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ABSTRACT:

This article is a report on a symposium sponsored by the American
Society for Pharmacology and Experimental Therapeutics and
held at the Experimental Biology 07 meeting in Washington, DC.
The presentations discussed the phenomenology, clinical con-
sequences, and underlying mechanisms of cytochrome P450
and drug transporter regulation by inflammatory and infectious
stimuli. Although considerable insights into the links between
inflammatory mediators and altered hepatic drug clearance
pathways have been gained from previous studies with acute
inflammatory stimuli, this symposium highlighted recent ad-
vances in understanding how these processes operate in other
organs and chronic inflammatory states relevant to human dis-
eases. The development of mouse models of live bacterial in-

fection provides excellent opportunities to explore the impact of
infection on drug metabolism beyond the well characterized
effects of bacterial endotoxin. Altered levels of cytochromes
P450 and especially drug transporters due to inflammation in
brain, intestine, and placenta have significant implications for
the use of many drugs in diverse clinical settings. The conse-
quences of inflammatory cytokine production by tumors for drug
safety and efficacy in cancer patients were outlined. Repression
of drug clearance pathways by tumor-derived cytokines may
result in extreme toxicity to chemotherapy, compromising treat-
ment of many cancers. It is fitting that, in honoring the career
contributions and achievements of Dr. Kenneth W. Renton, this
symposium reinforced the clinical relevance of this field.

Inflammation regulates the expression, activity, and functions of
many drug-metabolizing enzymes and drug transporters. Although
impairment of drug-metabolizing enzyme activities during inflamma-
tion has been known to occur for half a century, regulation of
transporters by inflammation was recognized relatively recently, in
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the last decade. Although the regulation of both cytochrome P450s
(P450s) and drug transporters has profound implications for clinical
drug therapy in disease states, research on inflammation in drug
metabolism and transporters has tended to proceed in parallel. This
symposium was organized to bring the areas together to identify
commonalities and differences in the regulation of transporters and
drug-metabolizing enzymes and to promote cross-fertilization of
knowledge. It is appropriate then, that this symposium also recognized
the career and contributions of Dr. Kenneth W. Renton on the occa-
sion of his retirement.

The diverse presentations on regulation of both P450 enzymes and
drug transporters revealed that the regulation of both systems in
inflammation, infection, and cancer have much in common. In the
face of a global inflammatory stimulus such as bacterial endotoxin

ABBREVIATIONS: P450, cytochrome P450; LPS, lipopolysaccharide; IL, interleukin; CNS, central nervous system; PGP, P-glycoprotein; M3G,
morphine 3-glucuronide; M6G, morphine 6-glucuronide; CSF, cerebrospinal fluid; TNF, tumor necrosis factor; TLR, toll-like receptor; PXR,
pregnane X receptor; EHS, Engelbreth-Holm-Schwarm; SAP, serum amyloid P; STAT, signal transducer and activator of transcription; Mdr/MDR,
multidrug resistance protein; Mrp/MRP, multidrug resistance-associated protein; Oatp, organic anion transporting polypeptide; CAR, constitutive
androstane receptor; i.c.v., intracerebroventricular; ABC, ATP-binding cassette; RU486, 173-hydroxy-11p-[4-dimethylamino phenyl]-17a-

[1-propynyllestra-4,9-dien-3-one.
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[lipopolysaccharide (LPS)], most P450s and transporters are down-
regulated although a few may be refractory. However, the specificity
of P450 and transporter regulation depends on the inflammatory
model under study. Although a number of inflammatory cytokines are
capable of regulating these proteins and genes, the role of interleukin
(IL)-6 in the regulation of both P450 enzymes and transporters in all
models studied was highlighted. Furthermore, the regulation of basal
versus drug-induced P450 and transporter expression by inflammation
was shown to occur by different mechanisms.

Dr. Kenneth W. Renton

Born in Galashiels, Scotland, Ken Renton emigrated to Canada,
working as a laboratory technician before attending Sir George Wil-
liams University in Montreal, where he earned a B.Sc. with Distinc-
tion. He obtained a Ph.D. in Pharmacology from McGill University
and then joined the laboratory of Dr. Gil Mannering at the University
of Minnesota in 1975 as a Research Associate. Two years later, he
joined the faculty of the Department of Pharmacology at Dalhousie
University, where he remained and served as Head from 1988 to 1995.
Through his innovative thought, rigorous scientific approach, and
unparalleled insight, Dr. Renton has been a leader in the field through-
out his career, giving inspiration and freely dispensing wisdom to his
colleagues and competitors alike.

Dr. Renton’s early seminal work on P450 regulation by interferons
(Renton and Mannering, 1976a,b) focused attention on a field that had
hitherto been characterized by sporadic observational reports, and his
laboratory made many subsequent important fundamental discoveries
in this area (Singh et al., 1982; Singh and Renton, 1984; Peterson and
Renton, 1986; Azri and Renton, 1987; Knickle et al., 1992). In
recognition of these significant contributions to the field, Dr. Renton
won the Merck-Frosst Award and Medal in Pharmacology in 1987.
More recently, his laboratory has focused on the regulation of both
hepatic and brain P450s during CNS inflammation (Renton and Ni-
cholson, 2000), which has great significance for the use of drugs in
diseases that have an inflammatory component such as Alzheimer’s
and Parkinson’s diseases, multiple sclerosis, and CNS trauma. In
collaboration with Drs. Goralski and Piquette-Miller, he also provided
the first evidence that drug transport protein expression is altered
during CNS inflammation (Goralski et al., 2003). This finding has
major implications for the delivery of drugs into the brain and for the
toxicity of agents used during CNS inflammatory responses.

Inflammation and Infection: Hazards for Drug Safety (K.W.R.)

It is well established that inflammatory processes (Renton, 2001)
affect the metabolism, distribution, and elimination of certain drugs
(Renton, 2004). These effects result from the altered expression of
P450 and drug transporter proteins that are down-regulated during the
generation of host defense mechanisms. This has major implications
in inflammation and infection when the capacity of the liver and other
organs to handle drugs is severely compromised. From studies in
animals, individual P450 isozymes and P-glycoprotein (PGP) are
down-regulated at the level of gene transcription with a resulting
decrease in the corresponding mRNA, protein and enzyme/transporter
activity (Morgan et al., 2002; Renton, 2004). The losses in drug
metabolism and transport are channeled predominantly through the
production of cytokines that ultimately modify the expression and
function of specific transcription factors (Fig. 1). Other proposed
mechanisms that apply to specific P450s involve post-translational
steps including enzyme modification and increased degradation
(Aitken et al., 2006). When inflammatory responses are confined to
the brain there is a loss of P450 and PGP not only in the brain but also
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Fig. 1. Proposed pathways for the loss in drug metabolism during inflammation
and infection. Inflammatory diseases stimulate the release of cytokines from mono-
cytes, macrophages and stromal cells, resulting in the modulation of transcription
factor activities in the liver. These changes ultimately lead to a down-regulation of
most P450 genes. The production of cytokines also activates nitric-oxide synthase
2 (NOS2) to form nitric oxide (NO) that inhibits P450 enzyme activities directly
and/or leads to the down-regulation P450 proteins via destabilization. HNF, hepa-
tocyte nuclear factor; NF, nuclear factor.

in peripheral tissues. This loss probably involves the rapid transit of
inflammatory components from the brain to the peripheral circulation
(Abdulla et al., 2006).

