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Abstract

We investigated the effects of interferon-b (IFN-b) and IFN-g on the drug efflux activity of the human intestinal Caco-2 cell line,

expressing the P-glycoprotein (P-gp) on the apical membrane. The cells grown on Transwell plates were pretreated with 1000 U/ml IFN-b,

IFN-g or a combination of both for 3 days, and then the transepithelial electrical resistance (TEER) and the vectorial transport of rhodamine-

123 (Rho-123) across the cell monolayers were evaluated. Exposure to IFN-g reduced substantially the TEER, but the effect of IFN-b was

minimal? The apparent permeability of Rho-123 in both the basolateral-to-apical and apical-to-basolateral directions was significantly

increased by IFN-g but scarcely by IFN-b. The combination of IFN-g and IFN-b showed similar effects to IFN-g alone. Meanwhile, the

cellular uptake of Rho-123 from the apical side was not affected by any IFN treatment. The uptake level was increased approximately three

times in the presence of verapamil, a P-gp inhibitor, and the increased level was not affected by any IFN treatment, indicating that the efflux

activity mediated by P-gp in the monolayers is not altered by these cytokines. Taken together, these results suggest that IFNs modulate the

permeability of Caco-2 monolayer through effect on paracellular transport rather than effect on P-gp activity.

q 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Drug transporters play a vital role in the disposition

and elimination of xenobiotics. In particular, P-glycoprotein

(P-gp) is an important ATP-dependent membrane transpor-

ter which is expressed in many normal tissues, including

liver, brain, kidney, adrenal gland and intestinal epithelial

cells [1,2]. It is involved in the absorption, distribution and

elimination of a variety of clinically important drugs [3,4].

Several studies using mdr1a knockout mice have demon-

strated that P-gp expressed in the intestine plays an

important role in limiting drug absorption and reducing
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bioavailability. For example, the oral bioavailability of P-gp

substrates, paclitaxel and HIV-1 protease inhibitors is

higher in mdr1a(K/K) mice than in mdr1a(C/C) mice

[5,6].

P-gp is regulated by a number of substances, including

xenobiotics, hormones [7,8] and cytokines [9,10]. Inter-

ferons (IFNs), which consist of type I IFN (IFN-a and

IFN-b) and type II IFN (IFN-g), are endogenous

cytokines induced in a variety of inflammatory diseases

and also used clinically as anticancer or antiviral agents

[11,12]. However, the influence of IFNs on P-gp in the

intestine is still unclear. The present study was designed

to examine the effect of IFN-b and IFN-g on drug

transport or in vitro permeability in human intestinal

Caco-2 cells using rhodamine-123 (Rho-123), a typical

substrate for P-gp, since Caco-2 cell monolayers have

been widely used as a model of small intestinal enterocyte

layers in the studies of intestinal transport or permeability

[13] and of P-gp expression [14].
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Fig. 1. Effect of IFNs on TEER of Caco-2 cell monolayers. Caco-2 cells

were exposed to IFN-b (C), IFN-g (,), or IFN-b and IFN-g (&) at

1000 U/ml from basolateral sides. The values represent the meansGSD of

three determinations and were analyzed by the Student’s t-test. *P!0.01 vs

control. The TEER values for control monolayers ranged from 350 to

440 U cm2.
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2. Materials and methods

2.1. Materials

Nonessential amino acids cocktail (NEAA), L-glutamine,

penicillin and streptomycin were obtained from Gibco BRL

(Gaithersbug, MD). Rho-123 was purchased from Kanto

Kagaku (Tokyo, Japan) and verapamil from Nacalai Tesque

(Kyoto, Japan). Highly purified human IFN-b and IFN-g
were kindly donated by Toray Basic Research Laboratories

(Kamakura, Japan) and Shionogi Research Laboratories

(Osaka, Japan), respectively.

