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Abstract Purpose: P-glycoprotein (P-gp) is involved in
the transport of many drugs at different barriers with
consequence in terms of drug distribution and elimina-
tion. The expression and activity of P-gp can be modu-
lated by different factors and pathologies. The present
article reviews the knowledge regarding the effect of
pro-inflammatory cytokines (TNFα, IL-1β, IL-6, IL-2,
IFNγ ) on the expression and the functionality of P-gp at
three major sites of drug absorption and disposition: the
liver, the blood-brain barrier, and the intestine. Meth-
ods: The various methods used to study the effect of pro-
inflammatory cytokines include in vivo models (i.e. ani-
mals infected with Staphylococcus sp, animals injected
with bacterial lipopolysaccharide or directly with cytok-
ines, …) and in vitro models (i.e. primary rat hepato-
cytes, human brain endothelial cells, …). Results: The
data on P-gp expression and/or function may differ
according to the compound used to induce inflamma-
tion. However, there is a general trend towards a
decrease in both the expression of P-gp (mRNA and pro-
tein) and its functionality. Transcription factors and
nuclear receptors are probably involved in this regula-
tion. Conclusion: Cytokines may interfere with P-gp.
Hence, in pathological conditions (inflammation, infec-
tion, …), the expression and functionality of P-glycopro-
tein may be modulated with consequences for drug
disposition and, consequently treatment efficacy.

INTRODUCTION

P-glycoprotein (P-gp) is an ATP-dependent efflux
transporter, first identified in drug-resistant Chinese
hamster ovary cells (1). Its over expression is at the ori-
gin of the multidrug resistance (MDR) phenomenon
occurring during tumour chemotherapy. P-gp is
encoded by mdr 1a, 1b and 2 genes in rodents and

MDR 1 and 2 genes in humans. This protein is able to
extrude drugs from cells, leading to a decrease in drug
concentration within the cell and reduced cancer-che-
motherapy efficacy. P-gp is also present in normal tis-
sues where it protects the organism from many drugs
by decreasing intracellular concentrations (2). Liver,
intestine and brain barriers were the most studied P-gp
expressing barriers. Changes in the expression of efflux
transporters at these barriers may have consequences
on drug disposition and, therefore, on clinical effi-
ciency.

P-gp functionality, protein expression and mRNA
expression are influenced by a number of xenobiotics
(3) or endogenous compounds (4). P-gp function may
be inhibited by many drugs, either used in therapeutics
(verapamil, cyclosporin A, quinidine,…) or specifically
developed by pharmaceutical companies (valspodar,
elacridar,…) (3). Conversely, its activity may be
induced in human by drugs like rifampin (5). Patholog-
ical conditions, such as infections or inflammation,
also may alter the function of the barriers that express
P-gp. During infection and/or inflammation process,
pro-inflammatory cytokines are released and may
affect the initiation of coagulation, the traffic of poly-
morphonuclear cells to the site of inflammation and
the regulation of other cytokines. Inflammatory cytok-
ines may also be responsible for alterations in protein
synthesis. Indeed, albumin synthesis is upregulated
during inflammation. Other proteins like P-gp might
be regulated by pro-inflammatory cytokines. 

Since it has been demonstrated that the efficacy of
tumour treatment is increased by combining conven-
tional chemotherapeutic drugs with cytokines (6), it
appeared of great interest to investigate the interac-
tions between the MDR phenomenon and cytokines
and to investigate how cytokines could modulate mdr
expression. Various models have been used to study
the influence of cytokines on P-gp expression and func-
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tion, either by assessing the direct effect of isolated
cytokines injected to animals or added to cell-culture
media, or by inducing pathological conditions with
cytokine release such as inflammations, with assess-
ment of P-gp expression and functionality (7). 

The aim of the present paper is to focus on the regula-
tion of the expression and the functionality of the
efflux protein, P-glycoprotein, by pro-inflammatory
cytokines (TNFα, IL-1β, IL-6, IL-2, IFNγ ) at hepatic,
cerebral and intestinal levels.

This paper reviews what is known about the influence
of the cytokines released during acute inflammation
and/or infection on P-gp function. We first briefly
summarize the data on P-gp structure, distribution and
function and on pro-inflammatory cytokines. We then
discuss the effects of cytokines on P-gp at three major
sites involved in drug disposition: the liver, the blood-
brain barrier and the intestine.

P-GLYCOPROTEIN

Structure and tissue distribution

P-gp is a 170 kD transmembrane phosphoglycoprotein
from the ATP-binding Cassette superfamily (ABC),
encoded by mdr1a and mdr1b genes in rodents and
MDR1 gene in humans and involved in drug transport.
The genes mdr2 in rodents and MDR2 in humans play
a major role in the transport of phospholipids through
phosphatidylcholine translocation into bile (8). 

The expression of mRNA or protein may depend on
the model used. For example, mdr1b is not detectable
in vivo in the blood-brain barrier (9), whereas it can be
expressed by cell cultures (10). 