In clinical medicine there are numerous examples indicating that a
decrease in the capacity to handle drugs occurs during infections and
disease states that involve an inflammatory component and that this
decrease leads to the subsequent development of drug toxicity
(Renton, 2005). In animal models of human disease we have carried
out a series of studies that show that such responses may be more
common than generally reported. Also it has been shown in rodents
that inflammatory responses within the CNS alter drug disposition in
the brain and in peripheral systems. In a rodent model of meningitis
caused by Listeria monocytogenes we have shown that several forms
of P450 are down-regulated in the liver and have the potential to cause
untoward drug responses (Garcia Del Busto Cano and Renton, 2003).
In a model of Parkinson’s disease we have shown that the 1-methyl
4-phenyl 1,2,3,6-tetrahydropyridine-evoked depletion of dopamine is
enhanced after the development of inflammation in the brain (Goral-
ski and Renton, 2004). This finding raises the possibility that a subset
of human Parkinson’s disease might result from exposure to certain
chemicals during a period when inflammatory responses are present in
the individual. The loss of P450-catalyzed metabolism during inflam-
mation can also alter physiological responses that are dependent on
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Fic. 2. The distribution of morphine and its gluc-
uronides after a brain injury caused by a subarach-
noid hemorrhage. The subject received various i.v.
doses of morphine as needed over a 5-day period.
The concentrations of morphine (@), morphine-3-
glucuronide (A), and morphine-6-glucuronide (O)
were measured in samples of CSF and blood at 12-h
intervals.
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P450 pathways. In rats we have shown that the production of 20-
hydroxyeicosatetraenoic acid from arachidonic acid was diminished
in the afferent arterioles of the kidney when the expression of
CYP4A2 was down-regulated during an inflammation present in the
brain. This resulted in the loss of 20-hydroxyeicosatetraenoic acid-
evoked arteriole tone that leads to an increase in the glomerular
filtration rate and an increase in the excretion of sodium in the urine
(D. Heugan and K. W. Renton, unpublished data). Although carried
out in animals these experiments suggest that human physiological
functions that are dependent on P450-generated mediators are subject
to alteration during periods of inflammation or infection.

One of the first and most dramatic examples of P450 loss in humans
occurred during the 1980 influenza epidemic in Seattle (Kraemer et
al., 1982). Several young children who were receiving theophylline as
prophylactic treatment for asthma were admitted to hospital with
severe drug toxicity, which included convulsions and cardiac conduc-
tion anomalies. These children had received theophylline on a daily
basis without problems, and the inflammatory mediators produced in
response to the virus probably caused a dramatic loss in CYP1A2. As
this drug was given daily, large accumulations of the drug ensued. For
example, the levels of theophylline produced in a 7-year-old child
with influenza increased >5-fold, and the half-life increased from 4 to
>20 h compared with the same parameters measured during several
clinic visits over the 2-year period before the infection. This child
suffered permanent severe brain damage caused by drug-evoked con-
vulsions. Of particular note to the use of drugs in patients with brain
trauma is a recent study from our laboratory carried out in rodents,
showing that the transport of some drugs across the blood-brain
barrier is dramatically changed during a CNS inflammatory response
(Goralski et al., 2003). This study is discussed in more detail by Dr.
Goralski later in this article. This change in drug distribution can be
attributed to the loss in expression of the PGP drug transporter protein
within the blood-brain barrier. This allows drugs that are normally
transported out of the brain by PGP to enter and cause CNS toxicity.
Such changes in drug-handling capacity during inflammation/infec-
tion will continue to be one of the many factors that complicate
therapeutics (Renton, 2005).

In humans with severe CNS trauma (injury or surgery) an inflam-
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matory response commonly occurs within the brain. It has also been
our clinical observation that when patients with a brain injury receive
morphine as part of their care, the drug is generally well tolerated for
a few days, but some patients develop agitation that we believe is
related to the morphine therapy. In normal circumstances morphine is
metabolized in the liver to two major metabolites [morphine 3-gluc-
uronide (M3G) and morphine 6-glucuronide (M6G)]. These metabo-
lites are excluded to some extent by a functioning PGP in the blood-
brain barrier (Letrent et al., 1999a,b). If PGP diminishes in the
blood-brain barrier as a result of CNS inflammation, then these
morphine metabolites will accumulate in the brain. Some support for
this idea can be found in recent studies showing that the chemical
inhibition of PGP increases the concentration of M6G after the ad-
ministration of morphine to rats (Lotsch et al., 2002). Although M6G
is more potent than morphine with similar actions, M3G is a CNS
irritant and may cause the agitation observed in humans. In a patient
with a brain injury treated with morphine, we assessed the levels of
these metabolites on both sides of the blood-brain barrier by measur-
ing them in blood and cerebrospinal fluid (CSF) (Fig. 2). The levels
of M3G appeared to accumulate in the CSF at a faster rate than that
in plasma. If we can demonstrate that these metabolites increase in the
CNS as a result of inflammation, this finding will have far reaching
consequences for many other drugs (e.g., digoxin, cyclosporin A, and
human immunodeficiency virus protease inhibitors) that are normally
excluded from the brain by PGP when they are used in any condition
that involves an inflammatory component within the CNS.

The question about the frequency of untoward drug responses occur-
ring as a result of inflammatory responses is difficult to answer. Many
examples are probably missed because the vast majority of drugs have a
wide safety margin and many pathways are not capacity limited. In
addition, many patients are seriously ill during inflammatory responses
and untoward drug responses might not be readily identifiable. There are,
however, three conditions that can be identified to be problematic in drug
use during inflammatory responses: 1) when drugs are fully dependent on
P450 or PGP for disposition; 2) when drugs are dependent on both
pathways for disposition; and 3) when drugs are given to an individual
with already impaired drug disposition due to a genetic poor metabolism
allele. In each of these instances continual drug administration could

/T0Z ‘€T JOgoI00 U0 SfeuInor 13dSY 1 61o's eusno fisdse:puup woJ) papeoumod


http://dmd.aspetjournals.org/

208

exceed the capacity of the liver and other organs to effectively deal with
the normal dosage regimen and the resulting drug accumulation would
lead to toxicity and in some instances a severe untoward drug response.
It remains important to identify the individuals who are most likely at
risk, to identify the major disease states that might cause this problem,
and to identify the problematic drugs. It is also prudent to alert medical
specialists about the drugs specific to their practice and suggest that they
use caution in any patient with a disease state that involves an inflam-
matory component.

Regulation of P450 Enzymes in Live and Sterile Models of
Infection (E.T.M., M.R.C., and T.A.R.)

A number of studies in experimental animals have shown that that
live bacterial (e.g., L. monocytogenes and Mycobacterium tuberculo-
sis), viral (e.g., Mengo virus and encephalomyocarditis virus), and
parasitic (e.g., Plasmodium berghei and Schistosoma mansoni) infec-
tions are each capable of down-regulating the activities and/or expres-
sion of drug-metabolizing enzymes in the liver (Morgan, 1997;
Renton, 2001; Aitken et al., 2006). These effects can be mimicked to
varying extents by sterile inflammatory agents such as adjuvants,
particulate or chemical irritants, and purified cytokines and interferons
(Aitken et al., 2006). However, perhaps the best-characterized and
understood model of inflammation, in terms of P450 regulation, is that
of bacterial LPS.

In contrast to most of the other above-mentioned infections or
inflammatory stimuli, the effects of LPS on hepatic P450 regulation
have been relatively well characterized in terms of the enzyme spec-
ificity of the effects, and much is also known about the mechanisms
involved. When injected into animals, LPS stimulates monocytes and
macrophages (including resident Kupffer cells in the liver) to release
early proinflammatory cytokines such as tumor necrosis factor
(TNF)-o and IL-18 (Sweet and Hume, 1996). In turn, these cytokines
initiate an inflammatory cascade that results in release of other cyto-
kines (including IL-6), chemokines, and eicosanoids from many dif-
ferent cell types in the body. Eventually, this process results in
neutrophil recruitment to sites of inflammation and release of reactive
oxygen species and nitric oxide, causing oxidative stress. The major-
ity of the biological effects of LPS can be attributed to its binding to
and activation of a membrane receptor complex that includes Toll-like
receptor (TLR)-4 as a necessary component (Mollen et al., 2006).

