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Abstract
A Biopharmaceutics Drug Disposition Classification System (BDDCS) was proposed to serve as a
basis for predicting the importance of transporters in determining drug bioavailability and
disposition. BDDCS may be useful in predicting: routes of drug elimination; efflux and absorptive
transporters effects on oral absorption; when transporter-enzyme interplay will yield clinically
significant effects (e.g. low drug bioavailability and drug-drug interactions); and transporter
effects on post-absorptive systemic drug levels following oral and i.v. dosing. For highly soluble,
highly permeable Class 1 compounds, metabolism is the major route of elimination and
transporter effects on drug bioavailability and hepatic disposition are negligible. In contrast for the
poorly permeable Class 3 and 4 compounds, metabolism only plays a minor role in drug
elimination. Uptake transporters are major determinants of drug bioavailability for these poorly
permeable drugs and both uptake and efflux transporters could be important for drug elimination.
Highly permeable, poorly soluble, extensively metabolized Class 2 compounds present the most
complicated relationship in defining the impact of transporters due to a marked transporter-
enzyme interplay. Uptake transporters are unimportant for Class 2 drug bioavailability, (ensure
space after,) but can play a major role in hepatic and renal elimination. Efflux transporters have
major effects on drug bioavailability, absorption, metabolism and elimination of Class 2 drugs. It
is difficult to accurately characterize drugs in terms of the high permeability criteria, i.e. ≥90%
absorbed. We suggest that extensive metabolism may substitute for the high permeability
characteristic, and that BDDCS using elimination criteria may provide predictability in
characterizing drug disposition profiles for all classes of compounds.

In the early 1990s, our group carried out interaction studies in humans with cyclosporine,
tacrolimus and sirolimus with and without ketoconazole, an inhibitor of cytochrome P450
3A (CYP3A) and P-glycoprotein (P-gp), as well as with and without rifampin, an inducer of
CYP3A and P-gp [1–6]. These studies suggested that the major effect of the interaction was
on bioavailability, as opposed to clearance, and that this interaction occurred primarily in the
gut [3]. At that time we asked ourselves three questions: (1) Why does the CYP3A-P-gp
exposure interaction appear to be more important in the intestine versus the liver? (2) Why
do some CYP3A-efflux transporter substrates exhibit this interplay and others do not? and
(3) What about drugs that are not metabolized; how important is transporter-transporter
interplay? We believed that if we could answer these questions that this would serve as the
basis for predicting drug exposure for a new molecular entity.

Cellular and animal studies from our laboratory over the next decade examining transporter-
enzyme interplay led us to make 22 predictions concerning the drug absorption and
disposition in our 2005 paper [7]. A number of these predictions, based on the development
of a Biopharmaceutics Drug Disposition Classification System (BDDCS), are discussed in
this MiniReview. BDDCS is a modification of the FDA’s Biopharmaceutics Classification
System (BCS), which was based on the work of Amidon and colleagues [8]. The core idea
of the BCS is that an in vitro transport model, centrally embracing permeability and
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solubility, with qualifications related to pH and dissolution, may qualify drug products for a
waiver of in vivo bioequivalence studies. The objective of the BCS is to predict in vivo
performance of drug products from in vitro measurements of permeability and solubility.
However, we believe that the framework of the BCS can serve the interest of the earliest
stages of drug discovery research in predicting the absorption/disposition of new molecular
entities.

The BCS categorizes drugs into four classes according to their solubility and permeability as
depicted in fig. 1. In 2000, the FDA used the BCS system as a science-based approach to
allow waiver of in vivo bioavailability and bioequivalence testing of immediate-release solid
dosage forms for Class 1 high solubility, high permeability drugs when such drug products
also exhibited rapid dissolution [9]. A drug substance is considered ‘highly soluble’ when
the highest dose strength is soluble in 250 ml or less of aqueous media over a pH range of 1–
7.5 at 37°C. A drug substance is considered to be ‘highly permeable’ when the extent of
absorption (parent drug + metabolites) in humans is determined to be ≥90% of an
administered dose, based on a mass balance determination or in comparison to an
intravenous reference dose. Note that the BCS definition of permeability, is scientifically
confounding in that a rate parameter, permeability is characterized based on an extent
measure, that is, how much is absorbed. Thus, in the BCS, a kinetic parameter is defined in
terms of a thermodynamic measure.

Initially, based on a limited number (34) of compounds for which human in vivo intestinal
permeability measures were experimentally determined, the correlation between
permeability rate and extent of absorption held reasonably well. But that is no longer true.
The FDA has classified as ‘highly permeable’ a number of drugs where absorption is ≥90%
in humans but the permeability of these compounds is less than that for metoprolol (the drug
designated in the BCS as the cut off permeability for highly permeable compounds). A
number of these drugs showing high extent of absorption but poor permeability have been
recently tabulated [10] and include cefadroxil, cephradine, levofloxacin, loracarbef,
ofloxacin, pregabalin and sotalol.