P-gp is an efflux pump, which transports a wide range
of compounds, preferentially hydrophobic neutral cat-
ionic compounds, from the inside of the cell back to
the extracellular space. It is constitutively expressed in
circulating lymphocytes, epithelial cells of organs with
excretory function (intestine, kidney, liver) and in
endothelial cells in the brain and placenta. In the small
and large intestine, P-gp is expressed on the brush-bor-
der membrane of enterocytes. In the liver, it is
expressed on the canalicular membrane of hepatocytes
(11). P-gp is also located in the luminal membrane of
the endothelial cells. Its localisation in brain capillaries

is controversial. Some authors evidenced P-gp on astro-
cytic endfeet (12) and in microglia (13), while it is cur-
rently admitted it is mainly localised in endothelial
cells. In the central nervous system (CNS), the pres-
ence of P-gp has been reported in the epithelium of the
choroid plexuses (14). P-gp is also expressed in the cap-
illary endothelial cells of testis.

The role of P-glycoprotein

The main role of P-glycoprotein is to protect against
xenobiotics and endogenous compounds at the site of
P-gp expression.

The distribution of P-gp suggests that its major role is
to excrete xenobiotics and metabolites into urine and
bile, and into the intestinal lumen (15). Many drugs are
co-substrates or modulators for both systems [P-gp and
cytochrome P450 (CYP)]. In the intestine and in the
liver, P-gp decreases drug bioavailability by reducing
absorption and enhancing the metabolism by CYP
enzymes. By producing repeated cycles of absorption
and secretion into the intestine, P-gp can increase drug
exposure to intestinal CYP and, therefore, can increase
drug metabolism (16).

P-gp also prevents drug accumulation and toxicity in
the CNS (17). The role of P-gp in drug-CNS disposi-
tion was examined using various cell-culture models or
homozygously deficient mice for the mdr1a and 1b
genes (9). It has been hypothesized that P-gp provides
protection against xenobiotics by pumping its sub-
strates from cells to blood. In the brain, P-gp plays a
role in the drug transport through the blood-cerebral
spinal fluid and the blood-brain barriers. It prevents
cerebral accumulation of drugs such as digoxin (18) and
central toxicity of compounds such as ivermectin (19).
Last, in tumor cells, P-gp transports drugs out of the
cells and contributes to the multidrug resistance phe-
nomenon (MDR) (20). 

CYTOKINES

Cytokines are a large group of polypeptides produced
by a wide variety of cells (21). T lymphocytes are a
major source of cytokine production. Upon activation,
they differentiate into two types of helper (Th) cells,
according to their cytokine secretion profiles:

- Th1 cells which produce pro-inflammatory cytokines
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like Tumor Necrosis Factor-α (TNFα), interleukin-1
(IL-1β), interferon gamma (IFNγ ), IL-2.

- Th2 cells, which preferentially secrete IL-4, IL-5, IL-6,
IL-10, IL-13.

Inflammation develops when Th1 cells are activated
whereas Th2 cells play a role in down-regulating Th1
pro-inflammatory response but also in the control of
hypersensitivity. The Th1/Th2 distinction has been
enlarged in type 1 and type 2 cytokine classification.

TNFα, IL-1β and IL-6 are mainly released by mono-
cytes or macrophages upon stimulation, although
TNFα and IL-6 are also produced by Th1 and Th2
cells, respectively. 

TNFα is produced as a soluble trimeric form or as a
transmembrane form at the surface of macrophages
and activated T cells. It plays a major role in inflamma-
tion by promoting extravasation of neutrophils, lym-
phocytes and monocytes and local adhesion to
endothelial cells. It also controls the immune response
by modulating T cell activation and inducing cytokine
synthesis. 

Following bacteria or immunoglobulin ligation to
monocyte/macrophage, IL-1β can be released into a
local environment where it affects capillary endothelial
cells, which secrete chemokines and upregulate the
expression of vascular adhesion molecules. This pro-
cess facilitates mononuclear infiltration into a site of
early inflammation. IL-1β also induces its own expres-
sion in newly arriving monocytes, thus reinforcing the
overall process. In terms of other pro-inflammatory
molecules, IL-1β would be necessary for the efficient
production of IFN-γ . In fact, IL-1β and TNF-α are
generally thought of as prototypical pro-inflammatory
cytokines. Of note, IL-1α is an extracellular molecular
form of IL-1, whereas IL-1β is secreted. They display
30% of homology.

IL-6 is involved in the stimulation of immunoglobulin
secretion and T cell activation. IFNγ  is produced by
Th1 and NK cells and is involved in the activation of
macrophage to induce MHC antigen up-regulation,
leukocyte adhesion and the release of proinflammatory
cytokines, such as TNFα and IL-1β.

Many studies have demonstrated that cytokines modu-
late the expression and functionality of proteins. For
example, the expression of the cytochrome (CYP) is
down-regulated by TNFα in human hepatocytes (22),
and by IL-1β and IL-6 in rat hepatocytes (23), thus
decreasing CYP-associated metabolism. 