Many laboratories have studied the effects of injected LPS on P450
metabolism or expression in rats or mice. As outlined in previous
reviews (Morgan, 1997; Renton, 2001; Aitken et al., 2006), exposure
to LPS elicits the rapid and profound down-regulation of multiple
P450 mRNAs in the liver. These include CYP1A2, 2A1, 2C6, 2C7,
2C11, 2C23, 2E1, 3A2, and 4F4 in the rat and 1A2, 2AS5, 2C29, 2E1,
3A11, 4A10, 4A14, 4F15, and 4F16 in the mouse. P450s of the 4A
subfamily are up-regulated in rat liver, but the reason for this species
difference is not known. Inflammatory cytokines including TNFe,
IL-1p, and IL-6 can recapitulate the down-regulation of many P450s
in primary hepatocyte cultures and/or in vivo models (Morgan, 1997),
but such experiments do not tell which cytokines mediate the effects
of LPS. Studies in mice lacking functional genes for different cyto-
kines or cytokine receptors have failed to identify a single cytokine
responsible for the effects of LPS, suggesting possible functional
cytokine redundancy in this model. In contrast, IL-6-null mice showed
attenuated P450 down-regulation in inflammation induced by the
local irritant turpentine (Siewert et al., 2000), pointing to an important
role of circulating IL-6 in inflammation localized at a site remote from
the liver.

We showed that in rats treated with LPS, hepatic transcription
of the CYP2CI11, CYP3A2, and CYP2E] genes was down-regulated
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Fic. 3. Suppression of P450 gene transcription in LPS-treated rats. Rats were
injected with 1 mg/kg LPS i.p., and hepatic nuclei were isolated 1 h later. Tran-
scription of P450 and acute-phase protein genes was assessed by nuclear run-on
assay. The data are taken from Fig. 1 of Cheng et al. (2003).

within 1 h of injection (Cheng et al., 2003) (Fig. 3). Our laboratory
and others have also demonstrated transcriptional suppression of
P450s by cytokines using various reporter gene constructs in primary
hepatocytes and hepatoma cells (Chen et al., 1995; Jover et al., 2002;
Aitken et al., 2006). Therefore, transcriptional suppression is clearly
an important contributor to P450 mRNA down-regulation. However,
as noted elsewhere (Aitken et al., 2006), the rapidity with which P450
mRNAs are down-regulated in rat liver in vivo cannot be explained by
this mechanism alone, and it is likely that altered mRNA stability also
occurs. On the other hand, the P450 mRNA suppression is too slow to
explain some changes in P450 protein expression and activity. Nota-
bly, nitric oxide-mediated enzyme inhibition (Vuppugalla and Meh-
var, 2005) and NO-regulated protein degradation (Ferrari et al., 2001)
contribute to the functional suppression of some P450 isoforms.

Several laboratories have noted that the pregnane X receptor
(PXR), which mediates the induction of many P450 isoforms by
drugs, is down-regulated in hepatocytes by LPS or inflammatory
cytokines. This down-regulation of PXR is likely to be responsible for
the inflammatory down-regulation of PXR agonist-inducible P450
expression. However, PXR is unlikely to contribute to the down-
regulation of P450s in the absence of drug induction, because PXR-
null mice show no (Richardson and Morgan, 2005) or minimal (Teng
and Piquette-Miller, 2005) attenuation of the hepatic P450 responses
to LPS. A similar conclusion was reached by Drs. Goralski and
Renton in a model of CNS inflammation (see below).

Although the LPS model has proven to be a robust and tractable
model that has greatly facilitated progress in understanding P450
regulation, at the doses employed in most studies it is a model of
bacterial sepsis, a severe systemic infection with a high mortality rate.
Moreover, endotoxemia is only one facet of a bacterial infection, and
thus the P450 expression observed in the LPS model may not accu-
rately mirror the response to a live infection, especially a mild one. As
noted above, studies in knockout mice indicate that cytokines act
redundantly to down-regulate P450s in the LPS model, but roles of
individual cytokines (e.g., IL-6) can be discerned in local inflamma-
tory models. Also, work in cultured hepatocytes demonstrated that
P450s are differentially sensitive to cytokines. This led us to hypoth-
esize that the pattern of P450 regulation in a live model of bacterial
infection would be different from that in the LPS model.

To test our hypothesis, we studied the regulation of hepatic P450s
in a mouse model of human enteropathogenic Escherichia coli infec-
tion. Citrobacter rodentium is a murine pathogen that colonizes the
colons of infected mice and elicits colonic inflammation and patho-
logical changes that are highly similar to that caused by enteropatho-
genic E. coli. Moreover, the virulence genes are interchangeable
between the two species. C. rodentium infection is also considered to
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FiG. 4. Regulation of P450 mRNAs in the livers of mice infected with C. roden-
tium. Four- to 5-week-old female C3H/HeOuJ (HeOu) or C3H/HeJ (HeJ) mice were
infected with 2 X 10% C. rodentium cells by gavage, and their livers were harvested
7 days later for measurement of P450 mRNA expression by reverse-transcriptase
real-time polymerase chain reaction. Data were normalized to the expression of
glyceraldehyde 3-phosphate dehydrogenase in the samples. Control animals were
pair-fed. *, significantly different from control (p < 0.05, 7 test). With the exception
of CYP2B9Y, the data are summarized from Figs. 1 and 2 of Richardson et al. (2006).

be a good model for inflammatory bowel diseases, which affect more
than 1 million people in North America.

In HeOu mice bearing a functional TLR4, C. rodentium infection
caused a selective down-regulation of some hepatic P450 isoforms
(Richardson et al., 2006) (Fig. 4). The mRNA levels of CYP4A10 and
CYP4A14 were profoundly down-regulated, to <5% of control val-
ues. CYP2B9, CYP2C29, and CYP3A11 mRNAs exhibited an inter-
mediate down-regulation, CYP1A2, CYP2EI, and CYP3A13 mRNA
levels were unaffected, and CYP2AS5 mRNA was induced by 80%
(Fig. 4). CYP4F18 was induced by approximately 6-fold (Richardson
et al., 2006). The relatively selective regulation of P450s in this model
is in marked contrast to the LPS model, in which most P450 mRNAs
are down-regulated, and so these results support our hypothesis de-
scribed above. We also tested the role of TLR4 in the response of
hepatic P450s to C. rodentium infection, by repeating the experiment
in HeJ mice that lack a functional TLR4. As shown in Fig. 4, the
absence of functional TLR4 did not attenuate the down-regulation of
P450s seen in HeOu mice, but it did block the induction of CYP2AS5
(Richardson et al., 2006). These findings indicate that C. rodentium-
mediated down-regulation of hepatic P450 mRNAs is independent of
TLR4 activation. Conversely, the failure of C. rodentium to induce
CYP2A5 mRNA in HelJ mice suggests that the induction seen in
HeOu animals is likely to be dependent on bacterial LPS signaling via
TLR4. The significance of the observation that CYP1A2 and 2E1
mRNAs were suppressed in the HeJ mice but not in the HeOu strain
is presently unclear. The involvement of C. rodentium LPS acting via
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other pattern recognition receptors such as TLR2 in P450 down-
regulation remains to be determined.

Although HeOu mice are an appropriate control for the HelJ strain,
HeOu is known to be particularly sensitive to C. rodentium pathoge-
nicity. Thus, some animals in the above study died before their livers
could be harvested. We are currently characterizing the regulation of
P450 expression by C. rodentium infection in C57/BL6 mice, which
are more resistant to C. rodentium pathology and morbidity. Our
preliminary results suggest that the pattern and specificity of the
regulation is maintained in the C57/BL6 strain. Thus, the mouse will
be an excellent model to study disease-specific P450 regulation and
also to study the role of P450 enzymes in the host response to
infection by enteropathogenic bacteria.

