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Abstract Glucuronidation is the most important phase II met-
abolic pathway which is responsible for the clearance of many
endogenous and exogenous compounds. To better understand
the elimination process for compounds undergoing
glucuronidation and identify compounds with desirable
in vivo pharmacokinetic properties, many efforts have been
made to predict in vivo glucuronidation using in vitro data. In
this article, we reviewed typical approaches used in previous
predictions. The problems and challenges in prediction of
glucuronidation were discussed. Besides that different incuba-
tion conditions can affect the prediction accuracy, other factors
including efflux/uptake transporters, enterohepatic recycling,
and deglucuronidation reactions also contribute to the dispo-
sition of glucuronides and make the prediction more difficult.
Physiologically based pharmacokinetic (PBPK) modeling,
which can describe a more complicated process in vivo, is a
promising prediction strategy which may greatly improve the
prediction of glucuronidation and potential drug-drug interac-
tions (DDIs) involving glucuronidation. Based on previous
studies, we proposed a transport-glucuronidation classifica-
tion system, which was built based on the kinetics of both

glucuronidation and transport of the glucuronide. This system
could be a very useful tool to achieve better in vivo
predictions.
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Introduction

In drug discovery and early development, predicting absorp-
tion, distribution, metabolism, and excretion (ADME) proper-
ties of new drug candidates is always very important before
moving forward into clinical trials. Accurate prediction can
eliminate compounds with undesirable properties in the early
stage of drug discovery. The prediction of human pharmaco-
kinetics from preclinical data can greatly facilitate the first-in-
human studies and be used as the guidance for designing
dosing regimens in mid- to late-stage drug development.
Adverse pharmacokinetic and bioavailability, which was the
most significant cause of attrition in the clinic in 1991
(accounted for ~40% of all attrition), contributed much less
by 2000 (less than 10%) due to a better application of in vitro
ADME prediction tools as well as modeling approaches (e.g.,
PK/PD modeling) [1].

Glucuronidation, which is catalyzed by uridine 5′-
diphospho (UDP)-glucuronosyltransferases (UGTs), is a ma-
jor metabolism and detoxification pathway of drugs in
humans and in mammals. It was reported in 2002 that
glucuronidation is an important clearance mechanism for ap-
proximately 1 in 10 of the top 200 prescribed drugs. As an
example, raloxifene, a drug widely used in treating osteopo-
rosis, has 2% bioavailability due mainly to extensive in vivo
glucuronidation [2].
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UGTs are a superfamily of membrane-bound proteins lo-
cated in the endoplasmic reticulum (ER) of the cells of various
tissues. In humans, UGTs are classified into four subfamilies,
UGT1, UGT2, UGT3, and UGT8 [3]. Although there have
been relat ively fewer studies predict ing in vivo
glucuronidation compared to predictions for phase I metabo-
lism via cytochrome P450 (or CYPs), some attempts have
been made to predict hepatic and intestinal glucuronidation
catalyzed by UGT using in vitro-in vivo extrapolation
(IVIVE) [4–7].

In this review article, we reviewed the challenges and po-
tential opportunities for the prediction of in vivo
glucuronidation from in vitro data. Specifically, we reviewed
the role of transporters in the disposition of glucuronide con-
jugates, which can explain why relying on microsomes alone
can often lead to inaccurate predictions. Modeling approaches
have been applied for the prediction of transporter-mediated
disposition of glucuronide metabolites in some recent studies,
which are also reviewed in this article. We believe that for the
future studies, more attention should be paid to the application
of physiologically based pharmacokinetic (PBPK) modeling,
which is able to incorporate impacts from both enzymes and
transporters, therefore improving the prediction of in vivo
phase II metabolism via glucuronidation.

Glucuronidation Reaction

Glucuronidation is the most important phase II metabo-
lism pathway. In human, glucuronidation constitutes 40–
75% or more of xenobiotics elimination including most
of the clinically used drugs [8]. Furthermore, the regu-
lation of several important endogenous compounds such
as bilirubin, bile acid, and hydroxysteroids also depends
on glucuronidation [8, 9]. The broad spectrum of both
endobiotics and xenobiotics provides a high potential of
glucuronidation-related DDIs. There is also clinical evi-
dence showing the potential DDIs for drugs undergoing
glucuronidation in humans. For example, it was shown
that cisapride decreased the Cmax of acetaminophen glu-
curonide and increased the systemic exposure of acet-
aminophen [10]. In addition, it was reported that the co-
administration of probenecid decreased the urinary ex-
cretion of acetaminophen glucuronide in humans [11].
So the understanding and prediction of glucuronidation
in vivo is crucial for human health. Since 2012, FDA
has put UGTs into their guidance for industry about
drug interaction study. Drugs with over 25% of
glucuronidation metabolism in total metabolism may be
required to determine drug-drug (DD) interaction poten-
tial due to UGT-based mechanisms.

