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Purpose. To assess the extent of intestinal and hepatic glucuronidation in vitro and resulting implications
on glucuronidation clearance prediction.
Methods. Alamethicin activated human intestinal (HIM) and hepatic (HLM) microsomes were used to
obtain intrinsic glucuronidation clearance (CLint,UGT) for nine drugs using substrate depletion. The in
vitro extent of glucuronidation (fmUGT) was determined using P450 and UGT cofactors. Utility of hepatic
CLint for the prediction of in vivo clearance was assessed.
Results. fmUGT (8–100%) was comparable between HLM and HIM with the exception of troglitazone,
where a nine-fold difference was observed (8% and 74%, respectively). Scaled intestinal CLint,UGT (per g
tissue) was six- and nine-fold higher than hepatic for raloxifene and troglitazone, respectively, and
comparable to hepatic for naloxone. The remaining drugs had a higher hepatic than intestinal CLint,UGT

(average five-fold). For all drugs with P450 clearance, hepatic CLint,CYP was higher than intestinal
(average 15-fold). Hepatic CLint,UGT predicted on average 22% of observed in vivo CLint; with the
exception of raloxifene and troglitazone, where the prediction was only 3%.
Conclusion. Intestinal glucuronidation should be incorporated into clearance prediction, especially for
compounds metabolised by intestine specific UGTs. Alamethicin activated microsomes are useful for the
assessment of intestinal glucuronidation and fmUGT in vitro.
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Uridine Diphosphate Glucuronosyltransferases (UGTs) cata-
lyse glucuronidation, the conjugation reaction that together with
Cytochrome P450 (P450) reactions, accounts for most of the drug
metabolism that occurs in the liver (1). There is an increasing
awareness of the importance of glucuronidation, especially in drug
development (2). Therefore, there is a need to develop methods to
predict in vivo glucuronidation clearance from in vitro data to the
same level attained for P450 enzymes (3–8).

Although glucuronidation has been investigated in a range of
in vitro systems, there has been little attention paid to the
prediction of UGT clearance, compared to the extensive work
already documented for P450s. Drug clearance predictions using
microsomal data have tended to under-predict in vivo clearance

(1,9–11), leading to a concern over the validity of their use in
glucuronidation studies (12). Although both UGT and P450
enzymes are membrane bound in the endoplasmic reticulum, the
UGT active site faces the lumen, resulting in latency in
microsomal preparations, probably due to a diffusional barrier for
substrate and cofactor access. Several methods have been
introduced to circumvent this problem, including the use of the
pore-forming agent alamethicin or a detergent or sonication
treatment (13,14). Numerous other incubation conditions have
been reported to influence glucuronidation activity, namely pH and
the concentrations of saccharic acid lactone and EDTA (1,15).

An additional factor that may contribute to the observed
under-prediction trend of glucuronidation clearance, is the extent
of intestinal metabolism, which is generally omitted from the in
vitro–in vivo scaling strategy (16). The human small intestine
expresses a range of P450 enzymes, with CYP3A4 accounting for
~80% of the total P450 protein content (17). Although the total
amount of CYP3A expressed in the human small intestine
represents only ~1% of the hepatic estimate, the metabolic
activities of liver and intestinal P450s are comparable once
normalised for the mean population relative abundance of these
enzymes (18). The human intestine also expresses a range of
UGTs, including UGT1A1 and UGT2B7 (as in the liver), and the
intestine specific enzymes, UGT1A7, UGT1A8 and UGT1A10
(19). UGTs are thought to have an analogous regional distribution
in the intestine to P450s (20), with the highest levels found in the
proximal regions and in mature enterocytes lining the villus tips.
However, the relative UGT expression levels in vivo are still not
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clearly defined. A recent study by Cao et al. (21) indicated a three-
fold greater expression of UGTs relative to CYP3A4 in the human
duodenum, but it is questionable whether this estimate will reflect
the UGT: P450 abundance ratio along the whole length of the gut.

Several studies have assessed the catalytic activity of
intestinal UGT enzymes in comparison to the liver (22–26).
However, variability in the segment of the gut used (duodenum or
jejunum) (10,26) and differential methods used for UGT activation
(10,27) or preparation method for intestinal microsomes (mucosal
scraping or enterocyte elution) makes an unequivocal comparison
difficult. A recent systematic comparison of the metabolic activity
of intestinal and hepatic P450 enzymes has shown that the
enterocyte elution method for preparation of intestinal microsomes
results in a higher activity of intestinal metabolic enzymes in
comparison to mucosal scraping (18).

The aim of the current study was to assess intestinal and
hepatic glucuronidation clearance for nine substrates, selected on
the basis of their differing enzyme specificities, using standardised
in vitro conditions. In vitro intrinsic clearance was obtained in
alamethicin activated human intestinal (HIM) and hepatic (HLM)
microsomes using a substrate depletion approach at low substrate
concentration. The in vitro extent of glucuronidation (fmUGT) was
determined in both liver and intestine using separate incubations
with either NADPH (P450) or UDPGA (UGT) cofactors. The
importance of intestinal relative to hepatic glucuronidation and the
implications on clearance prediction are discussed.

MATERIALS AND METHODS

Chemicals. All solvents were purchased from VWR
International (Lutterworth, UK). All other compounds and
reagants were purchased from Sigma-Aldrich Company Ltd
(Dorset, UK).