I have no argument with the FDA setting the criteria for a waiver of in vivo bioequivalence
being ≥90% absorbed in humans and can fully support waivers based on high solubility and
high extent of absorption. But I am concerned when a science-based regulatory Agency,
such as the FDA, redefines a well-recognized scientific parameter such as permeability in
terms of a regulatory definition that is not consistent with the scientific criteria. The basis of
my concern is that such a regulatory redefinition hampers scientific progress and the
development of predictive approaches, as we have recently outlined [11]. We are already
seeing the negative effects of this redefinition as investigators attempt to use in vitro
measures of permeability to try to correctly predict BCS Class 1 drugs. The consequences of
this redefinition should be of particular relevance to programmes whose objective is to
develop predictive pharmacokinetic/pharmacodynamic drug metabolism and toxicity for
new molecular entities, such as the COST B25 initiative.

Wu and Benet [7] reviewed 130 compounds that had been classified in the literature into the
four BCS categories. They recognized that the major route of elimination for the high
permeability Class 1 and Class 2 drugs in humans was metabolism, while the major route of
elimination for the poorly permeable Class 3 and Class 4 drugs in humans was renal and
biliary excretion of unchanged drug. Since, at least for drugs on the market, the extent of
metabolism is better characterized than the extent of absorption, Wu and Benet proposed
that in the BDDCS, drugs be categorized in terms of the extent of metabolism and solubility
versus permeability and solubility [7]. This immediately eliminated the situation where
drugs were classified in more than one class because of the uncertainty of permeability
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measures from study to study, since at least for drugs on the market the extent of metabolism
is much better characterized than the extent of absorption. The implications from the
BDDCS for a new molecular entity is that if a surrogate measure of intestinal absorption is
available, such as permeability through a Caco-2 cellular system, it would be possible to
predict the major route of elimination for this new molecular entity in humans. Thus, Benet
and Wu proposed the BDDCS as shown in fig. 2 with ≥70% metabolism being the cut off
for extensive metabolism [7]. They also noted that there were relatively few drugs where the
extent of metabolism was between 30% and 70% and that most drugs are either very highly
metabolized or very poorly metabolized.

Benet and coworkers [12] recognized that for 29 drugs for which measured human intestinal
permeabilities were available, the extent of metabolism correctly predicted high versus low
permeability for 27 of 29 or 93% of the laboriously and expensively measured human
intestinal permeabilities in terms of BCS. Thus, Benet and colleagues recommended ‘that
regulatory agencies add the extent of drug metabolism (i.e. ≥90% metabolized) as an
alternate method for the extent of drug absorption (i.e. ≥90% absorbed) in defining Class 1
drugs suitable for a waiver of in vivo studies of bioequivalence’. The authors proposed that
the following criteria be used to define ≥90% metabolized for marketed drugs: ‘Following a
single oral dose to humans, administered at the highest dose strength, mass balance of the
Phase I oxidative and Phase II conjugative drug metabolites in the urine and faeces
measured either as unlabeled, radioactive labelled or non-radioactive labelled substances,
account for ≥90% of the drug dosed. This is the strictest definition for a waiver based on
metabolism. For an orally administered drug to be ≥90% metabolized by Phase I oxidative
and Phase II conjugative processes, it is obvious that the drug must be absorbed’.

It should be noted that for such a simple categorization as BCS, permeability does a
remarkable job in predicting both the extent of absorption and the extent of metabolism.
However, for oral drugs that reach the market the metabolism prediction is somewhat better,
probably because oral drugs do not reach the market unless they do have acceptable
absorption, while there are no restraints on extent of metabolism [11]. BDDCS may not be
sufficient for the regulatory agencies, but the July 2008 EMEA Draft Revised ‘Guideline on
the Investigation of Bioequivalence’ includes metabolism as a criterion for permeability
[13]. However, BDDCS was not developed to allow Class 1 biowaivers; the intent of
BDDCS was to give scientists and clinicians a roadmap for predicting drug disposition and
drug-drug interaction characteristics very early, with little additional expense.