MODELS FOR THE STUDY OF CYTOKINE EFFECTS ON
P-GP

Various models can be used to investigate the effects of
cytokines on P-gp expression and function. In vitro
models of cells from different organs of interest and
over-expressing P-gp, let in contact with different con-
centrations of cytokines over various periods, may be
used. Animal models may also be chosen, either by
injecting different concentrations of separated cytok-
ines over different periods, or by generating an inflam-
mation process where cytokines are over-released. All
these models are complementary and do not always
give similar results.

In animals, inflammation can be produced, either by
indirect production of cytokines following (i) infection
with Staphylococcus sp, E. coli, (ii) injection of bacterial
lipopolysaccharide (LPS) (= endotoxin, a component
of the cell wall of gram-negative bacteria, which
imposes a sepsis-type of inflammation) or turpentine
(chemical irritant, provoking an aseptic inflammatory
response), or by (iii) direct intravenous or intracere-
broventricular (icv) cytokine injection.

Among these models, the indirect production of
cytokines following injections of LPS or turpentine are
the most commonly used to study the influence of
cytokines on the expression and/or functionality of P-
gp. However, the type of inflammation and of cytok-
ines produced may vary according to the pro-inflam-
matory compound injected, the dose and the point of
injection. For example, the injection of turpentine pro-
duces an acute inflammation that is more localized
than the one observed after LPS injection. LPS injec-
tion induces IL-1β, IL-2, IL-6, TNFα and interferon γ
(IFNγ )  release, whereas turpentine only induces IL-1β
and IL-6 release. The amount of LPS injected may also
account for cytokine released. Furthermore, the effects
of LPS on cytokine release also depend on the organ
studied. After intraperitoneal injection of LPS, IL-1β
and TNFα, Turrin et al showed that mRNAs were
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upregulated in several brain regions (cortex, cerebel-
lum, hippocampus), spleen, liver and adipose tissue,
and that TNFα plasma levels were increased (24). After
icv administration of LPS to rats, de Simoni et al have
demonstrated the induction of inflammatory cytokine
production (IL-6, IL-1β, TNFα), not only in the brain
tissue but also in the peripheric nervous system. Fur-
thermore, IFNγ  potentiates LPS action by modulating
IL-6 and TNFα expression, but not IL-1β expression
and production, whereas IFNγ  administered alone
does not induce cytokine synthesis (25).

Finally, as turpentine requires more time to induce an
inflammatory response, the variations observed in mdr
mRNA or protein expression may also reflect differ-
ences in the time course of cytokine induction between
the two models.

All these points and differences must be considered
when driving conclusions from a unique model,
regarding an interaction between cytokines and P-gp.

INFLUENCE OF CYTOKINES ON HEPATIC P-GP

Several factors affect mdr expression in hepatic cells.
mdr1b is the less abundant form in normal liver but it
is largely sensitive to induction factors, whereas mdr1a
and mdr2 are constitutively expressed but inducible at
a lesser extent (26). Factors inducing hepatocyte prolif-
eration, such as partial hepatectomy or addition of
hepatotrophic growth factors to cell-cultures, increase
mdr mRNA levels (27).

Effects of inflammation models on hepatic P-gp

After icv administration to rats of LPS from E. coli, P-
gp function and expression were evaluated (28).  It was
observed that icv injection of LPS have consequences
at the hepatic level. Hepatic mdr1a mRNA was down-
regulated by 70% at 6 h and returned to the pre-treat-
ment level by 24 or 48 h. By contrast, mdr1b mRNA
expression was induced at 6 h and returned to control
level at 24 h following LPS treatment. This LPS-
induced inflammation, which is initiated at the CNS
level, also altered the hepatic elimination of digoxin, a
well known P-gp substrate, since the biliary elimina-
tion of digoxin was decreased in LPS- versus control-
rats. The authors reported a decrease in both the
expression of mdr1a mRNA and the function of P-gp,
and an increase in mdr1b mRNA.

These results suggest that mdr1b does not contribute
to the biliary elimination of digoxin.

By 6 h after injection of Klebsiella pneumoniae-LPS in
rats, mdr1a expression was decreased and returned to
control level by 24 h (29). On the contrary, mdr1b lev-
els were increased by 6 or 24 h after injection of the
endotoxin.

Vos et al administered E. coli-LPS to rats and investi-
gated the expression of P-gp both at the level of the
immunoreactive protein and of the mRNAs in mem-
brane fractions of whole liver and in isolated hepato-
cytes (30).  A significant increase in mdr1b mRNA was
observed from 6 h until at least 48 h after endotoxin
administration, whereas the levels of mdr1a and mdr2
remained unchanged. On western blot, the global sig-
nal obtained with the P-gp C219 antibody was
decreased.

In a model of local inflammation induced in rats
injected subcutaneously (sc) with turpentine at 0 and
24 h, the mRNA expression and the transcription rate
of mdr1a and mdr1b genes were analysed by RT-PCR
and nuclear run-on analysis, respectively (31). Relative
to controls, mdr1a and mdr1b mRNAs were reduced
by 74 and 68%, respectively, in livers. Transcription
rates of these genes were also reduced by 52 and 35%,
respectively, indicating that the reduction in mdr levels
is mediated through a decrease in gene transcription.