Source of the Microsomes. Pooled HLM (A, n=30) were
used for all nine drugs and were purchased from BD Gentest
(Woburn, MA). Glucuronidation clearance for raloxifene and
troglitazone was assessed further in two additional pools of
HLM. (B, n=22 and C, n=33). The range of enzyme activity
across the three pools of HLM was 730–1,000pmol/mg/min
and 250–330pmol/mg/min for UGT1A1 and total CYP
activity, respectively. Pooled HIM (n=10) prepared by enter-
ocyte elution mainly of the jejunum section were purchased
from Xenotech, LLC (Kansas, USA). The UGT (4-methyl-
umbelliferone) and CYP3A4 (testosterone 6β-hydroxylation)
activity in HIM was 8.05 nmol/mg/min and 1,510 pmol/mg/min,
respectively.

Microsomal Incubations. All microsomes were stored at
−80°C and rapidly thawed just before use at 37°C. Incuba-
tions for all nine compounds were carried out in duplicate
using an Eppendorf thermomixer (Hamburg, Germany) at
37°C and 1,400 rpm. Activation of microsomal protein by
alamethicin was performed as described previously (13,14).
Alamethicin was incubated at 50 μg/mg microsomal protein
for 15 min on ice. All substrates were preincubated on the
thermomixer for 5 min at 37°C with activated protein (HLM
or HIM) and either UGT (0.1 M phosphate buffer pH 7.1
containing 3.45 mM magnesium chloride, 1.15 mM EDTA
and 115 μM saccharic acid lactone monohydrate) or P450
(0.1 M phosphate buffer pH 7.4) phosphate buffer. Reactions
were initiated by the addition of either UGT (5 mM
UDPGA) or P450 (a NADPH regenerating system contain-
ing 1 mM NADP+, 7.5 mM isocitric acid, 10 mM magnesium
chloride, 1.2 unit of isocitric dehydrogenase) cofactor, to give
a final incubation volume of 800 μl. Substrate concentrations
for eight of the nine compounds in the final incubation was
1 μM; the exception being mycophenolic acid, which was used
at a concentration of 10 μM. The final concentration of
organic solvent in the incubation media was 0.1%.
Microsomal protein concentrations in the incubations for
seven of the nine compounds (buprenorphine, diclofenac,
gemfibrozil, mycophenolic acid, naloxone, salbutamol and
troglitazone) were 0.5 mg/ml for HLM and 1 mg/ml for HIM.
However, for quercetin and raloxifene, a much lower protein
concentration was needed of 0.1 mg/ml for both HLM and
HIM. Control incubations were also performed for each drug
with no cofactor present, showing no clearance. At each time
point, 100 μl of the incubation was removed and the reaction
terminated by the addition of 100 μl of ice-cold acetonitrile
containing the internal standard as specified in Table I. The
total length of the incubations was 60 min for buprenorphine,
mycophenolic acid, naloxone, salbutamol and troglitazone;
50 min for gemfibrozil and diclofenac; 30 min for raloxifene
and 10 min for quercetin. Samples were centrifuged at 1,400 g
(MSE Mistral 3000i centrifuge, London, UK) for 10 min, and
the parent compound in an aliquot (10 μl) of the supernatant
was analysed by LC-MS/MS.

Determination of Experimental fuinc. The fuinc values for
all compounds except quercetin were experimentally deter-
mined in HLM at protein concentrations of 0.1, 0.5 and
1 mg/ml using the high-throughput dialysis method as
described previously (28). Dialysis membranes had a 12 to
14 kDa molecular mass cutoff and were purchased from

Table I. Experimental Conditions for the Selected Compounds with Details on the Internal Standards, Mass Transitions and Retention Times

Compound Internal standard Electrospray ionisation Transition
Cone voltage

(V)
Collision voltage

(eV)
Retention time

(min)

Buprenorphine Mibefradil Positive 468.5>396.3 85 50 2.7
Diclofenac Tolbutamide Negative 293.9>250.1 50 11 4.6
Gemfibrozil Tolbutamide Negative 249.2>121.2 75 10 4.5
Mycophenolic acid Warfarin Negative 319.4>191.2 90 24 4.0
Naloxone Levallorphan Positive 328.4>310.3 51 25 3.0
Quercetin Desipramine Positive 303.3>229.3 110 30 2.9
Raloxifene Terfenadine Positive 474.4>112.3 100 20 3.3
Salbutamol Propanolol Positive 240.4>148.4 18 17 2.3
Troglitazone Diltiazem Positive 442.4>165.4 65 30 3.3
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HTDialysis, LLC (Gales Ferry, CT). The drugs were added
to the acceptor chamber with 0.1 M phosphate buffer at a
concentration of 1 μM except mycophenolic acid, which
was used at a concentration of 10 μM. The fuinc values for
quercetin were predicted using an algorithm proposed by
Hallifax and Houston (29), due to compound degradation
during equilibrium dialysis.

LC-MS/MS. The LC-MS/MS system used consisted of a
Waters 2790 with a Micromass Quatro Ultima triple quadru-
ple mass spectrometer (Waters, Elstree, UK). Varying
gradients of four mobile phases were used, the compositions
of which were (1) 90% water and 0.05% formic acid with
10% acetonitrile (2) 10% water and 0.05% formic acid with
90% acetonitrile (3) 90% water and 10 mM ammonium
acetate with 10% acetonitrile (4) 10% water and 10 mM
ammonium acetate with 90% acetonitrile. A Luna C18
column 3 μm, 50×4.6 mm (Phenomenex, Macclesfield, UK)
was used for chromatographic separation of analytes. The
flow rate was 1 ml/min, and this was split to 0.25 ml/min
before entering the mass spectrometer. Further analytical
parameters are described in Table I. The ion chromatograms
were integrated and quantified using Micromass QuanLynx
software (Waters, Elstree, UK).