Transcriptional Repression of Hepatic CYP3A4 Gene in the
Presence of Cancer (G.R.R., K.A.C., M.K., R.S., C.L., S.J.C.)

The inherent lack of safety of cytotoxic anticancer drugs due to
adverse events from toxicity in normal tissues is an intrinsic problem
of chemotherapy. The wide variability in response to anticancer drugs,
with some cancer patients experiencing extreme toxicity, whereas
others do not gain benefit from the same dosing regimen, highlights
the need for better treatment strategies designed to reduce side effects
while maximizing killing of malignant cells. Currently, estimation of
appropriate dosage based on body surface area is a crude approach
that does not account for the wide interindividual differences in drug
clearance exhibited by cancer patients.

Much of the interpatient variability in the clearance of anticancer
drugs can be attributed to differences in the levels of drug-metabo-
lizing enzymes, especially CYP3A4. CYP3A4 is responsible for the
metabolism of many important classes of anticancer drugs, including
the taxanes, vinca alkaloids, camptothecins, cyclophosphamide, eto-
poside, tamoxifen, and newer agents such as imatinib and gefitinib.
One potential source of interindividual variability in CYP3A-medi-
ated drug metabolism is the genetic diversity in human CYP3A genes.
However, recent studies in cancer patients have found that single
nucleotide polymorphisms in the CYP3A4 gene are unlikely to make
a significant contribution to differences in CYP3A activity relevant to
chemotherapy, as assessed by erythromycin breath test, midazolam
clearance, or paclitaxel pharmacokinetics (Baker et al., 2004; Hen-
ningsson et al., 2005; Lepper et al., 2005). Therefore, it is important
to elucidate the impact of one other source of variability in hepatic
drug metabolism, namely cancer-induced inflammation, as it is
present in at least 60% of patients with advanced cancer. Previous
studies by our group found that patients with advanced cancer have
significantly reduced CYP3A4 activity associated with increased
plasma concentrations of inflammatory mediators, in particular I1L-6
and C-reactive protein (Slaviero et al., 2003). As discussed in the
previous section, studies in IL-6-null mice have implicated this cyto-
kine in hepatic P450 regulation in some inflammatory models. Im-
portantly, impaired CYP3A4-mediated clearance was correlated with
increased toxicity to docetaxel or vinorelbine (Slaviero et al., 2003).

Although these clinical studies have established a relationship
between extrahepatic tumors and reduced levels of hepatic CYP3A4
activity, surrogate markers of enzyme activity were used, which did
not identify the level (transcriptional, post-transcriptional, or cata-
Iytic) at which repression operates. Because of the difficulties asso-
ciated with obtaining human liver tissue to explore this further, we
used a novel transgenic mouse model incorporating the 13-kilobase
upstream regulatory region of human CYP3A4 linked to the conve-
nient lacZ reporter gene (Robertson et al., 2003). Implantation of a
xenograft model of a solid tumor, the Engelbreth-Holm-Schwarm
(EHS) sarcoma, into the quadriceps muscle of CYP3A4/lacZ trans-
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FiG. 5. Growth of the EHS sarcoma in mice represses transcription of the human
CYP3A4/1acZ transgene. The EHS tumor was implanted into the quadriceps muscle
of immunocompetent CYP3A4/lacZ transgenic mice, whereas control mice were
injected with saline. Mice were culled, and liver tissue was harvested after 17 to 21
days. A, expression of the human CYP3A4 transgene was visualized after histo-
chemical staining of liver wedges with X-Gal. Pericentral hepatocytes exhibiting the
human CYP3A4/lacZ stain dark blue on the cut surface of the liver. B, quantification
of the human CYP3A4/lacZ transgene expression was performed by measurement of
B-galactosidase activity in liver lysates from tumor-bearing and control mice using
the o-nitrophenyl-B-p-galactopyranoside assay. n = 6 mice per group. (Figure
reproduced with permission from Charles et al., 2006.)

genic mice resulted in reduced hepatic levels of the transgene-derived
B-galactosidase as shown by histochemical staining with X-Gal and
quantification using the o-nitrophenyl-B-pD-galactopyranoside assay
(Charles et al., 2006) (Fig. 5). This result provides the first direct
evidence for the transcriptional down-regulation of human drug-
metabolizing genes by solid tumors outside the liver. The levels of the
mouse CYP3A11 mRNA and CYP3A proteins were also found to be
reduced in tumor-bearing mice, demonstrating that murine equivalents
of the human CYP3A4 transgene were also down-regulated (Charles
et al.,, 2006). The functional outcome of reduced transcription of
mouse Cyp3a genes was examined using the midazolam sleep test as
an indicator of CYP3A activity. In mice the predominant pathway of
midazolam clearance is hepatic CYP3A-mediated 1’-hydroxylation.
Midazolam-induced sleep time was more than doubled in tumor-
bearing mice, consistent with the decrease in CYP3A protein (Charles
et al., 2006). Therefore, growth of a tumor results in a functionally
relevant alteration in the pharmacokinetics/pharmacodynamics of a
CYP3A substrate.

The involvement of cytokines, especially IL-6, in the repression of
CYP3A and CYP2B mRNA levels has been extensively studied using
models of acute inflammation in rodents (Aitken et al., 2006). To
determine whether IL-6 is associated with the tumor-associated re-
pression of human CYP3A4 in the EHS sarcoma model, the circulat-
ing levels of IL-6 were examined. Plasma IL-6 was found to be 25
pg/ml in tumor-bearing mice, whereas in control mice, IL-6 could not
be detected (Charles et al., 2006). If IL-6 is involved in CYP3A
repression associated with tumors, an important issue is the cellular
source of IL-6 production. Kupffer cells in the liver may release IL-6
in response to tumor-derived cytokines, such as IL-1 or TNFa. Local
hepatic production of IL-6 by Kupffer cells may then elicit CYP3A
repression in hepatocytes. However, IL-18 and TNFa could not be
detected in the plasma of EHS tumor-bearing mice and IL-6 protein
could not be detected by immunostaining of livers from tumor-bearing
mice. In contrast, EHS tumors contained abundant IL-6 protein
(Charles et al., 2006). Additional clinical evidence for IL-6 as a
tumor-derived cytokine comes from analysis of prostate and colorec-
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tal cancers, which showed IL-6 protein actually within malignant cells
of tumors (Royuela et al., 2004; Brozek et al., 2005).

Other features of the inflammatory-type response in the livers of EHS
tumor mice were characterized. As mice do not have a direct equivalent
of human C-reactive protein, hepatic expression of another acute-phase
protein, serum amyloid P (SAP) was analyzed, with an 8-fold increase in
SAP mRNA levels apparent in the livers of EHS tumor-bearing mice
(Charles et al., 2006). Alterations in components of the IL-6 signaling
cascade were also characterized. The levels of phosphorylated signal
transducer and activator of transcription (STAT)-3 were higher, consis-
tent with an observed increase in suppressor of cytokine signaling 3
mRNA, a direct STAT-3 target gene. Elevated phosphorylation of mito-
gen-activated protein kinase-related proteins extracellular signal-regu-
lated kinase 1/2 and c-Jun N-terminal kinase was also evident. Taken
together, these results show marked stimulation of the IL-6 signaling
pathway in livers of EHS tumor-bearing mice concomitant with repres-
sion of CYP3A expression.

