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First-pass metabolism is a common cause of incomplete and variable abso-
lute bioavailability for an orally dosed drug. The drug-metabolizing enzyme 
CYP3A4 is often implicated in this process, resulting, in some cases, in sys-
temic exposures of less than 15% of the administered dose. By creating an 
elegant CYP3A4-transgenic mouse model, van Herwaarden et al. show in this 
issue of the JCI that first-pass metabolism of the anticancer agent docetaxel 
by the gut wall, and not the liver, is likely to be the major cause of its low oral 
bioavailability in humans (see the related article beginning on page 3583). 
This study helps explain interpatient differences in efficacy and safety fol-
lowing oral therapy with approved CYP3A4 substrates and provides a pow-
erful new tool for preclinical predictions of first-pass metabolism for new 
drugs in development.

The concept of first-pass intestinal drug 
metabolism in humans is not new. Clinical 
investigators have known for decades that 
the metabolic fate of a drug dosed orally 
might differ substantially from that of an 
intravenous dose. As shown in Figure 1, 
drug is absorbed from the intestinal lumen 
into the mesenteric capillaries, and along 
the way it can be subjected to metabolic 
transformation by a battery of enzymes, 
particularly phase II conjugation enzymes 
such as the glucuronosyltransferases and 
sulfotransferases that are localized primar-
ily in the mucosal enterocytes (1). A similar 
process can occur in hepatic parenchymal 
cells, as drug that is absorbed unchanged 
into the portal vein passes through the liver 
for the first time on its way to the heart 
and the rest of the body. Consequently, as 
in the case of the β2-receptor agonists iso-
proterenol and terbutaline (2), there can be 
sequential “first-pass” loss of a significant 
fraction of the oral dose by the actions of 
both hepatic and intestinal transferases 
before the drug ever reaches the systemic 
circulation, from where most often it exerts 
its pharmacological effects. When a drug 
is dosed intravenously, it avoids first-pass 
metabolism and is generally completely 
bioavailable to the different tissues of the 

body. Although both hepatic and intestinal 
enzymes, such as the glucuronosyl and sul-
fotransferases and those in the cytochrome 
P450 family, can catalyze first-pass drug 
metabolism, it was generally assumed that, 
with some exceptions, the liver exerted the 
dominant effect. However, discovery of the 
drug-metabolizing enzyme cytochrome 
P450 3A polypeptide 4 (CYP3A4) in the 
human intestinal mucosa as well as the 
liver by Watkins and coworkers (3, 4) and a 
demonstration that it contributes in a sig-
nificant way to the first-pass metabolism 
of intestinally dosed cyclosporine (5) and 
midazolam (6), along with recognition that 
CYP3A4 metabolizes a large percentage of 
drugs currently available in the US (7), have 
led to renewed interest in the process of gut 
wall metabolism and its implications for 
drug therapy.

Quantitative differences in hepatic 
and intestinal CYP3A4 activity
In an elegant study of intestine- and 
liver-selective transgenic expression of 
CYP3A4 on a complete mouse Cyp3a gene 
knockout background, van Herwaarden 
et al. report in this issue of the JCI (8) 
unequivocal evidence of the profound 
impact that intestinal CYP3A4 activity 
has on systemic exposure to the antican-
cer drug docetaxel (Taxotere) following 
oral administration. Taking on the for-
midable task of removing all eight mouse 
Cyp3a genes, the investigators found that 
selective replacement of the major human 
CYP3A enzyme, CYP3A4, into the intes-

tinal mucosa of these animals essentially 
restored the considerable first-pass metab-
olism of docetaxel that occurs normally 
in the wild-type animal and in humans. 
Moreover, selective hepatic expression of 
CYP3A4 conferred a near normal systemic 
clearance of the drug. Intriguingly, the 
authors also reported that the effect of 
intestinal CYP3A4 expression on systemic 
exposure to an oral docetaxel dose was 
much greater than that of the hepatically 
expressed CYP3A4 enzyme, even though 
both organs can exert a first-pass effect. 
The explanation for this observation is 
unclear, but it lends greater credence to 
the preeminence of intestinal enzymes in 
the first-pass metabolism process. The 
investigation was also remarkable for the 
subtle nuances that it confirmed about 
intestinal CYP3A4 function. For example, 
intestinal CYP3A4 expression also altered 
the disposition of an intravenous docetaxel 
dose, but to a much lesser extent than that 
of the oral dose, a phenomenon that has 
been observed in humans with midazolam 
(6) and attributed to segregated mucosal 
blood flow and the obligatory nature of 
first-pass elimination of transcellularly 
absorbed drugs (9).