Data Analysis. Data from the mean of two incubations
were analysed using a nonlinear single exponential fit and the
elimination rate constant (k) was determined using Grafit 5
(Erithacus Software, Horley, UK). The half-life (t1/2) of all
reactions were then determined by the equation in vitro t1/2=
0.693/k. Conversion to in vitro CLint (μl/min/mg) was
achieved using Eq. 1 (6).

CLint ¼ 0:693
in vitro t1=2

� volume of incubation �lð Þ
amount of microsomal protein in incubation mgð Þ

ð1Þ

This CLint, determined with either UGT or P450
cofactors (CLint,UGT and CLint,CYP, respectively) was cor-
rected for experimentally determined fuinc to give an
unbound value for CLint (CLint,u).

Fraction metabolised. fmUGT and fmCYP values were
calculated from the CLint,u values obtained in the presence
of individual UGT and P450 cofactors, respectively, using
Eqs. 2 and 3, respectively.

fmUGT ¼ CLint;UGT

CLint;UGT þ CLint;CYP
ð2Þ

fmCYP ¼ CLint;CYP

CLint;UGT þ CLint;CYP
ð3Þ

The in vivo estimates were obtained from the amount of
the glucuronide excreted in the urine; potential contribution
of the glucuronide metabolites excreted in the bile/faeces
was not accounted for due to limited availability of such
data.

Comparison of Intestinal and Hepatic CLint,UGT. In order
to allow valid comparison between the organs, clearance data

were expressed per gram of tissue. Intestinal CLint,UGT and
CLint,CYP values were scaled using an intestinal microsomal
recovery value calculated from CYP3A homogenate protein
levels reported by Paine et al. (30) (see Table II and
“RESULTS”). A weighted scaling factor was estimated from
the different sections of intestine to obtain an intestinal
microsomal recovery value of 20.6 mg/g intestine. In the case
of hepatic data, a standard human microsomal recovery of
40 mg/g liver was used (31).

Prediction of In Vivo Glucuronidation Clearance From In
Vitro Hepatic Data. In vitro CLint,UGT obtained in HLM was
scaled using a microsomal recovery of 40 mg protein/g liver
(31) and a liver weight of 21.4 g liver/kg (32) to give a
predicted in vivo CLint,UGT in ml/min/kg. Observed in vivo
CLint was calculated from both intravenous and oral litera-
ture data. In vivo values for intravenous plasma clearance
(CLi.v.), the blood to plasma concentration ratio (RB) and
the fraction unbound in plasma (fup) were used with the
well-stirred liver model and a value for hepatic blood flow
(QH) of 20.7 ml/min/kg (Eq. 4). Hepatic blood clearance
(CLb) was calculated by correcting CLi.v. for the RB (7,32).

Observed CLint ¼ CLb

fup
RB

� 1� CLb
QH

� � ð4Þ

In the case of buprenorphine and naloxone, intravenous
plasma clearance exceeded QH and therefore a value for CLb

was set at 90% of QH (i.e., 18.63 ml/min/kg). For two of the
nine compounds (raloxifene and troglitazone), intravenous
observed clearance data were not available. In addition to
intravenous data, observed CLint was also calculated from
oral plasma clearance (CLp.o.) values (assuming complete
absorption from the gastrointestinal tract and no contribution
of intestinal metabolism), as shown in Eq. 5. No oral
clearance data were available in the case of buprenorphine
and naloxone.

Observed CLint ¼ CLp:o:

fup
�
RB

ð5Þ

When a value for RB was not available, a value of either
1 or 0.55 (1—haematocrit) was assumed for basic and acidic
compounds, respectively. In all instances, the observed CLint

was corrected for the in vitro fmUGT obtained in HLM in
order to give an in vivo estimate for CLint,UGT.

Table II. Gut Metabolism Scaling Factors for Duodenum, Jejunum
and Ileum

Duodenum Jejunum Ileum

Microsomal CYP3A (pmol/mg) 30.6 22.6 16.6
Mucosal CYP3A (pmol/g mucosa) 445 463 391
Intestinal scaling factor
(mg protein/g mucosa)a

14.5 20.5 23.5

Overall mucosal distribution (%)b 14 54 32

Data from Paine et al. (30)
aTotal intestinal scaling factor (mg protein/g mucosa)=20.6 (weighted
according to mucosal distribution)

bEstimated based on weight of mucosa, mucosal microsomal protein
and mucosal CYP3A4 in each of the intestinal sections

1075Intestinal and Hepatic Glucuronidation



RESULTS

Glucuronidation and P450 CLint values were obtained
for nine substrates in pooled HLM and HIM using a substrate
depletion approach. The CLint values were corrected for
nonspecific microsomal binding using experimentally deter-
mined fuinc (Table III), ranging from 0.07 to 0.95 in the case
of troglitazone and mycophenolic acid, respectively. CLint,UGT

values (Table III) ranged over four orders of magnitude in
both the liver and intestine. Hepatic values were between 17–
2,484 μl/min/mg for naloxone and quercetin, respectively,
whereas intestinal CLint,UGT ranged from 18–4,259 μl/min/mg
for mycophenolic acid and raloxifene, respectively. CLint,CYP

values ranged from zero detection for mycophenolic acid and
quercetin, up to 634 and 403 μl/min/mg for buprenorphine in
HLM and HIM, respectively.