To explore whether this association between tumor-associated cy-
tokines such as IL-6 and repression of CYP gene transcription is a
generalized feature of tumor growth, a number of other mouse tumor
models were examined. Murine CYP3A11 mRNA was similarly
reduced in the livers of mice with the breast EO771, melanoma B16,
and colon 38 tumors. Midazolam sleep times were also increased,
reinforcing the concept that growth of diverse tumors can have sig-
nificant effects on CYP3A-mediated clearance of drugs. Circulating
concentrations of IL-6 were elevated alongside increased hepatic
expression of SAP mRNA in breast EO771 and melanoma B16
tumor-bearing mice to levels similar to those observed in EHS tumor-
bearing mice. Therefore, the links between tumor-derived cytokines
and reduced hepatic drug metabolism may be a feature of several
common malignancies.

The expression of other P450s and phase II enzymes was also
characterized in the livers of EHS tumor-bearing mice. CYP2B10
mRNA is dramatically reduced, whereas CYP27A1 mRNA is approx-
imately halved. Proteomic profiling was performed by multiplexed
tandem mass spectrometry (tandem mass spectrometry-time of flight)
after iTRAQ labeling. CYP1A2 and CYP2D9 proteins are reduced,
CYP2C39 is increased, and a number of other P450s including
CYP2C37, CYP2D10, CYP2D26, CYP2A12, and CYP2E1 did not
show significant changes. With regard to phase II enzymes: eight
glutathione S-transferases were identified with six reduced and two
unchanged; sulfotransferase 1Al increased while sulfotransferase
2A1 was reduced; UDP-glucuronosyltransferase 2B5 was reduced,
and no change was observed in UDP-glucuronosyltransferasel1A7.

Apart from P450s and phase II enzymes, reductions in hepatic
transporters are observed in inflammatory states and after LPS treat-
ment (Teng and Piquette-Miller, 2005; Aitken et al., 2006). The
resulting functional defects in multidrug resistance protein (Mdr) la
activity in acute inflammation are manifest by reduced hepatic trans-
port of doxorubicin and °*™Tc-labeled sestamibi (Hartmann et al.,
2005; Wang et al., 2005). We therefore examined the expression of a
number of transport protein genes in the livers of EHS tumor-bearing
mice. Significant reductions were observed in the mRNA levels of
Mdr2, multidrug resistance-associated protein (Mrp) 2, Mrp3, Na™-
dependent taurocholate cotransporting polypeptide (Ntcp), organic
anion transporting polypeptide (Oatp) 2, bile salt export pump (Bsep),
and breast cancer resistance protein (Bcrp/ABCGS), whereas Mdrla
and Oatpl were unchanged. Given the contribution that these trans-
port proteins make to the hepatic clearance of anticancer drugs, it will
be important to determine whether repression of hepatic transport
proteins by tumor-derived cytokines is also linked with variable drug
clearance and resulting toxicity in cancer patients. Of particular rel-
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FiG. 6. Model for the repression of CYP3A-mediated drug clearance by tumor-
derived cytokines. Release of cytokines such as IL-6 into the systemic circulation
from tumors represses transcription of the CYP3A4 gene in the liver, resulting in
reduced CYP3A4 mRNA, protein, and ultimately activity. Cytokine signaling may
affect nuclear receptor-mediated regulation of CYP3A4 directly via PXR or CAR or
by affecting the action of RXRa and/or HNF4a. Alternatively, IL-6 can disrupt the
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regulation of CYP3A4. HNF, hepatocyte nuclear factor; RXR, retinoid X receptor;
XREM, xenobiotic response enhancer module; C/EBP, CCAAT/enhancer binding
protein; kb, kilobase.

evance to cancer treatment, the finding of down-regulation of hepatic
drug transporters in the presence of tumors has significant ramifica-
tions for the management of multidrug resistance in chemotherapy
because of the opposing, well characterized up-regulation of MDR1/
PGP and MRPs within the tumors of some patients.

CYP3A4 and many of the other genes whose expression is repressed
in tumor-bearing mice are regulated by nuclear receptors such as PXR
and the constitutive androstane receptor (CAR). To explore the he-
patic action of PXR and CAR in the presence of cancer, induction of
the CYP3A4/lacZ transgene was assessed in EHS tumor-bearing mice
after administration of the PXR- and CAR-specific ligands pre-
genolone-16a-carbonitrile and 1,4-bis[2-(3,5-dichloropyridyloxy)]-
benzene. The PXR and CAR responses were reduced in the livers of
tumor-bearing mice, indicating impaired action of nuclear receptors
involved in regulating drug clearance pathways consistent with results
from acute inflammatory models (Beigneux et al., 2002; Teng and
Piquette-Miller, 2005).

In summary, pharmacokinetic studies in cancer patients as well as
the results of experiments presented here using explant tumor models
in humanized CYP3A4/lacZ transgenic mice have found associations
between elevated acute-phase responses, cytokines, and repression of
hepatic drug clearance in the presence of cancer (Fig. 6). A better
understanding of the links between tumor-derived cytokines, signaling
pathways in the liver and the regulation of genes encoding hepatic
P450s, and phase II and transporter proteins may help identify those
patients with elevated inflammatory markers who are at risk of expe-
riencing extreme toxicity to anticancer drugs. Besides identifying
predictive biomarkers for treatment response, this may also lead to the
development of anti-inflammatory interventions with the aim of nor-
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TABLE 1

Clinically important substrates of ABC drug efflux transporters
Reviewed in Petrovic et al. (2007).

Transporter Substrates

ABCBI1 Antiretroviral protease inhibitors: (RTV, SQV,
INV, NFV, APV)

Anticancer drugs: anthracyclines, vinca alkaloids,
taxanes, epipodophyllines, anthracenes

Anti-infective drugs: erythromycin, levofloxacin,
sparfloxacin, ketoconazole

Cardiovascular: digoxin, quinidine, diltiazem,
verapamil, 3-blockers, statins

Immunosuppressants: cyclosporin A, tacrolimus

Steroids: dexamethasone, prednisolone,
corticosterone, cortisol

Opioids: morphine, loperamide

Other: ¥*™Tc-sestamibi, **™Tec-tetrofosfine

Antiretroviral protease inhibitors: (RTV, SQV,
INV)

Anticancer drugs: anthracyclines, vinca alkaloids,
epipodophyllines, methotrexate, cisplatin,
anthracenes, flutamide

Steroids: 17B-glucoronyl estradiol, S-glutathionyl
prostaglandin A,

Other: **™Tc-sestamibi , >*™Tc-tetrofosfine,
fluorescein, indomethacin, aflatoxin B1

Antiretroviral protease inhibitors: (RTV, SQV,
INV)

Antibiotics: ceftriaxone, grepafloxacin, rifampicin

Anticancer drugs: methotrexate, cisplatin,
vinblastine, vincristine, doxorubicin, etoposide

Steroids: estradiol, octreotide

Other: temocaprilat, furosemide, sulfinpyrazone,
pravastatin, phenytoin, flavonoids, diclofenac,
acetaminophen, heavy metals, arsenite, food
carcinogens

Anticancer drugs: etoposide, teniposide, leucovorin,
methotrexate

Other: furosemide, leukotriene C,, acetaminophen

Antiretroviral drugs: AZT, 3TC

Anticancer drugs: topotecan, irinotecan,
mitoxantrone, methotrexate, doxorubicin,
daunorubicin, Adriamycin, etoposide,
flavopiridol

Other: prazosin, novobiocin, pheophorbide

ABCCI1

ABCC2

ABCC3

ABCG2

SQV, saquinavir; RTV, ritonavir; NFV, nelfinavir; INV, indinavir; APV, amprenavir; AZT,
azidothymidine, zidovudine; 3TC, 2',3’-dideoxy-3'-thiacytidine, lamivudine.

malizing drug metabolism and disposition, thereby minimizing ad-
verse reactions to chemotherapy.