After induction of inflammation in rats with either
turpentine (sc) or LPS (ip) injection, both the expres-
sion and the functionality of P-gp were depressed (32).
Again, 48 h after induction of inflammation with
either turpentine or LPS, the hepatic expression of the
MDR gene products (protein) was reduced. mdr1a and
mdr1b mRNAs were also decreased by 40 to 70%, as
compared to controls. Finally, the functionality, esti-
mated by the efflux of the substrate Rhodamine 123,
was also depressed by 45 to 65%.

Hartmann et al have compared the influence of cytok-
ine-producing LPS and turpentine inflammatory mod-
els and of the injection of separated cytokines (TNFα,
IL-1β and IL-6) on the expression of P-gp in mouse
liver (33). Both turpentine, which preferentially pro-
duces IL-1β and IL-6 release, and LPS, which induces
IL-1β, IL-2, IL-6, TNFα and IFNγ  secretion, down-reg-
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ulated hepatic P-gp, both at the mRNA and protein
levels. As concerns, separated cytokines, mice treated
with IL-6, but not IL-1β and TNFα, displayed signifi-
cant decreases in the levels of the protein P-gp and of
mdr1a, mdr1b and mdr2 mRNAs, which were similar
to that observed with experimentally-induced inflam-
mation with turpentine or LPS. From these results, the
authors conclude that, since turpentine-induced
inflammation is not associated with TNFα induction,
IL-1β and more likely IL-6, rather than TNFα, may be
involved in the inflammation-induced down-regulation
of P-gp.

After ip injection of LPS from S. typhimurium to rats,
no change was observed in the expression of the immu-
noreactive P-gp (34).

Effects of TNFα alone on hepatic P-gp

By using primary rat hepatocytes cultured with or
without TNFα, Hirsch-Ernst et al showed that TNFα,
given 4000 IU/ml over 3 days induce mdr1b mRNA
and protein (P-gp) expression (35). They also demon-
strated that TNFα could increase P-gp functionality as
rhodamine 123 intracellular accumulations was
decreased by cell pre-treatment with TNFα. Con-
versely, mdr2 expression was not modified by exoge-
nous TNFα. As mdr1b mRNA is predominantly
expressed in hepatocyte culture, the observed TNFα-
induced enhance in P-gp expression was mainly due to
an increase in mdr1b expression. 

In order to investigate the specific role of TNFα in the
inflammation induced by Klebsiella pneumoniae endot-
oxin and its effect on P-gp in the liver, rats were pre-
treated with pentoxifylline, an inhibitor of TNFα pro-
duction. Rats were injected i.p. with both the endot-
oxin and pentoxifylline, and the biliary excretion of
the P-gp substrate, rhodamine, was studied  (29). In
endotoxin-treated rats, an increase in TNFα plasma
levels, a decrease in hepatic mdr1a mRNA expression
(6 h after endotoxin injection and a return to control
levels 24 hours after) and an increase in mdr1b (6 and
24 h after treatment) were observed. The authors also
demonstrated that endotoxin decreased biliary
rhodamine 123 clearances, which was unchanged in
case of pre-treatment with the TNFα inhibitor, pen-
toxifylline. These results suggest that the decrease in P-
gp functionality and in mdr1a expression is likely due

to increased plasma levels of TNFα following endot-
oxin injection.

In mice treated ip with TNFα (1,000-25,000 IU), the
levels of P-gp were not altered (33). Regarding the cor-
responding genes, mdr1b was significantly increased at
high doses of TNFα only (25,000 IU), whereas mdr1a
was not significantly altered.

Effects of IL-6 alone on hepatic P-gp

The effects of IL-6 on the expression and function of P-
gp were investigated on two HepG2 and HuH7 cell
lines possessing morphological characteristics of liver
parenchymal cells (36). Contradictory results were
obtained with a significant down-regulation of P-gp
mediated efflux of rhodamine by IL-6 at 24 h and a cor-
responding decrease in MDR1 mRNA and immunore-
active P-gp expression in HuH7 cells, whereas no effect
of IL-6 was observed in HepG2 cells.

Cultured rat hepatocytes were treated with 5 ng/mL of
recombinant IL-6 for 0 to 24 h and analysed for the
expression of mdr1 mRNA and its transcription rates
(31). After 24 h, but not after 12 h, IL-6-treated hepato-
cytes displayed reduced levels of mdr1a and mdr1b by
35% and 65%, respectively, as compared to controls. In
the mean time, transcription rates in IL-6-treated cells
were suppressed by 22% and 26%, for mdr1a and
mdr1b, respectively.

In hepatocytes isolated from rat livers, a 24h-treatment
with IL-6 (1-10 ng/mL) resulted in a 20-38% reduction
in the immunoreactive protein P-gp level, with a maxi-
mal suppression occurring at 5 ng/mL. At this IL-6
concentration, mdr1b mRNA was also significantly
reduced. A downward trend was observed for mdr1a.
The transport function of P-gp, evaluated by the vera-
pamil-inhibitable efflux of rhodamine 123, was signifi-
cantly reduced in IL-6-treated cells (37).