2.2. Cell culture and interferon treatment

Human colon adenocarcinoma Caco-2 cells (ATCC

HTB37), obtained from the American Type Culture Collec-

tion (Rockville, MD), were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) containing 4.5 g/l

D-glucose, 1% NEAA, 2 mM L-glutamine, 100 U/ml peni-

cillin and 100 mg/ml streptomycin, supplemented with 10%

fetal bovine serum (FBS), in 5%-CO2 at 37 8C, and were used

between 36 and 47 passages. The medium was refreshed

every 2 days. For efflux experiments, cells were seeded onto

polyester filters (1 cm2 area, 0.4 mm pore size) (Transwell

plate; Corning Coster Co., Cambridge, MA) at a density of

1!105 cells/cm2 and grown for 14–15 days. The volumes of

the medium of the apical (insert) and basolateral (well) sides

were 0.5 and 1.5 ml, respectively. The formation of

functional epithelial monolayers was monitored by measur-

ing the transepithelial electrical resistance (TEER) of cell

monolayers with a Millicell-ERS meter (Millipore Corp.,

Bedford, MA). Cell monolayers were used when the net

TEER exceeded 300 U(R) cm2 (usually R300 R cm2). To

expose cell monolayers to IFN, the medium of the upper

and/or lower chambers were replaced with medium contain-

ing 1000 U/ml IFN, being refreshed every day.

2.3. Transport and uptake studies

The 15–17 day-maintained Caco-2 monolayers on

Transwell plates were used for transport and uptake

experiments. The monolayers were, if necessary, treated

with IFNs as mentioned above. Rho-123 (5 mM) in Hanks’

balanced salt solutions (HBSS) buffered with 10 mM Hepes

(pH 7.4) was applied either to the apical (luminal) or

basolateral (serosal) side of the cell monolayers. To inhibit

the P-gp activity, verapamil (100 mM) was added to both the

basal and apical side solutions. At appropriate time intervals,

aliquots were taken from the apical (0.1 ml) or the basolateral

side (0.1 ml), and then replaced with equal volumes of pre-

warmed Hepes-buffered HBSS. The drug contents in the

samples were measured fluorometrically as previously

described [15]. The apparent permeability coefficients

(Papp) were estimated from the slope of the early linear

portion of the time-course of drug transport across the cell
monolayers according to the equation: PappZ(dC/dt)/(AC0),

where A is the area of the membrane (cm2), C0 is the initial

concentration (mM) of the solute in the donor chamber, and

dC/dt is the permeability rate (mM/s) of the solute.

To evaluate the uptake level of Rho-123 via P-gp, the

intracellular dye at the end of the apical-to-basolateral

transport experiments (3 h) was extracted with 1 ml n-

butanol following three washes with ice-cold HBSS. The

extracts were then subjected to fluorometry to determine

the steady-state Rho-123 uptake of the Caco-2 monolayers.

The remaining n-butanol-extracted cells were solubilized

with 1 ml of 2% sodium dodecyl sulfate (SDS) 0.1 M Tris–

HCl (pH 7.4) per well to determine the protein content by

modified Lowry method. The amounts of extracted Rho-123

were normalized by the protein contents.

2.4. Assay for nitrite/nitrate

Nitric oxide production was assessed by measuring the

concentration of its stable oxidation products, nitrite and

nitrate. Caco-2 cell monolayers were treated with IFNs for 3

days as mentioned above, and after 24 h from the last

medium change, media were taken to measure nitric oxide

contents using a NO2
K/NO3

K Assay Kit (DOJINDO, Japan).
3. Results

3.1. Effect of interferons on TEER of Caco-2

cell monolayers

At first, whether or not IFNs affect TEER of Caco-2

cell monolayers was examined for 3 days after exposure to

IFN-b, IFN-g or their combination at a concentration of

1000 IU/ml on the apical or basolateral surface of the cell

monolayers. Basolateral treatment with IFN-g caused

gradual reduction of TEER (up to about 70% of the control

value at 3 days), and IFN-b showed no alteration of the

TEER level (Fig. 1); Effect of a combination of IFN-g



Fig. 2. Effect of IFNs on transepithelial transport of Rho-123 across Caco-2 cell monolayers. Cells were exposed to IFNs at 1000 U/ml for 3 days. Rho-123

(5 mM) was added to the basal or apical side of the monolayers in the absence (upper panel, a–d) or presence (lower panels, e–h) of 100 mM verapamil (both

sides). After incubation for 15, 30, 60, 90, 120 and 180 min, aliquots of the medium on both sides were collected and the concentrations of Rho-123 were

measured. The values represent the meansGSD of three determinants. B Apical-to-basal transport, C basal-to-apical transport.
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and IFN-b was slightly enhanced compared to IFN-g alone.