Regulation of P-Glycoprotein-Mediated Drug Transport
and CYP3A Metabolism during CNS Inflammation
(K.B.G,, C.J.S., K.W.R.)

The PGP (Mdrl) drug efflux transporter is a major biochemical
component of the blood-brain drug permeability barrier that limits the
accumulation of several drugs (Table 1) in the CNS (Schinkel et al.,
1995; Beaulieu et al., 1997; Goralski et al., 2003, 2006). It is well
known that neuroinflammatory diseases including bacterial infections,
head injury, human immunodeficiency virus dementia, multiple scle-
rosis, Alzheimer’s and Parkinson’s disease change the permeability
characteristics of the blood-brain barrier (de Vries et al., 1997). We
have hypothesized that conditions with an associated CNS inflamma-
tory component alter PGP drug transport across the blood-brain bar-
rier. As illustrated in Dr. Renton’s section, a reduction in PGP
function may increase the risk for harmful drug interactions or toxicity
produced by CNS-acting drugs, such as morphine and its biologically
active metabolites.

To model CNS inflammation we used intracerebroventricular
(i.c.v.) injection of E. coli LPS, as this bacterial cell wall component
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is the major stimulus for inflammatory responses in the CNS caused
by Gram-negative meningeal pathogens (Scheld et al., 2002). In
rodents, i.c.v. administration of LPS produces a robust inflammatory
response in the brain characterized by the activation of microglia and
astrocytes and induction of inflammatory cytokine (TNFe, IL-6, and
IL-1B) production (Renton and Nicholson, 2000; Nicholson and
Renton, 2001; Goralski et al., 2003, 2005). In rats, we have demon-
strated a rapid reduction in the expression of brain Mdria mRNA that
was maximal at 6 h after i.c.v. LPS administration (Goralski et al.,
2003). Consistent with the loss in Mdrla expression, we observed an
increased accumulation of the PGP substrate [*H]digoxin in the brain
when that drug was administered peripherally (Goralski et al., 2003).
Taken together these results are consistent with the idea that localized
CNS inflammation produces a loss of PGP function in the blood-brain
barrier. We repeated the [3H]dig0xin distribution study in Mdrla-
expressing (Mdrla™™") and Mdrla-deficient (Mdrla '~) mice to
confirm that the increased digoxin accumulation in the brain was
Mdrla-dependent. Treatment of Mdrla*’" mice with i.c.v. LPS
caused a 2-fold increase in brain digoxin compared with the saline
controls (Goralski et al., 2003). In contrast, we were surprised to find
that Mdrla™'~ mice treated with i.c.v. LPS displayed a reduction in
[*H]digoxin in the brain compared with the saline-injected Mdria ™'~
mice (Goralski et al., 2003). This intriguing result suggested that in
addition to reducing the function of PGP, CNS inflammation may also
down-regulate carrier-mediated drug uptake processes in the blood-
brain barrier. As discussed in Dr. Piquette-Miller’s section, LPS-
induced systemic inflammation produced a similar time-dependent
reduction in brain Mdrla mRNA and protein levels and function of
the PGP transporter (Wang et al., 2005). Of importance, this finding
displays the fact that blood-brain barrier PGP expression and function
are modifiable by systemic inflammation as well as CNS inflamma-
tory responses.

As noted in the section by Dr. Morgan et al., TLR4 has been identified
as the transmembrane receptor that specifically recognizes LPS and
initiates an inflammatory signaling response to that bacterial cell wall
component (Poltorak et al., 1998). Recent work by Hartz et al. (2006) has
shown that activation of TLR4 signaling is the major pathway involved
in the rapid reversible loss in PGP expression and activity in isolated rat
brain capillaries treated with LPS (Hartz et al., 2006). In the intact animal,
activation of TLR4 receptor signaling within the circumventricular or-
gans, the choroid plexus and the leptomeninges leads to a well organized
inflammatory response during cerebral injury or systemic Gram-negative
bacterial infection (Laflamme and Rivest, 2001). Thus, the activation of
TLR4 signaling could trigger the reduction in brain mdria and PGP
function after central administration of LPS. To test this hypothesis, LPS
(2.5 ng) was administered i.c.v. to TLR4-expressing mice (C3H/HeoulJ)
and mice (C3H/HeJ) with mutated nonfunctional TLR4. The TLR4-
expressing mice demonstrated a 50% reduction in brain Mdrla expres-
sion 4 h after i.c.v. LPS (Fig. 7A). By 24 h after LPS administration, brain
Mdrla expression returned to control levels (Fig. 7B). In comparison,
i.c.v. LPS did not reduce brain Mdrla expression in mice with mutated
TLR4 (Fig. 7, A and B). This result confirms that activation of TLR4
receptor signaling is the major pathway involved in reduction of brain
Mdrl1a expression during LPS-induced CNS inflammation. In isolated rat
brain capillaries, TLR4 activation by LPS stimulates TNFa release,
which activates the TNF-receptor 1, which in turn stimulates endothlin-1
release, and sequential activation of the endothelin-1B receptor, nitric
oxide synthase, and protein kinase C causing a rapid and reversible loss
in PGP transport function (Hartz et al., 2006). In the brains of TLR4-
expressing mice but not those of TLR4-deficient mice we observed an
induction of the inflammatory cytokines TNFa« and IL-6 mRNA (Fig. 7,
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Fic. 7. Effect of i.c.v. LPS on the expression of Mdrla in the brains of TLR4-
expressing and TLR4 mutant mice. Wild-type (C3H/HeouJ) and TLR4 mutant
(C3H/HeJ) mice were injected with 2.5 pg of LPS or 2.5 ul of saline into the lateral
cerebral ventricle. Total RNA was isolated from brain cortex 4 or 24 h after the
saline or LPS injections. Mdrla (A and B), TNFa (C), and IL-6 (D) expression were
measured by quantitative polymerase chain reaction and expressed as a percentage
of the respective saline control. Each bar represents the mean expression = S.E.M.
of three or four samples. *, p < 0.05 compared with the respective saline control
(analysis of variance, followed by Tukey’s honestly significant difference test).

C and D). Thus, it is likely that inflammatory cytokine-mediated path-
ways are also important for modulation of Mdrla expression in vivo.

The combined actions of CYP3A metabolism and PGP drug efflux
play a major role in the hepatocyte detoxification and biliary elimi-
nation of many therapeutic agents. As described in the sections by
Drs. Morgan et al., Robertson et al., and Piquette-Miller, peripheral
inflammatory responses inhibit hepatic CYP3A and PGP drug elim-
ination pathways. The recent studies highlighted in Dr. Renton’s
section have demonstrated that inflammatory responses originating in
the CNS reduce the capacity of the liver to metabolize drugs via
CYPI1A, 2B, 2D, and 2E pathways (Renton and Nicholson, 2000;
Nicholson and Renton, 2001). After this we hypothesized that LPS-
induced CNS inflammation leads to an impairment of hepatic PGP
and CYP3A expression and function resulting in reduced systemic
drug elimination. When i.c.v. LPS-treated rats were administered
[*H]digoxin by i.p. injection as a probe for PGP function at discrete
time points, we observed increased plasma levels of that drug com-
pared with the non-LPS-treated controls (Goralski et al., 2003). The
increased plasma digoxin levels in LPS-treated rats could be attributed
to a reduction in PGP-mediated biliary clearance, which was main-
tained for at least 48 h after induction of CNS inflammation (Goralski
et al., 2003). Our finding of increased plasma digoxin levels in i.c.v.
LPS- versus saline-treated Mdrla*’" mice but not in LPS- versus
saline-treated Mdrla™'~ mice strongly supported the fact that reduced
Mdrla/PGP was the major factor leading to the altered plasma phar-
macokinetics of digoxin in this model of CNS inflammation.