Human UGTs exhibit a broad tissue distribution. Liver is
the major organ with many expressed UGTs. Total UGT

mRNA expression in the small intestine is one seventh of
the liver [8].Most of the UGTs 1 and 2 are expressed in human
liver, including UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B7, and
2B15, whereas UGT 1A5, 1A7, 1A8, 1A10, and 2A1 are
extrahepatic UGT forms. Besides hepatic distribution, many
UGTs 1A and UGTs 2B are also expressed in the kidney,
small intestine, colon, stomach, lung, epithelium, ovary, testis,
mammary glands, and prostate [2, 8, 12]. For example, UGT
1A10 and 1A8 are specifically expressed in the intestine. High
levels of UGT 2B15, 2B17, and 1A6 are also detected in the
stomach. UGT 2B7, 1A9, and 1A6 are found in the kidneys
[8, 13]. Among all the UGTs, UGT 1A and 2B subfamilies are
responsible for nearly all of the drug metabolisms [13].

The glucuronidation reaction is catalyzed by UGTs.
Uridine-5′-diphospho-α-D-glucuronic acid (UDPGA) is
the most important co-substrate in glucuronidation reac-
tion. During the reaction, UDPGA acts as a glucuronic
acid donor and the glucuronic acid is transferred to
another nucleophilic atom (S, O, N, C, etc.) in acceptor
molecules [8, 13]. O-linked moieties (hydroxyl, acyl,
and phenolic groups, etc.) are the most preferred func-
tional groups in the reaction. After the glucuronidation,
the glucuronide has highly increased hydrophilicity.
Figure 1a, b shows the glucuronidation reactions and
preferred chemical structures for glucuronidation.

Prediction of Glucuronidation Using Classical
Extrapolation: Problems and Solutions

Several approaches have been developed to predict
in vivo glucuronidation from in vitro metabolism data
using microsomes, hepatocytes, or recombinant en-
zymes. Liver microsomes and hepatocytes are common-
ly used in vitro tools for metabolic studies. The intrinsic
clearance (expressed as per milligram of microsomal
protein or per million cells) generated from in vitro me-
tabolism experiments can be converted using physiolog-
ical parameters (microsome yield, hepatocellularity per
gram of liver, and liver weight) to derive the scaled
whole liver intrinsic clearance (CLint). The whole liver
CLint is then substituted in the equation for a physio-
logical model of hepatic clearance, mostly via the wide-
ly used well-stirred model [14–16]:

Other models were also used for the prediction of
hepatic clearance, including the parallel-tube model
and the dispersion model (Eqs. 2 and 3) [17, 18], which
were reviewed elsewhere [5, 7]. In some studies, data
from microsome and hepatocyte studies can be extrapo-
lated reasonably well to in vivo pharmacokinetics by
using appropriate models. For example, in a recent
study, in vitro data generated using rat liver microsomes
were used to predict in vivo intrinsic clearance by rat
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hepatic UGTs for a series of drugs. It has been shown
that out of 10 drugs, a good in vitro-in vivo correlation
was observed for 7 drugs (19).

CLh ¼ Qh*f u*CLint

Qh þ f u*CLint
ð1Þ

CLh ¼ Qh* 1−e−
f u*CLint

Qh

� �
ð2Þ

CLh ¼ Qh* 1−
4a

1þ að Þ2*e a−1
2Dn− 1−að Þ2*e−aþ1

2Dn

" #
ð3Þ

where CLh is hepatic clearance, Qh is hepatic blood
flow, and fu represents the fraction of the drug unbound

in blood. Dn (axial dispersion number) could be taken
as 0.17.

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4RnDn

p
; Rn ¼ f u*CLint

Qh

However, in many studies, the hepatic microsomal
values for glucuronidation of tested compounds were usu-
ally reported to be lower than their in vivo intrinsic clear-
ance values. For instance, the in vitro glucuronidation pa-
rameters obtained from rat intestinal and hepatic micro-
somes were found to be 10- to 30-fold lower than the
in vivo parameters, although the rank order was the same
[20]. In another study, extrapolation of human liver micro-
somal data underestimated (6.5- to 23-fold) in vivo hepatic
clearance of zidovudine by glucuronidation, irrespective of

Substrate UDPGA β-glucuronide UDP(Uridine diphosphate)