In any case of apical treatment with IFN, no significant

change in TEER was observed (data not shown). These

indicate that Caco-2 monolayers are polarized and sensitive

to IFNs solely at their basolateral surfaces.
3.2. Effect of interferons on transepithelial transport

of Rho-123 across Caco-2 cell monolayers

Fig. 2 shows the effects of IFNs on the transport of Rho-

123 across the Caco-2 cell monolayers in the absence or

presence of verapamil, an inhibitor of P-gp. In the control

cell monolayers (panel a), the transport of Rho-123 in
Table 1

Effect on IFNs on permeability of Rho-123 in Caco-2 cell monolayers

Permeability mode P-gp inhibitor Papp!106 (cm/s)

Control C

A to B None 3.29G0.23 3

B to A None 8.81G1.44 9

A to B CVerapamil 4.23G0.69 5

B to A CVerapamil 3.84G0.64 4

Data represent meansGSD of three experimental determinations. A and B repres

same direction under the control in the same row.
the basolateral-to-apical direction was greater than that in

the apical-to-basolateral direction. Whereas treatment with

IFN-b (panel b) did not significantly change the Rho-123

transport kinetics, exposure to IFN-g caused increase of

Rho-123 transport in either direction (panel c). Combination

of IFN-b and IFN-g (panel d) showed a similar effect to

IFN-g alone. In the presence of verapamil (panels e–h),

preferential Rho-123 transport in the basolateral-to-apical

direction disappeared and the transport was refractory for

any IFN treatment, suggesting that P-gp is functionally

expressed in the apical surfaces of Caco-2 cells. Table 1

summarizes the apparent permeability coefficients (Papp)

calculated from these transport profiles for Rho-123.
IFN-b CIFN-g CIFN-b and IFN-g

.68G0.34 4.10G0.90* 4.04G0.34*

.24G0.47 12.18G2.49* 13.12G1.71*

.47G1.76 4.09G1.07 5.99G0.37

.80G1.81 4.83G0.97 6.65G0.70

ent ‘apical’ and ‘basolateral’ sides, respectively. *P!0.05 vs Papp for the



Fig. 3. Intracellular uptake of Rho-123 in Caco-2 cell monolayers. The

monolayers were treated with or without IFNs at 1000 U/ml for 3 days.

Rho-123 (5 mM) was added to the apical side of monolayers in the absence

or presence of 100 mM verapamil (both sides). After incubation for 3 h, the

intracellular Rho-123 of each well was extracted with butanol and its

concentration was measured. The values, normalized by protein content,

are the meansGSD of three experiments.
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3.3. Effect of interferons on Rho-123 uptake in Caco-2 cells

To examine whether IFNs affect P-gp transport activity

in the Caco-2 monolayers, steady-state levels of Rho-123

uptake from the apical side were measured. Any IFN

treatment did not affect intracellular levels of Rho-123 of

Caco-2 cells, as shown in Fig. 3 (left half). Addition of

verapamil led the uptakes to a three-fold augmented level

(Fig. 3, right half), and the augmented levels were almost

the same regardless of IFN treatment. These results suggest

that the Caco-2 cells express functional P-gp on the apical

surfaces in harmony with the kinetics data (Fig. 2 and Table 1)

and indicate that both types of IFN do not affect the Rho-123

efflux mediated by P-gp on the apical cell membrane.

3.4. Effect of interferons on accumulation of nitrite/nitrate

in Caco-2 cells

To examine the involvement of nitric oxide as a mediator of

IFN-g-induced hyperpermeability, the amount of nitrite/ni-

trate in the media after IFN treatment was measured (Fig. 4).

Whereas no significant differences were seen in the concen-

trations of NO in the media of IFN-b treated cells, the NO

production was significantly increased by IFN-g treatment.