In addition to the reduction in hepatic PGP function, hepatic
CYP3A11 expression and metabolic activity was decreased by 60 to
70%, 24 h after i.c.v. administration of LPS to mice (Goralski et al.,
2005). The loss in CYP3A11 expression was observed in TLR4-
expressing but not in TLR4-deficient mice, indicating that TLR4
pathways were directly involved in the enzyme loss (Goralski et al.,
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Fic. 8. Effect of i.c.v. LPS on the expression and function of hepatic CYP3A11 in
PXR*'* and PXR™/~ mice. Wild-type (PXR*'*) and knockout (PXR™'") mice
were injected with 2.5 wg of LPS or 2.5 ul of saline into the lateral cerebral
ventricle. RNA was isolated from liver 8, 24, 36, or 48 h after the saline or LPS
injections. Cyp3all mRNA expression (A) was measured by Northern blot, nor-
malized to glyceraldehyde-3-phosphate dehydrogenase and expressed relative to the
respective PXR™*'* saline-treated control within each time group. CYP3A11 en-
zyme activity in hepatic microsomes (B) was measured by the metabolism of
triazolam to a-hydroxytriazolam (Goralski et al., 2005). Each bar represents the
mean expression = S.E.M. of three to six samples. *, p < 0.05 compared with the
respective PXR™*"* or PXR /" saline controls within each time group; T, p < 0.05
compared with the respective saline or LPS-treated PXR*'* mice within each time
group (analysis of variance, followed by Tukey’s honestly significant difference
test).

2005). A similar loss of hepatic CYP3A11 expression and activity was
observed after i.c.v. LPS administration to adrenalectomized mice,
whereas the i.c.v. injection of TNFa did not produce a reduction in
hepatic CYP3A11 expression or function (Goralski et al., 2005).
Thus, the activation of the hypothalamic-pituitary-adrenal axis and
serum corticosteroids and the transfer of inflammatory cytokines from
the CNS to the circulation were not likely mechanisms linking CNS
inflammation with reduced CYP3A11 drug metabolism by the liver.
PXR is a xenobiotic sensor that activates the expression of CYP3A as
well as a number of other transporter proteins and P450 enzymes in
the liver. In a previous report, systemic LPS treatment decreased PXR
expression, suggesting involvement of this receptor in the reduction of
hepatic CYP3A expression and function during inflammatory re-
sponses (Beigneux et al., 2002). In our study, LPS-induced CNS
inflammation produced a time-dependent reduction in hepatic
CYP3A11 expression (Fig. 8A) and activity (Fig. 8B) that was similar
in PXR""* and PXR™’~ mice. These results indicated that PXR does
not have a primary role in the loss of basal levels of hepatic CYP3A11
expression and function in a model of CNS inflammation. This result
consists largely with two recent studies that evaluated the effect of
systemic inflammation on the loss of hepatic CYP3A11 mRNA in
PXR-deficient mice (Richardson and Morgan, 2005; Teng and Pi-
quette-Miller, 2005). We have recently identified that some LPS is
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rapidly transferred from the brain into the circulation after the central
administration of that drug (Goralski et al., 2005). Thus, during a
bacterial infection in the CNS, the distribution of LPS from the brain
to the circulation would most likely stimulate a peripheral inflamma-
tory response that evokes a reduction in drug elimination by the liver.

In summary, because many clinically used drugs are both trans-
ported by PGP and metabolized by CYP3A4, the combined effects of
CNS inflammation on these two important drug elimination mecha-
nisms, could contribute to substantial reductions in overall drug de-
toxification by the liver. Furthermore, the reduction of PGP function
in the blood-brain barrier is a very important physiological change as
it could allow for drugs to breach the blood-brain barrier, leading to
drug toxicity in CNS inflammatory diseases. On the contrary, factors
that selectively reduce PGP function in the blood-brain barrier could
have potential therapeutic benefit when the desired goal is to enhance
drug delivery to the brain.

Regulation of Drug Transporters in Inflammation (M.P.-M.)

In humans and animals, stress-evoking stimuli such as infection,
hypoxia, and injury result in a classic inflammatory response due to
the induction of cytokines and other inflammatory mediators. Over the
past 30 years there have been numerous reports of inflammation-
associated changes in plasma drug concentrations and toxicity, and
thus many studies have examined the underlying mechanisms respon-
sible for this phenomenon (reviewed in Slaviero et al., 2003; Renton,
2005; Aitken et al., 2006; Petrovic et al., 2007). Much of the work to
date has ascribed these changes to alterations in drug-metabolizing
enzymes and drug-plasma binding proteins. However, studies over the
past decade have also identified inflammation-mediated changes in
the expression and activity of membrane transporters, which may
contribute to alterations in the absorption, distribution and clearance
of drugs.

There are several classes of membrane transport proteins that are
involved in the transport of xenobiotics. Of particular importance are
the ABC drug efflux transporters that include P-glycoprotein (PGP/
ABCB1), which is encoded by the multidrug resistance gene MDRI in
humans and Mdrla and Mdrlb in rodents, the multidrug resistance-
associated proteins (MRP1-3/ABCC1-3), and the breast cancer resis-
tance protein (BCRP/ABCG2). Largely known for their involvement
in the extrusion of antineoplastic agents from tumor cells and devel-
opment of multidrug resistance, a great deal of substrate overlap exists
between PGP, BCRP, and the MRP transporters. Highly expressed in
epithelia of the intestine, liver, kidney, placenta, and blood-brain
barrier, these ABC drug transporters serve a key role in the disposition
of many clinically important drugs and their metabolites (Table 1). In
addition, members of the organic anion-transporting peptide (OATP,
Slc21) family, in particular OATP1 and OATP2, are important in the
cellular uptake and oral bioavailability of a broad spectrum of anionic
drug substrates.

Impact of Inflammation on Hepatic Transporters. Classic mod-
els of the inflammatory response are elicited locally through a small
s.c. injection of turpentine oil or systemically using bacterial endo-
toxin (LPS) in rodents. Administration of these agents triggers the
release of the proinflammatory cytokines IL-6, IL-1[3, and TNFa and
elicits numerous changes in hepatic protein production, which are felt
to reflect the acute phase response observed in humans. Pronounced
changes in the hepatic expression of the ABC transporters have been
reported with both LPS and turpentine models (Piquette-Miller et al.,
1998; Tang et al., 2000; Hartmann et al., 2001, 2002). Initial studies
detected decreases of 50 to 70% in the hepatic expression and activity
of PGP within 24 to 48 h after administration of turpentine (Piquette-
Miller et al., 1998). These reductions, which occurred at the level of
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TABLE 2

Effect of endotoxin-induced inflammation on mRNA expression of drug transporters in rodents