Limited role for CYP3A  
enzymes in the regulation  
of endogenous hormones
In addition to many drugs, CYP3A4 cata-
lyzes the metabolism of several different 
endogenous molecules, including andro-
gens, estrogens, progestins, and vitamin 
D, and thus it was expected that a com-
plete loss of this activity in the mouse (i.e., 
Cyp3a–/–) would lead to some physiological 
change and health consequences. How-
ever, the results of van Herwaarden et al. 
(8) revealed that a loss of all mouse Cyp3a 
enzymes had no apparent impact on the 
disposition of the steroidal substrates tes-
tosterone and estradiol, nor did it have an 
impact on the viability and fertility of the 
animals. This suggests that CYP3A4 may 
not be an important mediator of systemic 
and organ homeostasis in humans or that 
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its role in regulating the function of differ-
ent hormonal substrates is not as straight-
forward as previously thought. Admittedly, 
though, the analysis of endogenous CYP3A 
substrates by van Herwaarden et al. (8) was 
not exhaustive and, in their microarray 
analysis of total hepatic gene expression, 
significant increases and decreases in the 
mRNA levels for a number of genes were 
observed in the knockout animals. Thus, 
some systemic or local (e.g., intestinal) tis-
sue effects from the complete loss of Cyp3a 
activity may eventually be revealed.

Revolutionary change in screening 
for intestinal first-pass metabolism
Regardless of the ultimate role of CYP3A4 
in regulating the hormonal effects of mole-
cules such as testosterone and estradiol, the 
results of van Herwaarden et al. (8) should 
refocus attention to the metabolic barrier 
function of CYP3A in preventing systemic 
exposure to naturally occurring and syn-
thetic substrate molecules that are ingest-
ed orally. In this regard, the mouse models 
developed by these investigators (Cyp3a–/–V  
and Cyp3a–/–A, selective intestinal and 

hepatic CYP3A4 expression, respectively, on 
a Cyp3a-null mouse background) may revo-
lutionize the way the drug industry screens 
new therapeutic molecules to evaluate the 
effects of CYP3A-dependent, first-pass 
metabolism. Extensive first-pass metabo-
lism catalyzed by CYP3A4 is a considerable 
problem not only because it is commonly 
encountered in the development of new 
drugs, but also because of the high interpa-
tient variability in both hepatic and intesti-
nal CYP3A expression and function (10, 11) 
and the sensitivity of CYP3A4 to numerous 

Figure 1
Pharmacokinetic model depicting the effect of 
intestinal and hepatic first-pass metabolism 
on steady-state systemic blood concentra-
tions of an orally administered drug ([P]art.ss).  
Sequential first-pass metabolism of the drug 
(P) to a metabolite (M) can occur in the 
enterocytes of the intestinal mucosa and in 
the hepatic parenchymal cells. This contrib-
utes, along with the fraction of the dose in the 
gut lumen that is absorbed into the entero-
cytes, to the absolute bioavailability of the 
oral dose. A reduction in oral bioavailability 
by first-pass metabolism has a proportional 
effect on the concentration of drug reaching 
the arterial blood circulation and, hence, the 
site of drug action. In this issue of the JCI, 
van Herwaarden et al. (1) show that selective 
intestinal expression of the human CYP3A4 
gene in Cyp3a-knockout mice conferred high 
first-pass elimination of the anticancer agent 
docetaxel, in contrast to a more modest effect 
from selective hepatic CYP3A4 expression. 
art, arterial.
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inductive and inhibitory interactions with 
existing therapeutic agents (12). As pointed 
out by van Herwaarden et al. (8), it is the 
lack of predictability in systemic exposure 
to an orally dosed parent drug (and poten-
tially active metabolites) and not necessar-
ily the loss per se that creates a therapeutic 
dilemma and often precludes the use of the 
more convenient oral route of administra-
tion. The coadministration with docetaxel 
of a CYP3A inhibitor such as ritonavir 
could circumvent the problem of variable 
and extensive first-pass metabolism under 
short-term dosing conditions (e.g., certain 
chemotherapeutic regimens) and therefore 
result in high levels of docetaxel reaching 
the systemic circulation following oral 
administration. However, in the case of 
long-term therapies, it would likely create 
new clinical challenges and adverse conse-
quences resulting from drug interactions 
with other therapeutic CYP3A substrates.