Substrate Depletion Profiles. Fig. 1 shows depletion
profiles for all nine compounds in hepatic and intestinal
microsomes at protein concentration of 0.1–1 mg/ml. For
seven of the drugs investigated (diclofenac, gemfibrozil,
mycophenolic acid, naloxone, quercetin, raloxifene and
salbutamol), a higher clearance was seen by glucuronidation
than by P450 metabolism in both HLM and HIM (Table III).
The opposite was observed for buprenorphine in both organs
and for the hepatic metabolism of troglitazone. Raloxifene
and troglitazone showed a significantly higher clearance by
glucuronidation in the intestine than in the liver (Table III),
whereas this was comparable between the two organs for
naloxone. Linear profiles (Fig. 1) were observed for all P450
reactions and for both the intestinal and hepatic glucuroni-
dation of five drugs (buprenorphine, gemfibrozil, mycophe-
nolic acid, salbutamol and raloxifene). However, in certain
incubations, glucuronidation of the remaining four drugs
followed a biphasic profile; in the intestine for naloxone and
troglitazone, in the liver for quercetin and in both the

intestine and liver for diclofenac. Where a biphasic depletion
profile was observed, the initial linear phase was used to
calculate CLint.

Comparison of Intestinal and Hepatic CLint,,UGT. Intesti-
nal and hepatic clearance values were compared after scaling
the microsomal data expressed per mg protein to per gram of
organ, to give an indication of the relative importance of
intestinal and hepatic glucuronidation and P450 metabolism.
To achieve this, a scaling factor for human intestine was
required. Paine et al. (30) reported CYP3A protein abundance in
microsomal and mucosal samples from the duodenum, jejunum
and ileum, prepared by mucosal scraping and analysed by
Western blotting (Table II). A mean intestinal scaling factor of
20.6 mg microsomal protein per gram of mucosal tissue was
calculated byweighting the regional factors according tomucosal
distribution in the different sections of the intestine. Fig. 2A, B
show a comparison of intestinal and hepatic CLint,UGT and CLint,

CYP (per gram of organ), respectively, for the nine compounds
investigated. As shown in Fig. 2A, CLint,UGT values were not
correlated between the two organs (r2=0.04). Two out of the nine
drugs showed a higher CLint,UGT in the intestine than in the liver,
giving a six- and nine-fold difference in the case of raloxifene and
troglitazone, respectively. Naloxone showed an approximately
equal CLint,UGT in both organs. In contrast, six drugs
(buprenorphine, diclofenac, gemfibrozil, mycophenolic acid,
quercetin and salbutamol) showed a higher glucuronidation
clearance in the liver than in the intestine, ranging from a three-
to 12-fold higher hepatic CLint,UGT for buprenorphine and
gemfibrozil, respectively (five-fold on average).

Seven out of the nine drugs investigated (buprenorphine,
diclofenac, gemfibrozil, naloxone, raloxifene, salbutamol and
troglitazone) showed P450 clearance in addition to glucur-
onidation, as shown in Fig. 2B. Intestinal and hepatic CLint,

CYP values were strongly correlated (r2=0.96). For all drugs,
CLint,CYP was higher in the liver than the intestine, ranging

Table III. Substrate Specificity for Different P450 and UGT Enzymes, Intestinal and Hepatic UGT and P450 Clearance in Liver and Intestinal
Microsomes and Estimated In Vitro Extent of Glucuronidation for the Nine Compounds Investigated

Compound Major P450 specificity Major UGT specificityb

CLint,u (μl/min/mg)c

fuinc
(1 mg/ml HLM)

In vitro fmUGT
dUGT P450

HLM HIM HLM HIM HLM HIM

Buprenorphine CYP3A4 UGT1A1, UGT2B7 268 209 634 403 0.10 0.30 0.34
Diclofenac CYP2C9 UGT1A9, UGT2B7 493 116 134 6.2 0.84 0.77 0.95
Gemfibrozil CYP3A4 UGT2B7 114 19.2 26.7 1.1 0.91 0.81 0.95
Mycophenolic
acid

– UGT1A8 31.2 17.6 – – 0.95 1.00 1.00

Naloxone CYP3A4 UGT1A8, UGT2B7 17.4 21.4 14.5 7.7 0.87 0.55 0.73
Quercetin – UGT1A1, UGT1A8,

UGT1A10
2,484 1,088 – – 0.90 1.00 1.00

Raloxifene CYP3A4 UGT1A1, UGT1A8,
UGT1A10

376 4,259 164 97 0.08 0.74 0.97

Salbutamol –a – 19.9 10.0 10.9 8.0 0.88 0.65 0.56
Troglitazone CYP3A4, CYP2C8 UGT1A1, UGT1A10 21.1 357 255 125 0.07 0.08 0.74

a Substantial sulphation
b From Kiang et al. (44), except quercetin (45)
cData represent a mean from duplicate incubations in HLM pool A after correction for fuinc
dThe in vitro fmUGT was estimated from clearances obtained in the presence of individual P450 or UGT cofactors (Eq. 2)

1076 Cubitt, Houston and Galetin



from a three-fold to a 47-fold difference for salbutamol and
gemfibrozil, respectively. Raloxifene and troglitazone were
compounds with a higher glucuronidation clearance in the
intestine than the liver (Fig. 2A), but an intestinal P450
clearance was lower than hepatic (Fig. 2B). Excluding these
two drugs, the trend for hepatic glucuronidation clearance
was similar to that seen for P450 clearance.