This increase was similar to that in the media of cells treated

with both types of IFN.
Fig. 4. Accumulation of nitrite/nitrate in supernatants of Caco-2 cell

monolayers. The cell monolayers were treated with or without IFNs at

1000 U/ml for 3 days. The values represent the meansGSD of three

determinations and were analyzed by the Student’s t-test. *P!0.05 vs

control.
4. Discussion

In the present study, we have examined the effect of IFN-

b and IFN-g on drug transport across human intestinal

Caco-2 cell monolayers. Fifteen- to 17-day-maintained cell

monolayers were used, since such a long-term culture
allows the cells to express P-gp at a maximal level [16]. The

cell monolayers were exposed to IFNs at a concentration of

1000 U/ml of either type of IFN for 3 consecutive days, as

this IFN concentration and treatment duration appear to be

enough to induce maximal biological responses in cultured

cells [17]. In fact, IFN-g treatment resulted in a significant

reduction in the TEER value, which depended on the

application side, apical or basolateral: basolateral appli-

cation of IFN-g caused a significant reduction of the TEER

value, while its apical application did not. On the other

hand, IFN-b alone had no significant effect on the TEER but

enhanced slightly the effect of IFN-g. These suggest

polarized expression of the functional receptors for IFN-g
and IFN-b on the basolateral surface of the Caco-2 cells.

Our observations of IFN effects on Caco-2 cells agree with

the previous reports in another human intestinal cell line,

T84: only the basolateral surface of T84 monolayers was

responsive to IFN-g, while IFN-agb, another type I IFN,

displayed no effect [17]. T84 cells also express IL-4

receptors on the basolateral surfaces and IL-4 treatment

reduces the epithelial barrier function in a time- and dose-

dependent manner [18]. In addition, basolateral surface

expression of IFN-g receptors was seen also in a murine

squamous epithelial cell line [19].

Our data demonstrate that while IFNs do not affect the

Rho-123 transport activity of P-gp in Caco-2 cells, they can

affect permeability of the cell monolayers by modulating

paracellular transport potential of the monolayers. Effects of

cytokines on the expression and activity of P-gp have been

examined in a variety of cultured cells. In rat primary

hepatocytes, TNF-a [9] has been shown to induce the

expression of P-gp at both the transcription and translation

levels and to enhance its transport activity, while IL-6
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and IL-1b have displayed suppressive effects on the

expression and activity of P-gp [8]. In human colon

carcinoma cell lines (LoVo, HT115, SW480, and

LS174T), IFN-g, IL-2 and TNF-a caused a reduction in

mdr1 gene expression after 48 or 72 h treatment [10]. By

contrast, P-gp expression in human myeloma cells was

unaffected by cytokines, such as IFN-a, IFN-g, and TNF-a,

but was reduced by IL-2 [20]. IFN-a induced the expression

of P-gp in multidrug-resistant ChR C5 cells, but enhanced

the cellular uptake and cytotoxicity of doxorubicin, a P-gp

substrate, in the presence of verapamil [21]. On the other

hand, IFN-a increased adriamycin-induced cytotoxicity

without any significant change of P-gp expression in a

multidrug resistant cell line [22]. In human macrophages,

IFN-g up-regulated P-gp expression and its activity in a

dose- and time-dependent manner [23]. Up-regulation by

IFN-g of P-gp expression was also observed in rat primary

hepatocytes [24]. This evidence, taken together, indicates

that P-gp expression and its activity are modulated by some

inflammatory cytokines and the responses differ from one

cell type to another.

In this study, IFN-g caused reduction in the TEER of

Caco-2 cell monolayers, and modulated apparent per-

meability of Rho-123 across the monolayers without direct

effect on the P-gp activity in the cells, implying that IFN-g
augments paracellular drug transport of the cells in

agreement with the previous report [25]. Since the inducible

nitric oxide synthase (iNOs) is IFN-g-inducible [26],

IFN-g-induced hyperpermeability of epithelial cells may

correlate with IFN-g-induced nitric oxide (NO). Eventually,

IFN-g up-regulated the biosynthesis of NO in Caco-2 cells

(Fig. 4) also as reported [27]. Thus, NOs may be an

important modulator of epithelial cell permeability,

although the underlying mechanisms require further

investigation.

In conclusion, our results indicate that P-gp-mediated

drug transport activity in Caco-2 cells is itself not influenced

by IFN-b or IFN-g treatment. However, the expression and

function of intestinal P-gp in vivo may be modulated

indirectly by IFNs because of a large variety of biological

activities of the cytokines [26]. Thus, the findings in the

present study provide useful information about the effects of

clinically important cytokines on human intestinal P-gp.
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