The ip treatment of mice with IL-6 alone (1,000-20,000
IU) resulted in a dose- and time-dependent significant
decrease in the level of the P-gp (33). Regarding the
corresponding genes, mdr1b was significantly
decreased for a dose of 10,000 IU but not at a dose of
1,000 IU. A non-significant decrease was observed for
mdr1a.
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Effects of IL-1β alone on hepatic P-gp

The treatment of hepatocytes isolated from rat livers
with IL-1β resulted in a decrease in both the expression
and the function of P-gp (37). After a 3-day treatment
with IL-1β (1-25 ng/mL), a reduction (32-75%) in the
protein expression, which was maximal at 5 ng/mL
was observed, whereas the mdr1a and mdr1b mRNAs
were not modified. This IL-1β treatment depressed the
transport function of P-gp, which was evidenced by a
34% increase in rhodamine accumulation.

In mice treated ip with isolated IL-1β (1,000-25,000
IU), IL-1β did not modify the levels of P-gp assayed by
using the C219 antibody (33). Regarding the corre-
sponding genes, mdr1a was significantly decreased,
whereas mdr1b tended to be induced.

Effects of IFNγ  alone on hepatic P-gp

Rat hepatocytes were treated with 1000 IU/mL of
IFNβ or IFNγ  for 3 days. Functionality was evaluated
by using rhodamine transport and P-gp expression was
studied by western blot using C219 antibody (38). The
treatment of hepatocytes with IFNγ  resulted in a
decrease in P-gp functionality as seen by a significant
increase in rhodamine incorporation, whereas western
blot detection revealed an increase in P-gp expression.
These results suggest that the decrease in P-gp function
was not related to a reduced P-gp expression but may
be due to a direct dysfunction by putative regulatory
cofactors or to the impairment of the functional estab-
lishment of P-gp on the cell surface. On the contrary,
IFNβ had no effect on P-gp expression and functional-
ity.

In summary, studies investigating the effect of either
LPS or turpentine injection as inflammation models in
animals on the expression and/or functionality of P-gp
in the liver showed that after induction of inflamma-
tion, mdr1a mRNA was constantly depressed (28, 29,
31-33), except in one study where it was not modified
(30) (Table 1). Regarding mdr1b, contradictory results
were observed with either an induction (28-30) or a
decrease in mRNA expression (31, 32). The expression
of the immunoreactive protein, when investigated, was
most often decreased (30, 32, 33) or unchanged (34).
When studied, the functionality was also depressed (28,
32). 

Table 1: Influence of pro-inflammatory cytokines on the
mdr gene, the P-glycoprotein and its functionality in the
liver.

ND : not determined

In the studies investigating the effects of separated
cytokines at the hepatic level, quite consensual results
were obtained regarding the effect of IL-6 : decrease in
the MDR1 (36) or mdr1b mRNAs (31, 33, 37),
decrease in the level of the immunoreactive protein
(36, 37) and depressed functionality (36, 37). Regarding
TNFα, results were quite controversial, since the
expression of the mdr mRNA and of the P-gp protein
was increased (35), decreased (29) or unchanged  (33).
Only isolated results were obtained with IL-1β and
IFNγ , which require confirmation. However, the
results obtained with isolated cytokines should be con-
sidered cautiously, as a given cytokine modulates not
only its own secretion but also the secretion of other
cytokines.

INFLUENCE OF CYTOKINES ON CEREBRAL P-GP

Human brain endothelial BB19 cells were cultured
with or without 1,000 IU/mL of rhTNFα (recombi-
nant human TNFα). The TNFα treatment did not sig-
nificantly influence the mdr expression and resulted in
a moderate decrease in the P-gp functionality (39).

Immortalized rat brain capillary endothelial GPNT
cells were treated by various concentrations of TNFα
for 4 days and the expression of mdr1 mRNA and pro-
tein was investigated together with the functionality
(40). mdr1 mRNA and the protein did not response
similarly to the TNFα treatment. An increase in
mdr1a and mdr1b mRNAs was observed whereas
TNFα had no influence on the expression of the pro-
tein. The treatment of cells with TNFα resulted in an
increase in vinblastine accumulation into the cells. By
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pre-treating the cells with the P-gp inhibitor,
GF120918, the effect of TNFα on the accumulation of
vinblastine disappeared, whatever the TNFα concen-
tration and the duration of contact, highly suggesting
the direct involvement of TNFα in this process. 

Mice were injected in the tail vein with Shi-like toxin
type II (SLT-II) produced by an E. coli strain and the
influence on P-gp expression and functionality were
investigated together with the involvement of TNFα
in this process (41). As reported previously (42), SLT-II
was susceptible to induce the expression of cytokines,
especially TNFα and IL-1β, these two cytokines being
able to play a role in SLT-II-induced histopathological
lesions. By injecting SLT-II to mice, the expression of
P-gp was increased in brain homogenates by a 2-fold
factor 24 h after injection (41). The cerebral transport
of doxorubicin was also investigated in mice treated
with SLT-II, pre-treated or not with pentoxifylline. In
case of pre-treatment with pentoxifylline, doxorubicin
cerebral transport was increased by SLT-II then
returned to control levels, suggesting that TNFα is
involved in the modulation process of SLT-II.