CLint,CYP values for six compounds (buprenorphine,
diclofenac, gemfibrozil, naloxone, raloxifene and troglita-
zone), selected by P450 enzyme specificity (Table III), were
also corrected for the relative abundance of CYP3A4 and
CYP2C9 in the liver (33) and intestine (17), as reported
previously (18). Comparison of CLint,CYP normalized for
CYP3A4 abundance in the corresponding organs (expressed
as μl/min/pmolCYP) resulted in a two-fold higher CLint,

CYP3A4 in the intestine in comparison to the liver for
buprenorphine, naloxone, raloxifene and troglitazone. The
exception was gemfibrozil, where a seven-fold higher hepatic

CLint,CYP3A4 was seen. This contrasted with the initial findings
(Table III) where hepatic CLint,CYP (expressed per g organ)
was much higher for all drugs (15-fold on average). In both
organs, the lowest and highest CLint,CYP3A4 seen was for
gemfibrozil and buprenorphine, ranging from 0.2 to 4.1 μl/
min/pmolCYP3A4 in the liver and from 0.03 to 9.4 μl/min/
pmolCYP3A4 in the intestine. In the case of diclofenac, hepatic
CLint,CYP2C9 was 2.5-fold higher than in the intestine (1.8 and
0.7 μl/min/pmolCYP2C9 in the liver and intestine, respectively),
in contrast to an initial 42-fold difference.

Fraction Metabolised by UGT and P450. Intestinal and
hepatic fmUGT and fmCYP estimates were calculated from the
CLint,u values obtained in the presence of individual UGT and
P450 cofactors (Eqs. 2 and 3, respectively). The extent of
glucuronidation ranged from 0.3 for buprenorphine to
complete glucuronidation for mycophenolic acid and quercetin,
as shown in Table III. A comparison of estimated fmUGT

values for the nine compounds investigated is illustrated in

Buprenorphine Diclofenac Gemfibrozil

Mycophenolic Acid Naloxone Quercetin

Raloxifene Salbutamol Troglitazone
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Fig. 1. Comparison of UGT and P450 depletion profiles in HLM and HIM. The hepatic in vitro data were obtained in HLM pool A. Closed
square represents intestinal glucuronidation, closed triangle hepatic glucuronidation, open square intestinal P450 metabolism and open triangle
hepatic P450 metabolism.
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Fig. 3. For most of the drugs in the dataset, the estimated
extent of glucuronidation was in good agreement between
HLM and HIM (r2=0.76); with the exception of troglitazone,
where a nine-fold difference was observed (74% and 8% in
HIM and HLM, respectively). For six of the compounds,
fmUGT values were also estimated from in vivo renal excretion
data, as described previously for fmCYP (34). In vivo estimates
of the extent of glucuronidation were comparable to in vitro
values for buprenorphine, mycophenolic acid, naloxone,
quercetin and raloxifene (Tables III and IV). However, for
gemfibrozil, the estimated extent of glucuronidation in vitro
exceeded the in vivo value (Table IV).

Prediction of In Vivo Clearance From In Vitro Hepatic
Data. Scaled in vitro hepatic CLint,UGT was compared with
human observed in vivo CLint,UGT from both intravenous and
oral plasma clearances. The in vivo CLint, RB and fup values
for all the drugs in the dataset are shown in Table IV. Fig. 4
shows the comparison of the predicted and observed CLint,

UGT for the nine compounds investigated. Salbutamol and
quercetin were the compounds with the lowest and highest
values for in vivo observed CLint,UGT, respectively, ranging
from 3–2,608 ml/min/kg for estimates obtained from intrave-
nous clearance and 16–930,000 ml/min/kg from the oral data.
On average, predicted CLint,UGT was 22% of the observed
intravenous CLint value for the seven compounds where these
in vivo data were available (Fig. 4A). Gemfibrozil and
salbutamol were over-predicted, by two- and nine-fold,
respectively, whereas for the other five compounds prediction
represented 6–82% of the in vivo value (for naloxone and
quercetin, respectively). In contrast, predicted CLint,UGT was
on average only 1.4% of the observed oral CLint data
(Fig. 4B). For four of the compounds (diclofenac, gemfibrozil,
mycophenolic acid and salbutamol), the CLint,UGT from oral
clearance data was predicted well (on average 93% of in vivo
value), whereas the prediction was only 0.2% of the observed
value for quercetin and 3% for raloxifene and troglitazone. In
the case of drugs where under-prediction was observed, the
difference between the observed oral and predicted CLint,UGT

correlated well with the intestinal CLint,UGT (expressed per g
organ), supporting the importance of intestinal contribution
(Fig. 4C).