Fig. 3 summarizes the predictions from BDDCS related to the effects of transporters in the
gut and liver following oral dosing of drugs [7]. For Class 1, highly soluble-highly
permeable-extensively metabolized, drugs transporter effects will be minimal in the intestine
and the liver. Even compounds like verapamil that can be shown in certain cellular systems
(e.g. MDR1-MDCK) to be a substrate of P-gp will exhibit no clinically significant P-gp
substrate effects in the gut and the liver. Thus, a major proposition (and possibly the primary
advance in knowledge) of BDDCS is that Class 1 drugs are not substrates for transporters in
the intestine and the liver. However, BDDCS predictions only apply to the intestine and the
liver since Class 1 drugs will be substrates for transporters at the blood brain barrier and in
the kidney.

From fig. 3, it is seen that for Class 2 drugs, efflux transporter effects will predominate in
the intestine. The high permeability of these compounds will allow ready access into the gut
membranes, but the low solubility will limit the concentrations coming into the enterocytes,
thereby preventing saturation of the efflux transporters. Transporter-enzyme interplay will
be primarily important for Class 2 compounds that are substrates for CYP3A and Phase II
gut enzymes (e.g. glucuronosyltransferases), where efflux transporter effects can control the
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access of the drug to the gut enzymes. The cartoon in fig. 4 depicts our conception of the
interaction between CYP3A and P-gp in the intestine. Three drug molecules are depicted.
These molecules all represent the same drug and are only differentiated by their outcome.
Drug is absorbed by passive processes into the enterocyte where it may be metabolized by
the enzyme. However, the drug is also subject to active efflux back into the intestine,
thereby allowing further access to the enzyme on subsequent passive absorption. The open
circle molecule enters the enterocyte, is not metabolized by CYP3A or effluxed back into
the lumen by P-gp. This molecule then proceeds into the hepatic portal vein and to the liver.
The solid circle molecule is absorbed into the enterocyte and is metabolized to the open
square product upon its first encounter with the enzyme. The metabolite either passes into
the hepatic portal blood or back into the gut lumen. However, the grey diamond molecule is
absorbed; it is not metabolized by the enzyme; it is effluxed back into the gut lumen by P-gp
and this cycling occurs on two further occasions, where upon the fourth entry into the
enterocyte the diamond molecule is metabolized to the open square metabolite. The cartoon
in fig. 4 depicts the transporter as controlling the access of the drug to the enzyme, giving
the enzyme multiple opportunities to prevent the intact drug molecule from entering the
blood stream. Thus, we hypothesize that the enzyme and the transporter are working in a
coordinated manner as a protective process to keep foreign substances out of the body. Note
that if no P-gp were present, or if the P-gp were inhibited, the enzyme would only have one
opportunity to metabolize the drug as it diffuses through the enterocyte (as for the open
circle molecule). However, when the P-gp is present, or to an even greater extent when it is
induced, the enzyme has multiple opportunities to metabolize the drug. We recognized,
based on fig. 4, that intestinal metabolism of a drug could be changed as a function of P-gp
activity without either inhibiting or inducing intestinal enzymes. That is, if efflux by P-
glycoprotein is inhibited, the drug molecule passes through the intestine in a single pass and
intestinal metabolism will decrease since there is less access of drug to the enzymes.

The left hand side of fig. 5 depicts the process detailed above with respect to an apical
intestinal dose of drug as was represented in fig. 4. The right hand side of fig. 5 depicts the
interplay between CYP3A and P-gp if the drug was dosed on the basolateral side of fig. 4.
Under these conditions, the drug molecule encounters the enzyme prior to coming in contact
with the efflux transporters. Thus, substrates diffusing into cells will be pumped out by P-gp
but not diffuse back in because it is against the concentration gradient. Under such a
condition, less metabolites would be formed and more parent would traverse the membrane.
On the right hand side of fig. 5, it is obvious that inhibiting P-gp will maintain the drug
within the cell leading to enhanced metabolism, while up-regulating P-gp will cause drug to
sweep through the cell leading to less metabolism. We recognized that the left hand side of
fig. 5 represented the interplay of CYP3A and P-gp that would occur in the intestine, where
the efflux transporter is encountered prior to the enzyme, while the right hand side of fig. 5
depicts the CYP3A and P-gp interplay in the liver where drug molecules enter the liver on
the basolateral side, then encounter the enzyme prior to being effluxed by P-gp into the bile.

In the late 1990s, a series of studies mostly in cellular systems and in animals confirmed the
hypothesized CYP3A and P-gp interplay depicted in fig. 4, demonstrating that inhibition or
induction of intestinal CYP3A and/or P-gp had marked effects on the bioavailability of a
number of drugs as summarized by Zhang and Benet [14]. The interplay in the liver as
depicted on the right side of fig. 5 was confirmed in studies of tacrolimus using the isolated
perfused rat liver [15] and in vivo rat studies with digoxin [16].