The transfer of the human TNFα gene into human
U373MG glioblastoma cells was used to investigate the
effect of TNFα on the expression and functionality of
P-gp (44). The TNFα-transfected cell-clone showed a
marked reduction in P-gp expression when using the
JSB-1 antibody. This reduction was dependent upon
the amount of cytokines produced by the cells. In the
TNFα-transfected clones, the uptake of rhodamine was
increased as compared to the control and correlated to
the level of P-gp expression. This decrease in function-
ality was also dependent on the amount of secreted
cytokines into the clone.

After intracerebroventricular administration of E. coli-
LPS in rats, P-gp function and expression were evalu-
ated in the brain (28). Icv injection of LPS resulted in
CNS inflammation. In LPS-treated rats, brain mdr1a
mRNA levels were 50 % down-regulated at 6 h as com-
pared to saline-treated rats and were back to the nor-
mal level by 24 h and 48 h, respectively. In LPS-treated
rats, brain radioactivity and the plasma level of parent
digoxin were increased, 24 h after injection of radiola-
bel led digoxin, suggesting a loss in cerebral P-gp func-
tion. 

P-gp has been identified mainly in endothelial cells, but
also on astrocytic endfeet (12) and in microglia (13).
The influence of a wide variety of molecules known to
induce astroglial activation was investigated in
enriched astroglial cell cultures (43). The addition of
recombinant mouse IL-6 to astroglial cells (0-40 ng/
mL) resulted in a significant (68.8%) increase in P-gp
intracellular content, but only at a high concentration
(40 ng/mL). IL-1β or TNFα addition did not signifi-
cantly alter this P-gp content. In summary, studies in
the brain are mainly limited to the effects of TNFα on
P-gp (Table 2).

Table 2: Influence of pro-inflammatory cytokines on the
mdr gene, the P-glycoprotein and its functionality in the
brain.

ND : not determined

Results are controversial regarding the effects of cytok-
ines on the expression of the mRNAs and of the pro-
tein, since the expression of mRNAs was increased
(40), unchanged (39) or decreased (28) and the expres-
sion of the protein was increased (40, 41) decreased (44)
or unchanged (40). On the contrary, regarding the
functionality of P-gp, studies appear more unanimous
and report a depressed functionality related to TNFα
treatment (39-41, 44) or to LPS-induced inflammation
model (28).

INFLUENCE OF CYTOKINES ON INTESTINAL P-GP

Human colon carcinoma Caco2 cells were harvested
with or without addition of cytokines (TNFα, IL-1, IL-
6, IFNγ ) (45). After treatment of Caco2 cells for 24 h
with 10 ng/mL of each cytokine, a 13-24% increase in
MDR1 mRNA level was observed with IL-6, IFNγ  or
the combination of IL-6 and IFNγ . No change in the
mRNA level was observed after the addition either of
TNFα or IL-1β. 

The influence of 100 IU/mL of cytokines (IFNγ ,
TNFα or IL-2), on the transducted human colon carci-
noma cell lines HCT15 and HCT116, was investigated
for MDR1 gene and P-gp expression (46). In both cell
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lines, MDR1 mRNA levels were decreased by the three
cytokines in a time-dependent manner, the most strik-
ing effect being observed with TNFα. At 72 h after
cytokine treatment, MDR1 levels were back to control
levels. The expression of the immunoreactive P-gp was
also depressed, which was in agreement with the reduc-
tion observed in the transcripts. Treatment with each
cytokine resulted in an enhanced accumulation of dox-
orubicin, a P-gp substrate, suggesting a reduction in P-
gp functionality.

Genes coding for human TNFα and IL-2 were intro-
duced into the human colon carcinoma cell lines,
HCT15 and HCT116, using the murine leukaemia
virus (MLV)-based expression vectors constitutively
expressing either TNFα or IL-2 under the control of
the cytomegalovirus promoter (47). Then, the expres-
sion and the functionality of P-gp were compared to
those in parental nontransduced cells or empty vector-
harbouring clones. mdr1 mRNA level was reduced in
TNFα− or IL-2 gene-transduced clones and the extent
of reduction was associated with the level of either
TNFα or IL-2. Similarly, transduction with TNFα or
IL-2 resulted in a reduced P-gp expression, which
ranged from 1.6- to 4.3-fold and 1.3- to 1.9-fold, in
TNF-producing and in IL-2-producing HCT15 clones,
respectively. Regarding the functionality, TNFα- or
IL-2-transduction enhanced doxorubicin intracellular
accumulation by 1.8- to 2.7-fold and 1.3- to 1.8-fold in
HCT115 and HCT16 cells, respectively.

