine

The high hepatobiliary excretion rate of colchicine suggests
he drug potential to undergo enterohepatic circulation. The
olchicine concentration in the blood declined in the donor
at, however, the colchicine level increased in the recipient rat
fter colchicine (10 mg/kg) and CsA (20 mg/kg) intravenous
njection into the femoral vein of the donor rat (Fig. 7). The
esults show that the AUC of colchicine was 847.7 ± 141.0 and
5.5 ± 29.2 min �g/ml in the donor and recipient rats, respec-
ively (Table 5).

.7. Effects of CsA pretreatment on colchicine-induced
iarrhea and body weight loss

Animals in the control group, which were only injected
ith PBS, had no diarrhea and their total scores remained 0

hroughout the experiment course. After injection of 0.7 mg/kg
olchicine via tail vein, all rats experienced severe diarrhea
ithin 1 day. The highest diarrhea score was seen on day 1

nd it persisted until day 4. Severe diarrhea gradually resolved
n days 5–6 and completely resolved on day 7. Pretreatment
ith CsA delayed the development of severe diarrhea induced
y colchicine for 1 day. Rats in this group experienced only

ild diarrhea on day 1 and the same severity of diarrhea as the

olchicine group from day 2 (Fig. 8). As shown in Fig. 9, a sim-
lar pattern of changes was observed in the body weight record.
n day 0, there were no obvious differences between these three

F
w
p
d

lus CsA: CsA pretreatment (20 mg/kg of body weight by injection via tail
ein for 2 consecutive days) plus colchicine (10 min after the second dose of
sA).

roups. The body weight rapidly decreased on day 1 after treat-
ent with colchicine alone. Pretreatment with CsA delayed the

apid loss of body weight to day 2.

. Discussion

From literature review, the protein binding of colchicine
as weak. The protein-binding rate was ranged from 23 to
8.9% (Lannoy et al., 1994; Sabouraud et al., 1994). Most
olchicine was unbound and active form in vivo. The liquid
hromatographic method described here has been applied to
he determination of unbound colchicine in rat blood, liver
nd bile with a quantification limit of 10 ng/ml. However, it
ig. 9. Body weights of rats which received various treatments. Control: injected
ith PBS; colchicine alone: 0.7 mg/kg of body weight; colchicine plus CsA: CsA
retreatment (20 mg/kg of body weight by injection via tail vein for 2 consecutive
ays) plus colchicine (10 min after the second dose of CsA).
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ion with a detection limit of 0.15 ng/ml (Scherrmann et al.,
980).

The pharmacokinetics of colchicine measured with radioim-
unoassay has been well-established after single oral doses

nd its elimination half-life was 20 h (Dabouraud et al., 1992).
he brain distribution ratio of protein unbound colchicine from
rain-to-blood calculated by the formula AUCbrain/AUCblood
as 0.04 ± 0.01 in the frontal cortex of freely moving rats. The

ddition of SDZ PSC 833 (a P-gp inhibitor), resulted in a signif-
cant increase in the AUC ratio to 0.15 ± 0.06 which reveals that
he blood–brain barrier penetration of colchicine is regulated by
-gp (Desrayaud et al., 1997).

In a case report, ingestion of Colchicum autumnale, which
as confused with wild garlic (Allium ursinum), resulted in

n episode of nausea, vomiting and watery diarrhea in one
erson, and death from multi-organ system derangement 48 h
fter ingestion of the colchicum leaves in another. At autopsy,
emorrhagic lung oedema, hypocellular bonemarrow, centrilob-
lar fatty necrosis of the liver and necrosis of the proximal
onvoluted tubuli of the kidneys were seen. No colchicine
as detected in the post-mortem blood but a colchicine con-

entration of 7.5 �g/ml was found in the bile (Klintschar et
l., 1999). This finding is consistent with our results show-
ng that a high concentration of colchicine in bile was due
o the active transport process of hepatobiliary excretion. The
olchicine concentrations in bile were approximately 100-fold
igher than those in blood. In addition, the high hepatobil-
ary excretion of colchicine may lead to increased toxicity in
ormal tissues. The excretion ratios of colchicine from bile-
o-blood (AUCbile/AUCblood) were 121.6 ± 24.7, 102.2 ± 13.4
nd 116.5 ± 18.4 for doses of 1, 3 and 10 mg/kg, respec-
ively (Tables 2–4). Additionally, the high excretion ratios of
olchicine were reduced about 10-fold when co-administered
ith CsA.
A recent report indicates that colchicine has been used for

reatment in symptomatic patients with primary biliary cirrhosis
ho respond incompletely to ursodeoxycholic acid treatment

lone or in combination with methotrexate (Lee and Kaplan,
003). The combination therapy resulted in a small but signifi-
ant reduction in disease progress (Almasio et al., 2000). After
ntravenous administration, 68% of colchicine was excreted in
he feces within 48 h, suggesting bile might be the major route
f excretion for colchicine (Hunter and Klaassen, 1975). Our
esults support the idea that the therapeutic effects for patients
ith primary biliary cirrhosis may due to the active biliary excre-