Phenolic group Arylhydroxyl group

Arylenol group Hydroxyl group

Ternary amino 

Sulfydryl groupCarboxyl group

Quaternary amino 

Amino group

a

b

Fig. 1 Glucuronidation reaction (a) and preferred chemical structures for glucuronidation (b)
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different incubation conditions and mathematical models
[21]. Soars et al. evaluated the prediction accuracy of
using human microsomes and hepatocytes to derive
glucuronidation clearance for 11 drugs. It was observed
that the liver microsomal data resulted in about 10-fold
underprediction of in vivo glucuronidation, whereas data
from hepatocytes yielded a more accurate prediction [22].
In regards to using animal models to predict human UGT
metabolism, studies were performed for 12 drugs that
were directly metabolized by UGTs in mice, rats, mon-
keys, or dogs. It was shown that for more than 50% of
tested drugs, the glucuronidation clearance in humans were
predicted within 3-fold of actual values using allometric
scaling approaches [23]. A summary of previous studies
in prediction of glucuronidation using in vitro tools is
shown in Table 1 [19–22, 24–43].

Several attempts have been made to improve the predic-
tions. For example, recent studies showed that the predicted
and known in vivo clearances by glucuronidation of 14 drugs
were significantly correlated when the in vivo clearances were
scaled from the intrinsic clearance in liver microsomes using
the dispersion model, suggesting that applying a scaling factor
might be useful to make a more reasonable prediction [44].

However, further validation is required to apply this approach
for a wider range of drugs or compounds. Another proposed
explanation for the general trend of underprediction was that
the unsaturated fatty acid released from microsomal mem-
branes was demonstrated to act as an inhibitor of UGTs, and
the addition of bovine serum albumin (BSA) had been shown
to eliminate the inhibitory effects by sequestering the fatty
acids [45]. However, even in the presence of BSA, a large
discrepancy (~20-fold underprediction) between the predicted
and actual glucuronidation clearance was still observed [19].
These findings suggest that additional factors are involved in
the inaccurate predictions.

Because of the hydrophilicity of glucuronide conjugates,
they cannot cross the cell membrane by passive diffusion.
Therefore, the involvement of transporters was suggested as
an effective clearance pathway for glucuronide conjugates.
Furthermore, the transport of glucuronides is a critical process
for enterohepatic circulation, which is very common for com-
pounds that undergo phase II metabolism via glucuronidation
and sulfonation. There was much evidence suggesting that the
altered systemic exposure to glucuronide conjugates may not
be the result of changed enzyme activities, but the result of the
polar distribution of glucuronides by their efflux transporters

Table 1 Prediction of in vivo glucuronidation from in vitro data using different models

Model In vitro tools Compounds Remark References

Well stirred Human liver microsomes Dihydroartemisinin 8-fold underprediction [22]

Buprenorphine, mycophenolic acid, naloxone,
quercetin, gemfibrozil

5-fold underprediction [23]

Raloxifene, troglitazone 30-fold underprediction [23]

Zidovudine 6-fold underprediction [19]

Codeine, ethinylestradiol, furosemide, gemfibrozil,
imipramine, ketoprofen, morphine, naloxone,
naproxen, propofol, valproic acid

10-fold underprediction [20]

Human hepatocytes Codeine, ethinyl estradiol, furosemide, gemfibrozil,
imipramine, ketoprofen, morphine, naloxone,
naproxen, propofol, valproic acid

Good prediction [20]

Rat liver/intestine microsomes Morphine, naloxone, buprenorphine 10- to 30-fold underprediction [18]

Dispersion Human liver microsomes Zidovudine 6-fold underprediction [19]

Naloxone 63-fold underprediction [19, 40, 41]

Propofol 350-fold underprediction [19, 24, 25, 41]

Morphine 8-fold underprediction [19, 26, 27, 41]

Paracetamol 4-fold underprediction [19, 28–30]

Amitriptyline 3.5-fold underprediction [19, 31, 32]

Lamotrigine 3.5-fold underprediction [19, 33–35]

Clofibric acid Good prediction [19, 36–38]

Valproic acid 1-fold underprediction [19, 39, 41]

Rat liver microsomes Zidovudine 1.5-fold underprediction [17]
Telmisartan 75-fold underprediction

Ezetimibe, naloxone, raloxifene,
gemfibrozil, diclofenac, naproxen

Good prediction
(<1-fold difference)

Parallel tube Human liver microsomes Zidovudine 6-fold underprediction [19]
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[46–51]. We believe that the consideration of transport in ad-
dition to metabolism would greatly improve the prediction of
glucuronide exposures in vivo.

Transporters for Glucuronide Metabolites

Efflux Transporters for Glucuronide Metabolites

Breast cancer resistance protein (BCRP) and multidrug resis-
tance proteins (MRPs) belong to the ATP-binding cassette
(ABC) family. MRP1, MRP3, and MRP4 are expressed on
the basolateral membrane of enterocytes and the sinusoidal
membrane in hepatocytes, whereas BCRP and MRP2 are lo-
calized to the apical membrane of enterocytes, the canalicular
membrane of hepatocytes, and the apical membrane of the
proximal tubules of the kidney [52–55].