Recognizing the differential effects between the CYP3A and P-gp interplay in the intestine
versus the liver allowed us to predict changes in exposure resulting from drug interactions of
each of these proteins or the concomitant effect of both as shown in table 1 [17]. In the late
1990s, a number of drugs were removed from the market when drug interactions following
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oral dosing led to significantly greater drug interactions than were predicted from in vitro
enzyme inhibition studies. In the late 1990s, it was recognized that inhibition of CYP3A in
the intestine and the liver would lead to increased exposure for drugs such as cisapride,
terfenadine, mebefradil and astemizole, as was noted in the approved labels for these
compounds. However, it was not generally recognized at that time that there is a marked
overlap between compounds that inhibit the CYP3A and those that inhibit P-gp, although
this was first noted in 1995 [18]. Thus, as depicted in table 1, inhibition of CYP3A and P-gp
in the gut led to an additive, or possibly synergistic, increase in area under the curve (AUC)
following oral dosing, which would not be predicted from in vitro microsomal studies. Even
in vivo intravenous studies would not predict the extent of the interaction due to the
opposing effects in the liver, where inhibition of CYP3A increases AUC but inhibition of P-
gp decreases AUC, as explained in fig. 5. Today, we well recognize the interplay of efflux
transporters and gut enzyme in terms of drug interactions and we will not make the mistakes
of the late 1990s, when these potential, serious, toxic interactive effects occurred.

Returning to fig. 3, note that the BDDCS predicts that both uptake and efflux transporters
can affect drug disposition in the liver. Thus, inhibition or induction of uptake hepatic
transporters such as the OATPs, OATs and OCTs can lead to changes in hepatic metabolism
even when hepatic enzymes are unaffected. We first demonstrated this for digoxin in rats
[16] and more recently in a series of studies concerning the disposition of atorvastatin and its
two active hydroxyl metabolites in cellular, perfused rat liver, whole rat and humans studies
[19–21].

In fig. 3, BDDCS predicts that for Class 3 highly soluble-poorly permeable-poorly
metabolized drugs, uptake transporters will be important for intestinal absorption and liver
entry for these poorly permeable compounds. However, once these poorly permeable drugs
get into the enterocyte or the hepatocyte, efflux transporter effects can also occur. Reflect on
the drugs that Professors Yuichi Sugiyama and Richard Kim study in double transfected
cellular systems, i.e. both uptake and efflux transporters added (e.g. fexofenadine [22],
telmisartan [23] and rosuvastatin [24]). Reflect on the compounds showing improved
absorption via a transporter prodrug effect (e.g. PEPT1) such as acyclovir [25] and
gemcitabine [26]. All of these substrates are non-metabolized Class 3 and Class 4 drugs that
require an uptake transporter in the intestine to achieve effective systemic concentrations.

Finally, BDDCS allows potential drug-drug interactions to be predicted [7,17]. For Class 1
drugs, only metabolic interactions need to be considered in the intestine and the liver. For
Class 2 drugs metabolic, efflux transporter and efflux transporter-enzyme interplay in the
intestine must be considered. While in the liver, metabolic, uptake transporter, efflux
transporter and transporter-enzyme interplay can occur. For Class 3 and Class 4 drugs,
uptake transporter, efflux transporter and uptake-efflux transporter interplay will be of major
importance.

Conclusions
Understanding transporter-enzyme interactions in terms of the permeability and solubility of
drug compounds offers the potential for predicting: (1) major routes of elimination as shown
in for the BDDCS system; (2) transporter effects on drug absorption (see 2009 review
entitled, ‘The role of transporters in the pharmacokinetics of orally administered drugs’
[27]); (3) the prediction of food effects (not covered here but reviewed in [28]); (4)
transporter effects on post-absorption systemic levels and after i.v. dosing; (5) enzyme-
transporter interplay; and (6) drug-drug interaction potential and its relationship to enzyme-
transporter interplay.
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Figure 1.
The Biopharmaceutics Classification System (BCS) as proposed by Amidon et al. [8] and
promulgated by the FDA [9].
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Figure 2.
The Biopharmaceutics Drug Disposition Classification System (BDDCS) as proposed by
Wu and Benet [7].
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Figure 3.
Transporter effects predicted by BDDCS following oral dosing.
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Figure 4.
Cartoon depicting CYP3A4 and P-gp interplay in the enterocytes.
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Figure 5.
Cartoon depicting differential effects of CYP3A4 and P-gp interplay following apical and
basolateral dosing.
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Table 1

Predicted exposure (area under the curve) changes for in vivo – in situ studies.

Gut Liver

Inhibit P-gp ⇑ ⇓

Inhibit 3A ⇑ ⇑

Inhibit P-gp + 3A ⇑⇑ ⇔⇑⇓
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