The effect of IL-2 on intestinal P-gp was investigated
using various models. In vitro, in human colon carci-
noma Caco2 cells incubated with IL-2 (100-1000-5000
IU/mL for 24 to 96 hours), P-gp function was
decreased in relation with the time of contact and with
the concentration of IL-2. In parallel, MDR1 mRNA
level was significantly down-regulated by IL-2 (48). In
vivo, a chronic treatment with IL-2 at a dose of 15 µg
twice daily for 4 days (49) or at a dose of 9 MIU/kg by
i.p. injection twice daily during 4 days (50) resulted in a
significant decrease in P-gp protein expression in the
intestine. The effect of IL-2 was also evaluated on P-gp
activity, either by comparing digoxin pharmacokinet-
ics with or without IL-2 pre-treatment (49, 51), or by
using mouse everted gut sacs with rhodamine 123 as P-
gp substrate (50). In both cases, the pre-treatment with
IL-2 resulted in a significant decrease in P-gp function-
ality.

In summary, all studies, except one (45) reporting a
slight increase in MDR1 mRNA in Caco2 treated with
IL-6 or IFNγ  but not with TNFα or IL-1β, describe a
systematic decrease in mdr mRNA in the intestine
with TNFα, IL-2 or IFNγ  (46-48), a depressed expres-
sion of the immunoreactive protein with TNFα, IL-2
or IFNγ   (46-51) and a depressed functionality  (46-51)
(Table 3).

Table 3: Influence of pro-inflammatory cytokines on the
mdr gene, the P-glycoprotein and its functionality in the
intestine.

ND : not determined

MECHANISMS OF MODULATION OF P-GLYCOPROTEIN 
GENE OR PROTEIN BY CYTOKINES AT THE MOLECULAR 
LEVEL 

Regarding the mechanisms of modulation of P-gp by
cytokines, little is known. Many studies have evaluated
the effects of cytokines on the expression and activity
of Pgp but very few have investigated the mechanisms
involved at the molecular level.

The expression and functionality of Pgp can be con-
trolled pre- or post-transcriptionally. Different mecha-
nisms of control at variable steps may exist for Pgp
such as modification of protein stability, mRNA stabil-
ity, gene transcription and gene amplification. Among
these, control at the mRNA level is the most fre-
quently described (4). These different mechanisms may
also intervene simultaneously. 

The immune system is regulated by a very complicated
network through cytokines and their receptors. Tran-
scriptional activation of inflammatory response-genes,
such as the genes for cytokines and their receptors and
for acute phase proteins, are controlled by specific
transcription factors binding the gene enhancers and
promoters (52). Transcription factors such as NF-κB,
NF-IL6, CREB/ATF, Jun-Fos, STAT and NF-AT are
involved in the control of mRNA expression of genes
involved in the acute phase response(52).
366



J Pharm Pharmaceut Sci (www.ualberta.ca/~csps) 7(3):359-371, 2004
Several studies have investigated the involvement of
these transcription factors in the modulation of mdr
mRNA. It has been shown that the induction of mdr1
mRNA expression by IL6 in breast cancer cells corre-
lates with the activation of C/EBPβ (also called NF-
IL6) and C/EBPδ, two members of the C/EBP family
of transcription factors (53). Chen et al have investi-
gated the implication of NF-IL6 in MDR1 gene activa-
tion using transfection of human breast cancer cells by
C/EBPβ or a dominant-negative form of this nuclear
factor (54). They observed a C/EBPβ interaction on
the MDR1 promoter via the region within -128 and -
75. Using deletions and mutations, they also demon-
strated that the AP-1 box (-123 to -111) negatively regu-
lated MDR1 activation by NF-IL6 and that the
inverted CCAAT box (also called Y box, -82 to -73)
was required for MDR1 activation by NF-IL6. Again,
Combates et al have demonstrated that NF-IL6 might
be an important candidate for mediating the induction
of MDR1 gene in response to a variety of stimuli (55).
For this, they co-transfected HepG2 cells with an NF-
IL6 expression vector and a MDR1 promoter-driven
CAT reporter construct and observed that the poten-
tial of NF-IL6 to stimulate the reporter gene activity
was reduced after mutation or deletion of NF-IL6 rec-
ognition sequence in MDR1 promoter. In rat hepato-
cytes and hepatoma cells, Ros et al have investigated
the mechanism of mdr1b gene up-regulation by TNFα,
knowing that TNFα can signal through various path-
ways, such as NF-κB and p53, transcription factors for
which binding sites in the mdr1b promoter have been
identified. They demonstrated that NF-κB but not p53
was involved in the activation of mdr1b in both types
of cells (56). 

Using HCT15 colon cancer cells, Bentires-Alj et al
have demonstrated that NF-κB was involved in the
regulation of the mdr1 mRNA expression in drug
resistance (57). They observed that NF-κB or P-glyco-
protein inhibition led to increased apoptotic cell death
in response to daunomycin treatment. Moreover, NF-
κB inhibition increased daunomycin cell uptake and
reduced mdr1 mRNA and P-glycoprotein expression
in HCT15 cells. In P-gp overexpressing osteosarcoma
cells, type I interferons, but not IFNγ , inhibited cell
growth with a higher effect in MDR1 cells compared
to parental cells. Moreover, the higher sensitivity of P-
gp overexpressing cells to type I IFNs correlated with a
higher expression of the activator of the transcription

STAT2 and STAT3, two intracellular mediators of the
type I IFN signalling pathways (58).