In published reports, many glucuronide conjugates were
demonstrated to be substrates of efflux transporters including
BCRP and MRP 1/2/3/4 [48, 56–59]. These efflux trans-
porters function as efflux pumps to extrude intracellular con-
jugates and facilitate their excretion into the lumen and bile or
uptake into the blood. In membrane vesicles prepared from
HEK293 cells transfected with BCRP, 17β-estradiol 17-(β-D-
glucuronide) (E217βG) was found to be a substrate of BCRP
with Km and Vmax values of 44.2 μM and 103 pmol/mg/min,
respectively [60]. 7-Ethyl-10-hydroxycamptothecin glucuro-
nide (SN-38-glucuronide) was shown as a substrate of BCRP
with Km and Vmax values of 26 mM and 833 pmol/mg/min,
respectively [61]. Besides glucuronide metabolites of drugs,
many flavonoid glucuronides were shown to be substrates of
BCRP [62–64]. In UGT1A9-overexpressing HeLa cells, the
efflux kinetics by BCRP of 13 flavonoid glucuronides were
studied [63].

In the vesicular transport studies, mycophenolic acid glu-
curonide (MPAG) and gemfibrozil glucuronide were demon-
strated to be substrate for MRP2, MRP3, and MRP4 [65–67].
And as shown in hepatocytes, the canalicular efflux of MPAG
was mainly mediated byMRP2 [68]. Furthermore, it had been
found that MRP2 is the major transporter involved in the
urinary excretion of MPAG [69]. More evidences in vesicular
transport and ATPase activity studies have shown that
E217βG, bisphenol A glucuronide, and ethinylestradiol glu-
curonide (EEG) are substrates of MRP3 [57, 70, 71]. A num-
ber of flavonoid glucuronides were also identified as MRP
substrates in different in vitro systems. For example, experi-
ments in membrane vesicles overexpressing transporters sug-
gested that 7-hydroxycoumarin glucuronide was a substrate of
both MRP3 and MRP4 [72]. In Caco-2 cells, selective MRP
inhibitors LTC4 and MK-571 were used to identify efflux
transporters for emodin glucuronide, and the results suggested
that MRP2 and possibly MRP3/4 transporters are involved in
transporting emodin glucuronide [73]. Baicalin, which is the

glucuronide metabolite of baicalein, was suggested to be
transported to the apical side by MRP2 in Caco-2 cells [74].

Some glucuronides are substrates of both BCRP and MRP
transporters. In studies using inside-out membrane vesicles,
BCRP and MRP1–3 were all capable of transporting baicalin
[75]. BCRP, MRP2, and MRP3 were also found to mediate
the efflux of diclofenac glucuronide in a membrane vesicle
experiment [76]. In transfected HeLa cells, it was suggested
that BCRP, MRP1, MRP3, and MRP4 are all involved in the
excretion of chrysin glucuronide [77].

Uptake Transporters for Glucuronide Metabolites

Solute carrier (SLC) transporters are known to be responsible
for mediating the uptake of a broad range of substrates into
cells [78]. Organic anion-transporting polypeptides (OATPs),
organic cation transporters (OCTs), and organic anion trans-
porters (OATs) belong to the SLC superfamily.

Among these transporters, OATP1B1/3, Oatp1b2 (ro-
dent protein), OATP1A2, and OATP2B1 as well as
OAT1–4 are known to transport glucuronide conjugates.
In enterocytes, OATP1A2 is expressed on the brush bor-
der membrane, while it is mainly found in the epithelial
cells of the bile duct in liver and involved in the reab-
sorption process. OATP1B1 and OATP1B3 were found
to be expressed selectively in the basolateral membrane
of hepatocytes. OATP2B1 is also widely distributed
throughout the body with the highest expression levels
in the basolateral membrane of hepatocytes. OAT1–4 are
mainly distributed in the kidney and localized to the
basolateral membrane of proximal tubules [78–80].
Figure 2 summarizes efflux/uptake transporters for glu-
curonide conjugates in hepatocytes and enterocytes.