Importance of the Choice of Pooled Liver Microsomes.
The impact of different liver sources on hepatic CLint,UGT was
assessed for the pronounced outliers, raloxifene and troglita-
zone (Table V). CLint,UGT values obtained from three
different pools of HLM (A–C) ranged between 30–394 μl/
min/mg for raloxifene and 21–166 μl/min/mg for troglitazone,
as shown in Table V. In comparison, CLint,CYP varied between
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133–198 μl/min/mg for raloxifene and 34–255 μl/min/mg for
troglitazone. For raloxifene, the ratio of hepatic to intestinal
CLint,UGT was comparable between lots A and B, whereas in
the case of C, the hepatic CLint,UGT was significantly lower,
giving a more than ten-fold difference from the other two lots.
In contrast, troglitazone showed a similar hepatic to intestinal
CLint,UGT ratio using pools B and C, compared with the initial
nine-fold higher intestinal CLint,UGT seen using pool A; this
trend was also apparent in the case of P450 metabolism. The
fold difference between the intestinal and hepatic CLint,CYP of
raloxifene was comparable in all three lots of HLM analysed.
The in vitro hepatic fmUGT estimated for raloxifene was
comparable between HLM lots A and B (74% and 67%,
respectively), but lower using lot C (18%). For troglitazone,
hepatic fmUGT estimates using B (83%) and C (58%) were
significantly higher than in A (8%) and, as such, were
comparable to the intestinal value (74%). However, the
overall prediction success of the in vivo glucuronidation
clearance for raloxifene and troglitazone (3%) did not change
significantly between the three HLM pools.

DISCUSSION

An increasing awareness of the importance of conjuga-
tion metabolism has led to a need for the incorporation of
these pathways into drug clearance prediction. At present,
limited published data are available on the contribution of
intestinal glucuronidation to overall clearance, which could be
a potential contributor to the under-prediction of in vivo
clearance based solely on in vitro hepatic data (1,9–11). In
addition, there is inconsistency in available data, and this can
be rationalised by differences in the enterocyte isolation
method, segment of the intestine used (proximal or the whole
length), source of the intestinal tissue (individual or pooled)
and UGT activation method (10,24,26). Therefore, the aim of
the current study was to perform a comprehensive analysis of
the relative importance of intestinal glucuronidation in
comparison to the liver for a range of compounds using
standardised in vitro conditions.

A number of studies have reported higher CLint,UGT

values when the pore forming agent alamethicin was used to
activate the microsomes (25–27) in comparison to the
detergent (23), sonication (35) or no activation method (22).
This is consistent with other publications where the usefulness
of alamethicin as an activating agent has been reported (13,14)
and hence was used in this study. Recent studies have reported
that the presence of 2% bovine serum albumin in the
microsomal incubation increases the clearance estimates for
UGT2B7 and UGT1A9 substrates (36–38). However, the
effect on a number of intestine specific UGTs is still unknown.

Current study has shown that seven of the nine drugs
investigated had a higher clearance by glucuronidation than
by P450 metabolism in both the liver and intestine. Bupre-
norphine was the only compound where the opposite trend
was observed in both organs. This was consistent with renal
excretion data reported, as shown in Table IV. For raloxifene
and troglitazone, a higher clearance by glucuronidation than
by P450 metabolism was seen in the intestine. The in vitro
extent of glucuronidation obtained in the present study was

Ta
bl
e
IV

.
P
ub

lis
he

d
In
tr
av

en
ou

s
an

d
O
ra
l
In

V
iv
o
V
al
ue

s
fo
r
C
L
in
t
an

d
R
B
,
fu

p
an

d
fm

U
G
T
V
al
ue

s

C
om

po
un

d

O
bs
er
ve
d
in

vi
vo

pl
as
m
a

cl
ea
ra
nc
e
(m

l/m
in
/k
g)

O
bs
er
ve
d
in

vi
vo

C
L
in
t
(m

l/m
in
/k
g)

O
bs
er
ve

d
in

vi
vo

C
L
in
t
co
rr
ec
te
d

fo
r
fm

U
G
T
(m

l/m
in
/k
g)

R
B

fu
p

In
vi
vo

fm
U
G
T
d

i.v
.

p.
o.

i.v
.

p.
o.

i.v
.

p.
o.

B
up

re
no

rp
hi
ne

B
as
e

19
(4
6)

–
2,
79

5a
–

83
8

–
0.
6

(9
)

0.
04

(4
6)

0.
5

(4
7)

D
ic
lo
fe
na

c
A
ci
d

3.
5

(4
6)

8
(4
8)

1,
01
1

88
1

77
8

67
8

0.
55

(7
)

0.
00
5

(4
6)

–
–

G
em

fi
br
oz
il

A
ci
d

1.
7

(4
9)

1.
7

(5
0)

66
32

54
26

0.
55

(7
)

0.
03

(7
)

0.
4

(4
7)

M
yc
op

he
no

lic
ac
id

A
ci
d

3.
3

(5
1)

3.
5

(5
1)

18
6

77
18

6
77

0.
55

b
E
st
im

at
ed

0.
02
5

(4
9)

0.
9

(5
2)

N
al
ox

on
e

B
as
e

23
(4
6)

–
47

7a
–

26
2

–
1.
22

(7
)

0.
54

(4
6)

0.
65

(1
0)

Q
ue

rc
et
in

B
as
e

11
(4
6)

8,
33

3
(5
3)

2,
60

8
93

0,
00

0
2,
60
8

93
0,
00

0
1c

E
st
im

at
ed

0.
00
9

(4
6)

0.
99

e
–

R
al
ox

if
en

e
B
as
e

–
73

5
(5
4)

–
15

,0
00

–
11
,0
00

1c
E
st
im

at
ed

0.
05

(5
4)

0.
9

(1
6)

Sa
lb
ut
am

ol
B
as
e

2.
4

(5
5)

15
(5
6)