Transporter Species Tissue Effect of Endotoxin References
Abcbla (Mdrla) Mouse Liver | Hartmann et al., 2001
Kidney <« Hartmann et al., 2005
Rat Liver ! Piquette-Miller et al., 1998
Intestine | Kalitsky-Szirtes et al., 2004
Brain ! Goralski et al., 2003
Heart | Wang et al., 2005
Placenta ! Wang et al., 2005
Abcblb (Mdrib) Mouse Liver ! Hartmann et al., 2001
Kidney < Hartmann et al., 2005
Rat Liver 1 Goralski et al., 2003; Wang et al., 2005
Intestine < Kalitsky-Szirtes et al., 2004
Placenta ! Wang et al., 2005
Kidney < Wang et al., 2005
Abcel (Mrpl) Rat Brain ! Wang et al., 2005
Placenta | J. H. Wang and M. Piquette-Miller, unpublished data
Abcc2 (Mrp2) Mouse Liver ! Hartmann et al., 2002
Rat Liver ! Tang et al., 2000
Intestine ! Kalitsky-Szirtes et al., 2004
Placenta | J. H. Wang and M. Piquette-Miller, unpublished data
Abce3 (Mrp3) Mouse Liver ! Hartmann et al., 2002
Rat Intestine < Kalitsky-Szirtes et al., 2004
Placenta ! Kalitsky-Szirtes et al., 2004
Abcg2 (Brep) Rat Placenta | J. H. Wang and M. Piquette-Miller, unpublished data
Slc21a5 (Oatp2) Mouse Liver ! Hartmann et al., 2002
Rat Liver ! Goralski et al., 2003
Brain ! Goralski et al., 2003
Placenta | J. H. Wang and M. Piquette-Miller, unpublished data

mRNA, were shown to stem from suppression of Mdria and Mdrlb
nuclear gene transcription in turpentine-treated rats (Sukhai et al.,
2000). Endotoxin administration has also been shown to alter the
expression of several ABC transporters (Table 2) with some divergent
effects seen. For example, although Mdrib mRNA levels are de-
creased in mice, levels are increased in rats. Nevertheless in both
species, a decreased PGP protein expression is seen (Tang et al., 2000;
Hartmann et al., 2001; Goralski et al., 2003). Subsequent pharmaco-
kinetic studies confirmed the fact that inflammation-mediated de-
creases in the hepatic expression of Mdrla/PGP in endotoxin-treated
mice and rats were associated with corresponding changes in function
and significant reductions in the hepatic accumulation and biliary
clearance of model substrates including doxorubicin and **™Tc-ses-
tamibi (Hartmann et al., 2005; Wang et al., 2005).

The proinflammatory cytokines are known to play a principal role
in the regulation of numerous hepatic proteins during inflammation.
Thus, it was postulated that the down-regulation of drug transporters
probably occurred through these cytokine-mediated pathways. Indeed,
in vivo studies demonstrated a down-regulation in the hepatic expres-
sion of Mdrla, Mdrlb, and Mrp2 as well as the Oatp transporters in
IL-6-treated mice, thereby suggesting involvement of IL-6 in the
inflammatory-mediated down-regulation of the ABC transporters
(Hartmann et al., 2001, 2002). Likewise, in vitro treatments with IL-6
decreased the expression and activity of PGP/MDRI1 in both primary
cultured rat and human hepatoma cells (Sukhai et al., 2000; Lee and
Piquette-Miller, 2001). IL-13 was also found to contribute to PGP
suppression; however, a pronounced induction in Mdrib expression
was seen in mice treated with TNFa (Hartmann et al., 2001). Thus,
differential effects of cytokines on Mdrl expression may be respon-
sible for discrepancies between models of inflammation.

Regulation in Extrahepatic Tissues. In vivo studies have demon-
strated a pronounced reduction in the mRNA and protein expression
of PGP/Mdria, Mrp2, and CYP3A in the jejunum of endotoxin-
treated rats (Kalitsky-Szirtes et al., 2004). This down-regulation is
associated with an increased mucosal to serosal absorption of PGP
and MRP2 substrates across the intestinal sections isolated from

endotoxin-treated rats. Endotoxin-induced down-regulation of PGP/
Mdrla in brain tissues has also been found to increase intracranial
drug accumulation in rodents. Increased accumulation of doxorubicin,
which corresponded to decreased PGP protein expression, was ob-
served in the brains of endotoxin-treated mice (Hartmann et al., 2005).
Likewise, systemic and CNS inflammation produced by i.p. or intra-
cranial administration of endotoxin triggered significant decreases in
the expression of Mdrla mRNA in rat brain with analogous increases
in the brain accumulation of PGP substrates such as **™Tc-sestamibi
and digoxin (Goralski et al., 2003; Wang et al., 2005). Similar to liver,
inflammation also resulted in a pronounced decrease of Oatp2 in brain
(Goralski et al., 2003).

Recent reports have also demonstrated down-regulation of several
drug transporters in the placenta of endotoxin-treated rats. Systemic,
endotoxin-induced inflammation in near-term pregnant rats imposes a
dose- and time-dependent down-regulation in the mRNA levels of
several placental transporters, including Berp, Mdrla, Mdrib, Mrpl,
Mrp2, Mrp3, and Oatp2 (J. H. Wang and M. Piquette-Miller, unpub-
lished results). Expression of drug transporters may be a key deter-
minant of fetal drug exposure as the placenta is the principal maternal-
fetal membrane barrier. Indeed, endotoxin-mediated down-regulation
in placental expression of mdrla/PGP is associated with pronounced
increases in the fetal accumulation of the radiolabeled PGP substrate,
99mTc_sestamibi (Wang et al., 2005). Further experiments are needed
to examine the impact of inflammation-mediated suppression of
other transporters on fetal exposure to potentially harmful drugs and
chemicals.

Potential Regulatory Mechanisms. Putative binding sites for sev-
eral “stress” transcription factors are found on the promoter sequences
of the BCRP, MDR1, and MRP genes. In particular, nuclear factor-xB
and nuclear factor-IL6 [also known as CCAAT/enhancer binding
protein (C/EBP)] are induced by the proinflammatory cytokines and
are considered to be major transcription factors responsible for regu-
lation of hepatic proteins during the acute-phase response. In vivo and
in vitro studies in the laboratory have demonstrated that decreased
PGP expression primarily stems from an IL-6-mediated reduction in
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transcription of the Mdrla and Mdrib genes (Sukhai et al., 2000).
Promoter construct activity assays and electrophoretic mobility shift
assays have detected altered binding of hepatic nuclear proteins to the
rat Mdrlb promoter after endotoxin administration and a novel pro-
moter-binding region required for basal transcription has been iden-
tified (Ho and Piquette-Miller, 2007). Thus, transcriptional control
through these transcription factors may provide cellular signaling
pathways by which inflammatory mediators suppress expression of
the ABC transporters.

More recently, nuclear hormone receptors have emerged as poten-
tially important regulators of drug transporters during inflammation. It
is well established that activation of PXR in response to hormones,
bile acids, and xenobiotics leads to the induction of several genes
including Mdrla, Cyp3Al1, Mrp2, Mrp3, and Oatp2. Decreases in the
expression of PXR and the nuclear receptor CAR are seen in the
tissues of rodents and humans after exposure to LPS. As PXR acti-
vation results in the induction of many of the same drug transporter
and P450 enzymes that are suppressed during inflammation, it was
hypothesized that PXR could be involved in down-regulatory path-
ways. Indeed, studies in our laboratory detected substantial changes in
LPS- and IL-6-mediated down-regulation of Bsep, Mrp2, Oatp2, and
Cyp3all in PXR™'"-null mice compared with wild-type PXR™/*
mice (Teng and Piquette-Miller, 2005). Moreover, administration of
LPS or IL-6 was found to attenuate induction of Bsep, Mrp2, and
Cyp3all in mice pretreated with potent PXR activators (pregnenolone
16a-carbonitrile and RU486). Overall, these studies demonstrated a
partial role of PXR in the down-regulation of hepatic drug transport
and metabolic proteins during inflammation. As CAR and PXR have
many overlapping regulatory functions, future studies will examine
the involvement of CAR in inflammation-mediated changes.

In conclusion, whereas elucidation of the impact of inflammation-
induced changes in transporter expression on drug disposition is still
in its infancy, an ever increasing amount of research suggests that
alterations in the expression and activity of drug transporters contrib-
ute to inflammation-mediated changes in drug disposition. Because
ABC drug transporters such as PGP, MRPs, and BCRP transport a
large array of drugs, there is much potential for inflammation-induced
changes in the pharmacokinetic and pharmacodynamic disposition of
drugs. Studies on other classes of drug transporters may yield further
information. However, at this time there is a substantial need for
clinical studies, as findings from animal or tissue models cannot fully
be translated to humans.
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