Many glucuronides were identified as substrates of SLC
transporters. In transfected human embryonic kidney (HEK)
cells, the uptake of E217βG and MPAG was demonstrated to
be mediated by OATP1B1 and OATP1B3 [81, 82]. Uptake
studies in cDNA-injected oocytes suggested that E217βG is a
substrate for OATP1A2 as well [83]. In OATP-transfected
HEK cells, gemfibrozil glucuronide was confirmed to be
transported by OATP1B1, 1B3, and 2B1 [67]. A recent study
showed that daidzein-7-glucuronide was also transported by
OATP2B1 [84]. In OAT1/3- or OCT2-transfected HEK cells,
OAT3 was identified as the only transporter mediating the
uptake of morinidazole glucuronide [85]. The glucuronide
metabolite of sorafenib was also identified as a substrate of
OATP1B1, Oatp1b2, and OATP1B3 in transfected HEK cells
[86]. Similarly, ezetimibe glucuronide was proven to be a
substrate for OATP1B1 and OATP2B1 [87], and diclofenac
acyl glucuronide was identified as a substrate for a series of
uptake transporters including OAT1–4, OATP1B1, and
OATP2B1 [76].

330 Curr Pharmacol Rep (2016) 2:326–338



The Impact of Transporters on Pharmacokinetics
of the Glucuronide Conjugates In Vivo

Transporter-Mediated Excretion of Glucuronides

In the small intestine, efflux transporters play an important
role in extruding glucuronide conjugates into the lumen. In
enterocytes, MRP2 and BCRP are responsible for the efflux
of 4-methylumbelliferone glucuronide (4MU-G) into the lu-
men, which was demonstrated by in situ intestinal perfusion
experiments in rats and mice [88]. In Bcrp1 knockout mice,
the excretion rates of genistein glucuronide in the small intes-
tine decreased significantly, suggesting that BCRP is the ma-
jor efflux transporter mediating the excretion of genistein glu-
curonide in the mouse intestine [89].

In the livers from Mrp3 knockout mice, the basolateral
excretion of acetaminophen glucuronide (APAP-G), 4MU-
G, and harmol glucuronide was reduced by 96, 85, and
40%, respectively [48]. In a rodent model of fatty liver dis-
ease, a reduction in the biliary excretion of APAP-G and an
increase in its plasma and urine concentrations were observed.
And the altered distribution of APAP-G was attributed to the
increased protein level of Mrp3 in the liver [90]. For
diclofenac acyl glucuronide, MRP2, BCRP, and MRP3 were
suggested to be involved in the biliary excretion or efflux to
blood from hepatocytes. In Mrp2- or Bcrp1-deficient mice,
the biliary excretion of diclofenac acyl glucuronide decreased,
while its levels in plasma and liver increased [49]. In rat, the
biliary excretion of baicalin decreased remarkably in the pres-
ence ofMK571, which is a potentMRP inhibitor [75]. Studies

in rats showed that the biliary excretion of the glucuronide
metabolites of flavopiridol is mainly mediated by MRP2
[91]. The role of MRP2 in disposition of EEG was demon-
strated inMrp2-deficient rats and mice. The blood exposure of
EEG increased >100- and 46-fold in Mrp2 knockout rats and
mice, respectively, while the excretion of EEG in the intestine
and bile decreased substantially [46].

Enteric and enterohepatic circulation can be influenced not
only by the formation of metabolites but also by the mem-
brane transporters. As it was observed for many flavonoids,
genistein undergoes highly efficient enterohepatic circulation.
The cumulative recovery of radiolabeled genistein over a 4-h
period in bile was about 70% of the dose [92]. And as it was
mentioned previously, transporters such as BCRP located at
the apical membrane of enterocytes as well as the canalicular
side of hepatocytes facilitate the process of enteric and
enterohepatic circulation. Our previous studies suggested that
the in vitro glucuronidation rates derived from microsomes
fail to predict the amount of glucuronide conjugates excreted
into the intestine or bile. Therefore, it was concluded that a
better understanding of the transporters involved in the efflux
of glucuronides in the intestine and liver is required to predict
the disposition of flavonoids via enteric recycling more accu-
rately [93, 94]. One of our recent studies showed direct evi-
dence that the hepatic uptake and biliary excretion serve as
very efficient clearance mechanisms for flavonoid glucuro-
nides. And this transporter-mediated (both uptake and efflux)
process enables efficient enterohepatic recycling and prolongs
flavonoid’s half-life in vivo [95]. In clinical studies, it was
shown that in patients with impaired OATP1B1 activity, there
was less hepatic uptake of MAPG and reduced enterohepatic
recycling of MPA and, therefore, less MPA-related toxicity
[96].

Transporters also mediate the excretion of glucuronide in
the kidney. For example, in kidney perfusion studies in Mrp2-
deficient rats, a 50% reduction in MAPG excretion indicated
that MRP2 is the major transporter involved in renal MAPG
excretion [69].