2.
9

16
1.
9

10
1c

E
st
im

at
ed

0.
92
5

(5
7)

–
–

T
ro
gl
it
az
on

e
N
eu

tr
al

–
13

.1
(5
8)

–
7,
62

9
–

61
0

0.
55

(5
8)

0.
00
09

(5
8)

–
–

a
C
L
b
as
su
m
ed

to
be

90
%

of
Q

H
(1
8.
63

m
l/m

in
/k
g)

be
ca
us
e
ac
tu
al

C
L
b
>
Q

H
b
A
ss
um

ed
to

be
0.
55

fo
r
ac
id
ic

dr
ug

s
c
A
ss
um

ed
to

be
1
fo
r
ba

si
c
dr
ug

s
d
In

vi
vo

fm
U
G
T
va

lu
es

fr
om

re
na

l
ex

cr
et
io
n
da

ta
e
In
cl
ud

es
al
so

co
nt
ri
bu

ti
on

of
su
lp
ha

te
co
nj
ug

at
es
.
D
as
he

s
re
pr
es
en

t
un

av
ai
la
bl
e
cl
ea

ra
nc
e
or

in
vi
vo

fm
U
G
T
da

ta

1079Intestinal and Hepatic Glucuronidation



comparable to published in vivo fmUGT values for five of the
drugs studied, showing an ability to accurately estimate
fmUGT from in vitro data using microsomes and different
cofactor conditions. The extent of glucuronidation for gemfi-
brozil, however, was higher in vitro than that found in vivo.
Gemfibrozil forms acyl glucuronides (39), which are unstable
in biological samples at physiological pH (40), which could

lead to the underestimation of the extent of glucuronidation
in vivo. The ability to determine fmUGT from in vitro data
could have implications in the prediction of UGT-mediated
clinical drug–drug interactions, analogous to the approach
recently reported for fmCYP estimates (41). However, cau-
tious interpretation of this in vitro approach is required due to
the lack of information on the potential contribution of renal
clearance to drug elimination (as for the remaining three
drugs in this study).

As shown in Fig. 1, biexponential depletion profiles were
observed for both intestinal and hepatic glucuronidation, in
five of the 36 curves generated. These biphasic profiles have
been previously rationalised by a decreased enzyme activity
in microsomes over time, enhanced by poor mixing and
reduced oxygen availability at higher protein concentrations
(42). However, in this study, the second phase in these
profiles occurred too rapidly for this to be an explanation,
especially for quercetin; depletion was complete within 5 min.
Also, the protein concentration used for both quercetin and
raloxifene was very low (0.1 mg/ml). Another explanation for
the biphasic profiles could be end-product inhibition, where
the increasing concentration of metabolites may interact with
the enzyme and stop further metabolism of the parent
compound (42).

To our knowledge, intestinal human scaling factors have
not been reported, hence there is no analogous agreement to
that reached for the scaling of hepatic data (31). In the
current study, CLint,UGT were scaled per gram of organ using
an intestinal microsomal recovery value of 20.6 mg protein/g
intestine, calculated from data by Paine et al. (30). This is
lower than a standard value for human liver of 40 mg protein/
g liver (31). These scaling factors would have no effect on the
estimation of the fmUGT in the liver and intestine in this study,
but they would have an impact on the assessment of the
importance of intestinal glucuronidation relative to the liver.
The relative assessment of hepatic and intestinal glucuroni-
dation was also dependent on the pool of microsomes used, as
illustrated in the example of raloxifene and troglitazone
(Table V). The importance of intestinal glucuronidation for
raloxifene was consistent across additional pools of HLM;
however, for troglitazone, hepatic CLint,UGT (B and C)
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Fig. 4. Prediction of in vivo intrinsic clearance from in vitro hepatic
glucuronidation data for nine compounds. CLint,UGT (obtained in
HLM pool A) was scaled using a microsomal recovery of 40 mg
protein/g liver (31), a liver weight of 21.4 g liver/kg and modelled with
the well-stirred liver model (32). In vivo CLint,u was calculated from
literature values of plasma clearance, RB and fup (Table IV) and
corrected for fmUGT obtained in HLM (Table III) in order to give in
vivo values for glucuronidation clearance. The solid lines represent an
equal observed and predicted clearance and the dotted lines represent
a three-fold difference from the line of unity. Closed square
represents buprenorphine, open square diclofenac, closed triangle
gemfibrozil, open triangle mycophenolic acid, closed circle naloxone,
open circle quercetin, closed inverted triangle raloxifene, open inverted
triangle salbutamol and multiplication symbol troglitazone. Observed
CLint,UGT obtained from intravenous data (A) and oral clearance data
(B). C Comparison of the difference between observed oral and
predicted CLint,UGT and intestinal CLint,UGT (expressed per g organ)
for drugs showing clearance under-prediction. Open square repre-
sents diclofenac, open triangle mycophenolic acid, open circle
quercetin, closed inverted triangle raloxifene, and multiplication
symbol troglitazone.
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became more comparable to the intestinal value seen.
Differences in CLint,UGT and CLint,CYP did not appear to
correlate with UGT1A1 or P450 activity data known for the
three HLM pools and were not similar for the two drugs.
However, enzyme activity was not known for other enzymes
of interest, such as UGT2B7. The hepatic under-prediction of
in vivo clearance, consistently occurred for both drugs
regardless of the HLM pool used, and to a much larger
degree than for the other compounds.