Broad applications of the CYP3A4 
transgenic mouse model
The findings of van Herwaarden et al. (8) 
illustrate the important role that intestinal 
CYP3A4 expression can have in determin-
ing the biological response to an orally 
dosed substrate. However, they also turn 
the spotlight on our incomplete knowledge 
about intestinal CYP3A4 function and reg-
ulation. Indeed, it is remarkable that the 
authors observed such extensive first-pass 
metabolism of docetaxel given the relative-
ly high dose (10 mg/kg) that was admin-
istered. Some investigators have suggested 
that this intestinal enzyme will be easily 
saturated when a substrate is dosed orally, 
and hence its impact on oral bioavailability 
may be greatly attenuated in the face of an 
unimpaired diffusional uptake clearance. 
Presumably, docetaxel did not accumulate 
within the mouse enterocytes after oral 
administration to levels that exceeded the 
1- to 2-μM Km value that the authors report-
ed for the dominant CYP3A4 metabolic 
pathway. Indeed, in comparing the tissue 
distribution of docetaxel in the CYP3A4-
transgenic mouse (Cyp3a–/–V) to that of the 
Cyp3a-knockout mouse, the authors found 
much lower parent drug levels (and higher 
metabolite concentrations) in the intestine 
when CYP3A4 was expressed in situ. This 
also appears to be true for midazolam, a 
rapidly absorbed CYP3A probe drug that 
exhibits both high aqueous solubility and 
high membrane permeability (Biopharma-
ceutics Class System [BCS] class 1 drug; 
refs. 13, 14), as do other drugs thought to 

undergo significant intestinal first-pass 
metabolism, such as nifedipine, verapamil, 
and felodipine in humans.

Limited saturation of intestinal CYP3A4 
in vivo may not be the rule for all of its sub-
strates, particularly those that are given at 
relatively high doses and that exhibit low 
aqueous solubility and high membrane per-
meability (e.g., BCS class 2 drugs), such as 
cyclosporine and tacrolimus. For these and 
other drugs with similar physico-chemi-
cal properties, it has been suggested that 
a synergistic interaction between CYP3A4 
and P-glycoprotein (also known as ABCB1) 
may enhance first-pass loss of a drug that 
might otherwise escape the intestine largely 
unchanged (15, 16). There is considerable 
controversy surrounding this mechanisti-
cally interesting hypothesis, and, as van 
Herwaarden et al. (8) point out, a modifi-
cation of their CYP3A4-transgenic mod-
els to incorporate deletion and insertion 
of the mouse and human ABCB1 gene(s) 
may permit more rigorous testing of this 
concept. This and other pharmacokinetic 
aspects of intestinal first-pass metabolism, 
such as the impact of a basolateral mem-
brane diffusional barrier, plasma protein 
binding, and mucosal blood flow on first-
pass intestinal extraction, could be read-
ily investigated with their animal model. 
The model should also be amenable to 
studies of CYP3A4 inhibition. Although 
an in vitro determination of inhibition 
potency reveals much about the potential 
of a new molecular entity (NME) to reduce 
CYP3A4-dependent drug clearance, the in 
vivo mouse models of van Herwaarden et 
al. (8) should provide unique quantitative 
information about the change in systemic 
drug exposure as a function of the NME 
dose, as well as a better understanding of 
time-dependent, mechanism-based inhibi-
tion and a clearer dissection of the poten-
tial sites (hepatic or intestinal) of a CYP3A4 
drug substrate–NME interaction.

Future research needs  
and directions
One characteristic of the Cyp3a–/–V mouse 
model that limits its application for explor-
ing CYP3A4 function is the fact that the 
human genetic insert lacks cis-regulatory 
elements that mediate constitutive enzyme 
expression and its modulation by trans-act-
ing factors such as the human pregnane 
receptor (hPXR) and the vitamin D recep-
tor (VDR). In this regard, the mouse model 
of Cheung and coworkers provides intes-
tinal and hepatic expression of the entire 

gene, including known 5ʹ regulatory ele-
ments (17), although currently not in an 
organ-selective way and not on a mouse 
Cyp3a-deficient background. However, 
such a system can still permit investigation 
of sources of interindividual variability in 
hepatic and intestinal CYP3A4 expression 
and function, which despite a substantial 
amount of effort remains incompletely 
understood. For example, we (18) and oth-
ers (19) have been studying the regulation 
of intestinal CYP3A4 by a VDR signal-
ing pathway. The endogenous activating 
ligand may be 1α,25-dihydroxyvitamin D3 
itself or possibly one of the more lipophilic 
bile acids (20).