Interplay of Efflux Transporters, Uptake Transporters,
and UGT Enzymes

There is a strong interplay between glucuronidation enzymes
and transporters involved in moving the glucuronides across
the cell membrane. In our previous studies of the interplay
between enzyme and efflux transporters, we noticed a discrep-
ancy between the intestinal excretion of glucuronide conju-
gates and the activities of UGT enzymes for several com-
pounds. Based on this observation, we proposed the
Brevolving door^ theory. In this theory, we believe that phase
II metabolites depend on efflux transporters to exit the cells,
and inefficient revolving door could result in poor excretion of
the phase II metabolites [97]. Furthermore, an engineered

Fig. 2 Transporters involved in the transport of glucuronide in
hepatocytes (a) and enterocytes (b)

Curr Pharmacol Rep (2016) 2:326–338 331



HeLa cell stably overexpressing UGT1A9 was developed as a
simple cell model to study the kinetic interplay between
UGT1A9 and BCRP in the disposition of glucuronide conju-
gates [98]. It was found that glucuronides with lower efflux
rates via BCRP than UGT1A9-mediated metabolism rates
tend to accumulate inside the cells [63]. In the same cell mod-
el, recent studies revealed that the knockdown of BCRP or
MRP transporters not only led to a substantial reduction in
excretion of glucuronides but also decreased cellular
glucuronidation of genistein and apigenin. This suggests that
the glucuronidation activities can be influenced by the expres-
sion levels of efflux transporters [99]. Fahrmayr et al. devel-
oped a triple-transfected MDCK-OATP1B1-UGT1A1-MRP2
cell line and delineated the interplay between transporter-
mediated uptake, glucuronidation, and efflux involved in
phase II disposition of ezetimibe [100].

There is also an interplay among different transporters,
which makes the prediction of glucuronide metabolites more
complicated. BHepatocyte hopping,^ a novel concept pro-
posed by Schinkel’s group, describes a phenomenon that he-
patic uptake transporters (OATP1A/1B) work in concert with
the basolaterally located efflux transporter (MRP3) to mediate
the liver-to-blood shuttling loop. Their studies suggested that
hepatocyte hopping serves as a detoxification mechanism for
drugs (e.g., sorafenib) that undergo hepatic glucuronidation
[50, 101].

Transporter-Mediated Drug-Drug Interactions
for Glucuronides

Previously, studies have shown that glucuronidation can be
inhibited or induced by some drugs, which may cause UGT-
mediated drug interactions. In recent studies, there is more
evidence demonstrating that some drugs are also transporter
modulators and the interactions are the results of the impacts
on both enzymes and transporters. Probenecid, for instance, is
commonly involved in drug interactions. It is not only an
inhibitor of glucuronidation but it also has impacts on trans-
port of glucuronides [102].

In rat, when probenecid was co-administered with CPT-11,
the biliary excretion of SN-38 glucuronide decreased by about
50%, whereas a slight increase in plasma concentration of SN-
38 glucuronide was observed [103]. Bilirubin glucuronides
are known as endogenous substrates for MRP2 and MRP3.
In sandwich-cultured rat hepatocytes, rifampicin and proben-
ecid were demonstrated to reduce the excretion of bilirubin
glucuronides to the canalicular side and stimulate the sinusoi-
dal efflux through modulating the activity of MRP2 and
MRP3 at the same time. On the other hand, indomethacin
and benzbromarone inhibited both canalicular and sinusoidal
efflux of bilirubin glucuronide, resulting in decreased excre-
tion of bilirubin glucuronide in rat hepatocytes [104]. In
humans, studies have shown that there is an interaction

between MPA and rifampin, which results in a significant
decrease in AUC ofMPA and an increase in MPAG exposure.
The interaction was explained by the induction of MPA
glucuronidation and inhibition of MRP2-mediated transport
by rifampin [105]. The co-administration of MPA and cyclo-
sporine A (CsA) resulted in decreased exposure of MPA in
humans and inhibition of canalicular and sinusoidal efflux,
and the basolateral uptake of MPAG was demonstrated to be
the mechanism of interaction [106]. E217βG, which is a sub-
strate of both MRP2 and MRP3, is often used in drug interac-
tion studies. Because of the fact that MRP2 has two binding
sites for E217βG, heterotropic cooperativity has been ob-
served for some modulators at certain concentrations, which
potentiates the transport of E217βG byMRP2. It was reported
that in the presence of MRP2 modulators (indomethacin, pro-
benecid, and benzbromarone), the biliary efflux of E217βG
increased significantly in rats [107].