Some data in the literature may suggest that nuclear
receptors could also be involved in the mechanism of
P-gp modulation by cytokines. Nuclear receptors are a
large family of proteins involved in key metabolic pro-
cesses. Among these nuclear factors, PXR (pregnane X
receptor, in rodents), also known as steroid xenobiot-
ics receptor (SXR) in humans is able to regulate
CYP3A transcription (59) in mice (60), in rabbit (61),
in rat (62) and in humans (63) and is activated by most
of the CYP3A inducers (64). It has also been shown
that PXR was involved in the transcriptional regula-
tion of multidrug resistance protein (MDR1), which
encodes for the drug transporter P-glycoprotein. Syn-
old et al demonstrated that the chemotherapeutic agent
paclitaxel was able to activate SXR and enhanced P-gp
mediated drug clearance (65). They showed in primary
hepatocyte and colon cultures that several SXR ago-
nists enhanced MDR1 expression, suggesting that
MDR1 was a PXR target gene in liver and intestine. 

Using human colon carcinoma cells and the induction
of Pgp by rifampicin, Geick et al investigated the 5’-
upstream region of human MDR1 for the presence of
potential PXR response elements (66). They identified
a distinct PXR binding site, a DR4 nuclear receptor
response element, essential for MDR1 induction by
rifampicin. More recently, it was demonstrated that
PXR was also expressed in the blood brain barrier and
that dosing rats with pregnenolone-16alpha-carboni-
trile (PCN) and dexamethasone increased P-gp expres-
sion in brain capillaries and up-regulated specific
transport in capillaries (67). Regarding nuclear recep-
tors, an interesting study using human primary hepato-
cyte culture, has shown that IL-6 was able to decrease
the expression of PXR mRNA. IL-6 also decreased the
rifampicin- and phenobarbital- mediated induction of
CYP2B6, CYP2C8, CYP2C9 and CYP3A4 (68). Rela-
tion between cytokine, nuclear receptors and P-gp
remains unclear. However, as CYP3A and MDR1 are
often co-induced, one can imagine that cytokine and
inflammation conditions modulate the expression of
mdr mRNA via the modulation of the expression of
nuclear receptors.
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CONCLUSION

In the models of inflammation, the results may depend
on the inflammation inducer used (LPS or turpentine).
It has been shown that LPS injection preferentially
induces IL-1β, IL-2, IL-6, TNFα and IFNγ  release,
whereas turpentine induces the release of IL-1β and IL-
6. For this reason, the data on P-gp expression and/or
function may differ according to the compound used
to induce inflammation. Compared to models of
inflammation, the treatment with a single cytokine
appears to be a more precise approach to investigate
the influence of a cytokine separately. However, injec-
tion of a separate cytokine has also its limitations.
Indeed, cytokines are known to be involved not only
in their own regulation but also in the regulation of
other cytokines. For these reasons, the addition of high
concentrations of a given cytokine in a cell culture
medium or its injection to an animal induces a cascade
of reactions that may alter the release of other cytok-
ines.

The results also depend on in vivo or in vitro models
used. This is obvious at the BBB level where mdr1b is
not detectable in vivo, whereas it is expressed in cell
cultures and can be modulated by TNFα. It is proba-
bly the case for other organs.

From the data in the literature (Tables 1, 2 and 3), it
appears delicate to conclude definitely regarding the
effect of cytokines on the expression and functionality
of P-glycoprotein. However, despite of contradictory
results, there is a general trend towards a decrease in
both the expression of P-gp (mRNA and protein) and
its functionality after treatment of cells or animals
with pro-inflammatory cytokines. This trend is inde-
pendent of the organ or anatomic barrier considered,
at the hepatic, cerebral or intestinal level.

Regarding the mechanisms of modulation of P-gp by
cytokines, some interesting studies indicate that tran-
scription factors and nuclear receptors are probably
involved in the regulation of expression and/or func-
tionality of efflux proteins by cytokines. However, lit-
tle is known on how cytokines modulate the
expression of the MDR genes at the molecular level.

In total, it appears obvious that cytokines may inter-
fere with P-gp. Hence, in pathological conditions, such

as inflammation or infection where cytokines are
released and involved, the expression and functionality
of efflux proteins, like P-glycoprotein but also others
like multi-drug associated protein (MRPs) and breast
cancer resistance protein (BCRP), may be modulated
with consequences for drug disposition and, conse-
quently treatment efficacy. However, most of the stud-
ies investigating the influence of cytokines on P-gp
have been conducted on in vitro models or in animals
and the clinical significance of P-gp modulation in
inflammation or infection is not known. Moreover,
the cytokines released in such pathological conditions
may also influence other pharmacokinetic factors, such
as metabolism (CYP,…), with additional consequences
on drug disposition.
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