The significantly lower extent of glucuronidation in the
liver in comparison to the intestine observed for these two
compounds was not surprising, as recombinant UGT data
have shown raloxifene and troglitazone to be substrates for
the intestinal specific UGT1A8 and UGT1A10. Kemp et al.
(25) have shown that raloxifene is conjugated to two UGT
metabolites, the 4′-β- and 6-β-glucuronide, which are pre-
dominantly formed via UGT1A10 and UGT1A8, respective-
ly. Raloxifene Km values for UGT1A8 and UGT1A10 are
below 10 μM, indicating a high affinity for these intestinal
UGTs. Troglitazone has shown comparable affinity for
UGT1A10 (Km 11 μM), but recombinant data also indicate
the contribution of UGT1A8, UGT1A1 and UGT2B7 (26).
The relative abundance of the different UGTs is unknown
and therefore, the explicit contribution of UGT1A8 and
UGT1A10 to the overall clearance in comparison to UGTs
present both in the liver and the intestine (UGT1A1 and
UGT2B7), is difficult to assess. In contrast to troglitazone and
raloxifene, gemfibrozil had a 12-fold higher hepatic than
intestinal CLint,UGT, when scaled per gram of organ. This is
consistent with a recent study reporting negligible affinity of
gemfibrozil for the intestinal specific UGTs and glucuronida-
tion mainly by UGT2B7 (43).

For the seven compounds where P450 metabolism was
observed, a higher CLint,CYP was seen in the liver than the
intestine. An additional analysis was made of the data for the
drugs buprenorphine, diclofenac, gemfibrozil, naloxone, ralox-
ifene and troglitazone, since the abundance data for P450
enzymes contributing to their clearance (CYP3A4 and
CYP2C9) were available (33). Correcting clearance for enzyme
abundance and expressing it per pmol of relevant P450 enzyme,
increased the apparent importance of intestinal metabolism
significantly for all compounds. This confirms the importance of
enzyme abundance data for in vitro–in vivo extrapolation (8,18)
and highlights the need for corresponding data on UGTs.

In addition to an analysis of the importance of the
intestine to the metabolism of the selected compounds, this
study investigated the prediction of in vivo clearance from the
in vitro hepatic data. On average, predicted CLint,UGT

represents 22% of in vivo CLint,UGT obtained from intrave-

nous clearance data for the drugs in this dataset. This under-
prediction trend is consistent with previous reports of
approximately ten-fold (1,10,11). Buprenorphine, diclofenac
and gemfibrozil were predicted well from the in vitro hepatic
data, and these drugs had no significant intestinal glucuroni-
dation clearance when compared to the liver (Fig. 4). This
suggests that alamethicin activated human liver microsomes
can be used to successfully predict glucuronidation clearance
for drugs with no significant contribution of intestinal
glucuronidation. For four drugs (diclofenac, gemfibrozil,
mycophenolic acid and salbutamol), prediction success was
similar regardless of whether an intravenous or oral in vivo
clearance was used. In contrast, the prediction of quercetin
oral CLint,UGT was significantly lower (0.2%) than that of the
intravenous clearance (82%). Oral predictions were also poor
(3%) for raloxifene and troglitazone, which is not surprising
considering that these predictions assume that the fraction of
drug escaping intestinal extraction is 1. This is of limited use
in the case of significant intestinal metabolism, as illustrated
particularly for raloxifene and troglitazone (Table III). The
difference between the observed oral and predicted CLint,UGT

for these drugs correlated well with the intestinal CLint,UGT

(expressed per g organ), highlighting the importance of
intestinal contribution (Fig. 4C). The potential contribution
of other conjugation enzymes (e.g., sulphotransferases) to the
hepatic and intestinal clearance of some of the drugs
investigated (e.g., salbutamol, troglitazone), as well as extra-
hepatic metabolism in other organs to the intestine, represent
additional confounding factors.

In conclusion, current study has shown that alamethicin
activated microsomes provide a valuable method of analysis
of the importance of intestinal glucuronidation in comparison
to that in the liver. The use of the corresponding P450 and
UGT cofactors allows assessment of the fraction glucuroni-
dated in vitro in both organs. There is much circumstantial
evidence suggesting that the intestinal glucuronidation will
affect the in vivo clearance of some drugs and, as such, the
prediction of clearance when based solely on hepatic data.
Incorporation of intestinal glucuronidation into clearance
prediction using appropriate combined liver and intestinal
physiologically-based pharmacokinetic model is required, in
particular for compounds with a significant contribution of
intestine specific UGTs (UGT1A8, 1A10) to their clearance.
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Table V. In Vitro CLint,UGT and CLint,CYP from Three Different Pools of HLM and Comparison with Intestinal Values

Compound HLM pool
In vitro hepatic

CLint,UGT (μl/min/mg)
Hepatic:intestinal
CLint,UGT ratioa

In vitro hepatic
CLint,CYP (μl/min/mg)

Hepatic:intestinal
CLint,CYP ratioa

Raloxifene A (n=30) 376 1:6 164 3:1
B (n=22) 394 1:6 198 4:1
C (n=33) 30 1:73 133 3:1

Troglitazone A (n=30) 21 1:9 255 4:1
B (n=22) 166 1:1 34 1:2
C (n=33) 148 1:1 108 2:1

a From intestinal and hepatic CLint,UGT values scaled per gram of organ using 20.6 mg protein/g intestine and 40 mg protein/g liver, respectively
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