Mechanistic Modeling of Glucuronide Disposition

In Vitro Models

As stated above, a glucuronide is usually a substrate for sev-
eral transporters, which makes the disposition of glucuronide
a more complicated process. A few simple cell models with
expression of a specific transporter were developed and ap-
plied as the first step to study the role played by a single efflux
transporter in the disposition of glucuronides. The engineered
HeLa cell overexpressing UGT1A9 was developed and dem-
onstrated to be an appropriate model to evaluate the kinetics of
glucuronide efflux by BCRP [56, 98]. In this cell model, the
kinetic parameters of BCRP-mediated glucuronide efflux
were determined by the measurement of intracellular glucuro-
nide concentrations and the corresponding excretion rates of
glucuronides [56]. It was suggested that both a compound’s
susceptibility to glucuronidation by the UGT enzyme and the
resulting glucuronide’s affinity to an efflux transporter deter-
mined a compound’s susceptibility to glucuronidation in cells
[63]. Rat SCH lacking Bcrp (using adenoviral vectors express-
ing shRNA targeting Bcrp) and/or Mrp2 (from Mrp2 knock-
out rat) was also used previously to study the interplay be-
tween the formation of a glucuronide and its excretion by
specific transporter(s) [108].

A few cellular pharmacokinetic models have been devel-
oped and applied for more complicated situations. For exam-
ple, a cellular model delineating the in vitro hepatic disposi-
tion of MPAG had been built based on experiments in
sandwich-cultured human hepatocytes (SCHHs). This model
provided useful information for determining the role of
basolateral uptake, basolateral efflux, intracellular
glucuronidation, and the biliary excretion process in the dis-
tribution of MPAG [66]. Furthermore, this cellular
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pharmacokinetic model was applied to explore and predict
transporter-mediated DDIs between MPA and CsA [106].
Similarly, a mechanistic model involving basolateral efflux,
canalicular efflux, and glucuronidation was developed to de-
termine the disposition kinetics of gemfibrozil and gemfibro-
zil glucuronide in SCHH [67].

PBPK Modeling Approach: New Opportunities
for the Prediction of In Vivo Glucuronidation

PBPK modeling approaches have increasingly been used
to predict pharmacokinetics and DDIs in vivo. PBPK
modeling can be an extremely useful tool to investigate
and predict the disposition of aglycones and its glucuro-
nide metabolites. Instead of simple scaling from in vitro
data, transporters, deglucuronidation, and enterohepatic
circulation can be incorporated in PBPK models. Pang
et al. suggested that PBPK models in the liver, intestine,
and kidney incorporating membrane barriers and trans-
porters could be useful to explain the fate of metabolites
in vivo [109]. Recently, the biliary and urinary excretion
of morphine glucuronide in rats was well described in an
intestinal segregated flow model (SFM) nested within a
PBPK model, which consists of transport and metabolic
pathways of morphine and morphine glucuronide [110].

In PBPK models, components other than transporters
and metabolism can also be included to delineate a more
complex process. For sorafenib, a more complicated
PBPK model, which included phase I and II metabolism,
influx and efflux transporters (Oatp and Mrp 2/3), and
intestinal β-glucuronidase, was developed to evaluate the
disposition pathways of sorafenib, sorafenib glucuronide,
and sorafenib N-oxide in mice [111]. It was reported that
when deconjugation of telmisartan glucuronide metabo-
lite and enterohepatic recirculation of telmisartan were
incorporated in the PBPK model structure, the pharma-
cokinetic profile of telmisartan in humans could be pre-
dicted more accurately [112]. There was a mechanistic
study performed using PBPK models to evaluate the im-
pact of intestinal glucuronide hydrolysis on the pharma-
cokinetic of a parent compound [113].

In most situations, inhibitors for a specific enzyme, trans-
porter, or hydrolysis are lacking. Therefore, an important ad-
vantage of PBPK modeling is that it is an extremely useful
tool to separately investigate the impact of alteration in a spe-
cific process, especially in cases of complex disposition, as
that of glucuronide conjugates. These studies could be of great
value to predict the in vivo fate of glucuronides and potential
DDIs. The major limitation of using PBPK models involving
glucuronidation is that it requires the evaluation of different
contributions in the disposition of glucuronides, which usually
are limited in early stages of drug development.

Transport-Glucuronidation Classification System

The impact of transporters on disposition of glucuronides varies
among compounds with different properties. Transporter knock-
out animal models are used frequently to study the impact of
transporter deficiency on the systemic exposure of glucuronide
and understand the transporter-mediated glucuronide disposition.
Using MRP2 as an example, after oral administration of the
parent compound, the increase in AUC value of EEG in Mrp2
knockout mice compared withWTmice was reported as high as
46-fold [46], whereas the AUC value of morphine glucuronide
increased slightly (~1.5-fold) in the absence of Mrp2 [114]. As
for BCRP, it was observed that the systemic exposure of genis-
tein glucuronide increased by ~14-fold in Bcrp1(−/−) mice,
whereas the AUC values of the glucuronide metabolites of
chrysin, resveratrol, and ethinylestradiol were similar in Bcrp1
(−/−) and WT mice [46, 51, 115].