ion pathway.
As seen in Fig. 5, the concentrations of colchicine in the

ile were meaningfully higher than those in the blood at the
ame period of time, indicating that colchicine was concen-
rated in the bile by an active transport mechanism. With

dose of 20 mg/kg CsA administered intravenously, hep-
tobiliary excretion of colchicine was reduced significantly
p < 0.05).
Many studies have shown that P-gp plays a transport role
n hepatobiliary excretion of certain drugs (Meijer et al.,
997). Furthermore, in several liver diseases biliary trans-
ort is disturbed, resulting in jaundice and cholestasis. Many

i
o
(
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f these symptoms can be attributed to altered regulation of
epatic transporters (Roelofsen et al., 1997). The fact that
ntravenous co-administration of a single dose of CsA signif-
cantly affected the pharmacokinetics of colchicine emphasizes
he role of P-gp in drug disposition. The observations were
onsistent with previous reports that major pharmacokinetic
nteractions resulted from co-administration of CsA with multi-
rug resistance-related anticancer agents (e.g., doxorubicin,
aunorubicin, etoposide, paclitaxel, and vinblastine) (Sikic et
l., 1997).

Severe acute diarrhea is the most common and lethal adverse
ffect of colchicine. It may correlate to the high throughput
f biliary excretion and subsequent intestinal exsorption noted
n the present study. By using a microdialysis-based pharma-
okinetic model, we demonstrated that the P-gp inhibitor CsA
ignificantly lowered the biliary excretion of colchicine. To ver-
fy the involvement of P-gp noted by the pharmacokinetic data,
e tried to modulate the pharmacological effects of colchicine
y pretreatment with CsA and revealed that CsA delayed the
evelopment of severe diarrhea and loss of body weight. The
ptimal dose of colchicine for inducing acute diarrhea with-
ut mortality in SD rats is 0.7 mg/kg. This dose is close to the
.0 mg/kg used in pharmacokinetic experiments. This indicates
hat the biliary excretion of colchicine may be mediated by P-gp
n vivo and the severe diarrhea caused by colchicine could be

odulated by pretreatment with CsA.
Inhibition of cytochrome P450 activity by CsA (Nakamura

t al., 1994) may also have contributed to the higher AUC for
nbound colchicine in the blood at all three doses (1, 3 and
0 mg/kg). Effects resulting from protein-binding competition
etween colchicine and CsA cannot be excluded.

The microdialysis method determined concentrations of
nbound colchicine. The bile flow rate is liable to be affected
y the anesthesia condition of rat. Although bile flow of anes-
hetized rat could be affected by different medication (the bile
omposition and flow rate were different between rats anes-
hetized by pentobarbitone and urethane), however, all rats
ccepted the same anesthesia protocol avoiding this confounding
actor (Butishauser and Stone, 1975). P-glycoprotein also plays
n important role in bile flow modulation. In an isolated rat liver
erfused model, after cyclosporine A (P-glycoprotein inhibitor)
reatment, the basal bile flow significant decreased (Monache et
l., 1999). The design of the present experiments, which enabled
he preservation of bile and the bulk of its contents, did not allow
or the estimation of enterohepatic circulation, enhancement of
hich by CsA co-administration was unlikely. Taken together,
ur findings suggest that CsA plays a major role in enhancing the
ioavailability and, likely, the effects of colchicine, presumably
hrough inhibition of P-gp-regulated active hepatobiliary excre-
ion and perhaps P450 inhibition. The effects of a P-gp inhibitor
uch as CsA on the pharmacokinetics of co-administered drugs
hould be taken into consideration when designing drug treat-
ent regimens.

Data presented in this report demonstrate that proadifen

ncreased colchicine AUC in both rat liver and bile with-
ut significant alterations in the bile-to-blood distribution ratio
AUCbile/AUCblood). This observation may be explained by
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ecreased metabolism in which cytochrome P450 might be
nvolved. Colchicine was mainly demethylated via cytochrome
450 3A4 in liver microsomes (Tateishi et al., 1997). Compared
UCliver with pretreatment 10 mg/kg proadifen and treatment
nly with various doses colchicine (1, 3 10 mg/kg), the per-
entage were 30.4 (23.1/75.9), 25.6 (67.4/263.0) and 18.0
183.7/1018.3), respectively (Tables 2–4). Proadifen was a non-
pecific cytochrome P450 inhibitor. From our experiment, the
stimated percentage of administered colchicines was metabo-
ized by cytochrome P450 ranged from 69.6 to 82% in the dose
ange from 1 to 10 mg/kg.

In conclusion, our data indicate that the disposition of
olchicine might undergo phase I biotransformation and active
epatobiliary excretion in which P-gp might play an important
ole.
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