Elucidation of the mechanisms of intes-
tinal (and hepatic) CYP3A4 regulation is 
critical to understanding and predicting 
interpatient variability in drug response. 
Much has been made of late about the 
potential for genetic testing (e.g., CYP3A4, 
-5, -7 testing) to permit more rational, indi-
vidualized dosing of a drug, but it is likely 
that in the case of CYP3A4 substrates, 
nongenetic factors will exert an important 
influence on enzyme function. Application 
of a humanized transgenic mouse model 
such as that of Cheung et al. (17) may per-
mit the identification and characteriza-
tion of both endogenous and exogenous 
modulating factors. Combined use of this 
model with that of van Herwaarden et al. 
(8) or creation of a dually functional hybrid 
may open the door toward a new round of 
mechanistic discovery of intestinal CYP3A 
function and translational applications 
that ultimately will lead to improvements 
in drug safety and efficacy.
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Cardiac hypertrophy and angiogenesis are coordinately regulated during 
physiological or adaptive cardiac growth, and disruption of the balanced 
growth and angiogenesis leads to contractile dysfunction and heart failure. 
Coordination of growth and angiogenesis is in part mediated by the secre-
tion of angiogenic growth factors from myocytes in response to hypertro-
phic stimuli, which enables the vasculature to “catch up” to the growth of 
the myocardium. In this issue of the JCI, two studies provide novel insights 
into the regulatory mechanisms of cardiac growth and coronary angio-
genesis. Heineke et al. demonstrate that GATA4 acts as a stress-responsive 
transcription factor in murine cardiac myocytes that induces the expres-
sion of angiogenic growth factors (see the related article beginning on page 
3198). Tirziu et al. show that enhanced coronary angiogenesis per se leads 
to hypertrophic growth of myocytes through a nitric oxide–dependent 
mechanism (see the related article beginning on page 3188). These studies, 
together with previous reports, suggest the existence of reciprocal signals 
between the myocardium and the vasculature that promote the growth of 
each other in a paracrine fashion.

Postnatal growth of the heart is primar-
ily achieved through hypertrophy of indi-
vidual myocytes. Cardiac hypertrophy 
observed in patients with hemodynamic 
overload (e.g., hypertension or valvular 
heart diseases) is referred to as “pathologi-
cal” because the increased cardiac mass is 

associated with increased morbidity and 
mortality, and sustained overload eventu-
ally leads to contractile dysfunction and 
heart failure (1). However, cardiac hyper-
trophy is not necessarily pathological. 
Cardiac growth during normal postnatal 
development or the hypertrophy observed 
in trained athletes is referred to as “physi-
ological” because these forms of hypertro-
phy are not associated with impairment 
of contractility, and they are morphologi-
cally and molecularly distinct from patho-
logical hypertrophy (2). Therefore, two 
related issues in the field of cardiovascular 

research concern the mechanisms by which 
sustained hemodynamic overload leads to 
heart failure and the mechanisms that dis-
tinguish between physiological and patho-
logical cardiac growth.

It was previously reported that physiolog-
ical cardiac hypertrophy is associated with 
normal or increased numbers of myocardial 
capillaries, whereas pathological hypertro-
phy is correlated with a reduction in capil-
lary density (3). These observational stud-
ies suggest that coronary neoangiogenesis 
occurs during physiological hypertrophy 
and that vascular rarefaction in the setting 
of pathological hypertrophy may cause tis-
sue hypoxia and lead to contractile dys-
function. In fact, in a mouse model of Akt-
induced myocardial hypertrophy, it was 
shown that hypertrophic stimuli induced 
the expression of angiogenic growth fac-
tors such as VEGF in the adaptive phase of 
hypertrophy, and that blockade of VEGF 
signaling resulted in a reduction in capil-
lary density and an early transition to heart 
failure (4). In a pressure overload–induced 
hypertrophy model, VEGF deficiency leads 
to a reduction in myocardial capillary den-
sity and accelerates the transition from 
compensatory hypertrophy to failure (5). 
On the other hand, supplementation of 
VEGF during sustained pressure overload 
preserves contractile function (6–8). Mech-

Nonstandard abbreviations used: HIF-1, hypoxia-
inducible factor-1; mTOR, mammalian target of 
rapamycin.
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