Both the formation of glucuronides by UGT enzymes and
the excretion of glucuronides by transporters determine the
disposition rates of glucuronides. The clearance rate by UGT
enzymes can be obtained from in vitro experiments in micro-
somes or S9 fractions. As mentioned previously (BIn Vitro
Models^ section), cell lines transfected with transporters and
primary hepatocytes can be used to determine the kinetics of
efflux or uptake of glucuronide conjugates. Theoretically, if
the kinetics of both glucuronidation and transport of a glucu-
ronide can be assessed by in vitro tools, it would be possible to
predict the impact of a single transporter on glucuronide dis-
position in vivo and the transporter-mediated DDIs.

Based on previous studies from our lab as well as other
groups, we proposed a transport-glucuronidation classifica-
tion system. This system is based on in vitro data from
glucuronidation and transport studies. Initially, the systemwill
be built from a simple cellular model involving only one dom-
inant transporter. As shown in Fig. 3, the horizontal axis

Fig. 3 Transport-glucuronidation classification system and the
representative compounds taking BCRP as an example. Compounds are
classified based on the clearance by a transporter (y-axis) and the
clearance by glucuronidation (x-axis)
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corresponds to intrinsic glucuronidation clearance (CLint,UGT)
determined in microsomes or S9 fractions while the y-axis
represents the clearance of glucuronide by a transporter deter-
mined in the in vitro model. In this system, compounds are
divided into four classes according to their rate of being me-
tabolized by UGT and transported by a single transporter: fast
glucuronidation/fast (efflux) transport, fast glucuronidation/
slow (efflux) transport, slow glucuronidation/fast (efflux)
transport, and slow glucuronidation/slow (efflux) transport.
Preliminary studies in mouse S9 fractions and UGT1A9-
overexpressing HeLa Cells (mainly used BCRP as its efflux
transporter) were performed for 10 compounds which were
metabolized directly by UGTs. According to our data, the
glucuronidation clearance varied considerably among com-
pounds (from 0.009 to 124 ml/h/mg protein), while the efflux
clearance of glucuronide by BCRP varied within a smaller
range (from 0.8 to 25.7 μl/min/mg protein) (unpublished da-
ta). Based on our preliminary studies, genistein can be classi-
fied as fast glucuronidation (CLint,UGT = 3.4 ml/h/mg protein)/
fast efflux transport (CLint,BCRP = 15 μl/min/mg protein),
whereas sorafenib can be classified as slow glucuronidation
(CLint,UGT = 0.009 ml/h/mg protein)/slow efflux transport
(CLint,BCRP = 0.8 μl/min/mg protein). Previous studies have
shown that the blood levels of genistein and genistein glucu-
ronide increased significantly in Bcrp1(−/−) mice [47]. We
hypothesize that if a compound is glucuronidated fast and
the resulting glucuronide is transported rapidly by a dominant
transporter, the systemic exposure of this glucuronide will be
very sensitive to the alteration of transporter activities. In this
case, predictions based on traditional scaling from in vitro data
would not be accurate, and better prediction could be achieved
in a PBPK model incorporating the transport process. The
novel transport-glucuronidation classification system and
PBPK modeling will be useful to predict the impact of
BCRP on glucuronide disposition for different compounds
and the potential transporter-mediated DDIs for drugs under-
going glucuronidation. Further, the simple cellular models for
different transporters can be combined and amultidimensional
classification system involving more than one transporter can
be constructed to describe the disposition of glucuronide in
more complex systems. If achieved, we believe the proposed
classification system will be very valuable for PBPK model
development and predictions of glucuronidation in vivo.

Conclusion

The prediction of in vivo glucuronidation is very important for
the early-stage characterization of clearance properties of
drugs in humans. In this article, we discussed the problems
and challenges in glucuronidation prediction based on in vitro
studies. Previous efforts have been focusing on optimizing the
experimental conditions of in vitro glucuronidation studies,

whereas the importance of efflux/uptake transporter-
mediated disposition of glucuronide was highlighted in this
article.

Considering the fact that the systemic exposure of glucu-
ronide metabolites is determined by many other factors in
addition to enzyme activities, we believe that PBPKmodeling
incorporating transporters, enterohepatic recycling, and the
hydrolysis of glucuronide conjugates provides new opportu-
nities for improving the prediction of glucuronidation. A
transport-glucuronidation classification system based on the
kinetics of both glucuronidation and transport of a glucuro-
nide was proposed as a new strategy to predict the impact of a
transporter on glucuronide disposition in vivo and the
transporter-mediated DDIs.
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