Inflamm. res. 50 (2001) 362—-370
1023-3830/01/070362-09 $ 1.50+0.20/0

© Birkhduser Verlag, Basel, 2001

| Inflammation Research
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Abstract. Objective and Design: As acute inflammation is
known to cause a reduction in hepatic P-Glycoprotein (PGP)
expression and activity in rats, we tested the hypothesis that
the pro-inflammatory cytokines interleukin (IL-)13 and IL-6
also mediate reductions in PGP.

Methods: Hepatocytes were incubated with 0—50 ng/ml of
cytokine for 24—72 h. PGP/mdr expression was examined by
immunodetection and quantitative RT-PCR analysis and PGP
efflux activity was assayed.

Results: PGP protein was significantly reduced in cells treat-
ed for 3 days with IL-1 and 24 h with IL-6 (p<0.05), max-
imal effects occurring at 5 ng/ml for each cytokine. PGP
activity was reduced in both IL-18 and IL-6 treated cells
(p<0.05). mdrl mRNA was decreased in cells treated with
IL-6, but not IL-1. spgp and mdr2 were not affected.
Conclusions: Our data indicate that IL-6 and IL-1 have sup-
pressive effects on the expression and activity of PGP in cul-
tured hepatocytes, likely occurring through distinct mecha-
nisms. These cytokines may have a potential role in PGP reg-
ulation during inflammatory responses.

Key word. Cytokines — Multidrug Resistance — P-Glycopro-
tein — Gene Regulation — Hepatocytes

Transporters in the liver play a critical role in the elimination
of metabolic products and ingested chemicals. The hepatic
canalicular membrane contains a 170 kDa ATP-dependent
transporter, P-Glycoprotein (PGP), which is involved in the
cellular efflux of a broad range of structurally diverse chem-
icals [1, 2]. PGP, which is encoded by the multidrug resis-
tance (MDR) gene family, MDR1 in humans and mdr/a and
mdr1b in rodents, is normally expressed in the apical epithe-
lium of the liver, intestine, kidney and blood-brain barrier
[3]. Although its normal physiological function has yet to be
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established, PGP overexpression is thought to play an impor-
tant role in cellular detoxification. Furthermore, PGP has
been implicated as a principle mechanism of tumor drug
resistance. PGP is frequently overexpressed in tumors arising
from epithelial tissues and its substrates include many clini-
cally important antineoplastic agents thereby resulting in
reduced intracellular drug concentrations and therapeutic
efficacy of these drugs [4—6].

To date, relatively little information on the mechanisms
by which PGP is physiologically regulated exists and few
studies have examined pathways of downregulation. Recent-
ly, we reported a reduction of PGP expression in rat liver in
response to turpentine and endotoxin-induced inflammation
[7]. Both of these experimental models of inflammation are
associated with a characteristic hepatic response resulting
from IL-6 and IL-1 induction [8, 9]. As little information
exists which could aid in characterizing physiological path-
ways of PGP downregulation, one of our primary objectives
was to ascertain the mechanisms involved in PGP suppres-
sion. It is known that the expression of many liver-derived
proteins, including several of the cytochrome P-450 drug
metabolizing enzymes, is altered or suppressed during an
acute phase response [8]. Generally, it is believed that these
changes stem from the release of local and systemic inflam-
matory mediators [8]. Of these, it is thought that the cyto-
kines interleukin (IL) -1 and IL-6 are the principle media-
tors of the hepatic changes in gene transcription and protein
synthesis rates [10]. It is therefore possible that these cyto-
kines could also be involved in the suppression of PGP dur-
ing an inflammatory response. Thus, in order to investigate
the role of these cytokines on PGP regulation, we examined
the effects of IL-6 and IL-1 treatment on the expression and
activity of PGP in cultured rat hepatocytes. This in vitro mod-
el was utilized, as these hepatocytes are responsive to endo-
toxin and pro-inflammatory cytokines, similar to that seen in
vivo [8, 9, 11]. Furthermore much of the knowledge on PGP
regulation as well as cytokine-mediated effects on gene reg-
ulation has been generated in rat and cultured rat hepatocytes
[7,9, 12-14].
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Methods

Hepatocyte isolation and culture

Animal studies were conducted according to the guidelines set out by
the United States National Institutes of Health. Animals were anesthe-
tized using 0.6 ml (65 mg/ml) sodium pentobarbitol. Hepatocytes were
isolated from livers of male Sprague Dawley rat (250—300 g) by colla-
genase perfusion, as earlier described [7, 15]. Briefly, the hepatic portal
vein was perfused with Hanks buffer containing 0.045% collagenase
followed by separation and sedimentation of the hepatocytes. The hepa-
tocytes were then washed and plated as described previously [12]. Cell
viability, assessed with trypan blue staining, was always > 80%. Cells
were cultured in “maintenance medium”: 1:1 DMEM/Waymouth’s MB
752/1 medium containing dexamethasone (50 nM), gentamicin (50
pg/ml), bovine serum albumin (1.25 mg/ml) and ITS+ culture supple-
ments (Collaborative Biomedical Products; contains 6.25 pg/ml of
insulin, transferrin and selenium and 5.35 pg/ml of linoleic acid). This
culture system has been used extensively for examining PGP gene regu-
lation [12]. Cells were kept in a 5% CO,, 37°C environment.

Cytokine treatment and PGP expression

Plated hepatocytes were incubated with varying concentrations of
recombinant IL-1 or IL-6 (Sigma, ON) in maintenance medium. Time-
and dose-dependent studies on the effects of recombinant IL-15 and IL-
6 on PGP protein expression were performed for incubation periods
24—120 h and doses 0—50 ng/ml cytokine. Further experiments on
PGP/mdrl function and mdr mRNA expression were conducted using
specific incubation periods and cytokine concentrations determined
from the preliminary time- and dose-dependence studies: 1L-6, 24 h
incubation, 5 ng/ml, and IL-1f, 72—120 h incubation, 5-10 ng/ml.
Time—dependent studies on the effects of cytokine treatment on mdr
mRNA expression were also conducted with 5 ng/ml cytokine and incu-
bation periods as follows: IL-6, 0—24 h; IL-1p, 0—72 h. After the treat-
ment period concluded, the cytokine-containing medium was removed
and cells were harvested by trypsinization. As compared to controls
(0 ng/ml), cytokine incubations did not significantly affect cell viabili-
ty (assessed by trypan blue staining).

Influence of dexamethasone

As the media required for primary cultured hepatocytes generally con-
tain low concentrations (50 nM) of the anti-inflammatory agent dex-
amethasone (DEX) [12, 13], which could potentially influence 1L-6
activity, we examined the influence of DEX on PGP expression in IL-6-
treated cells. As IL-6 had its greatest effects on PGP protein expression
after 24 h incubation, the effects of DEX on IL-6-mediated downregu-
lation of PGP were examined at this time point. Hepatocytes were cul-
tured overnight in maintenance medium containing 0, 50 nM or 250 nM
dexamethasone (DEX) and then treated for 24 h with 5 ng/ml IL-6 (IL-
6 was replaced by saline in controls). After 24 h, medium was removed
and cells were harvested by trypsinization and analyzed for PGP expres-
sion. Cells cultured in the absence of DEX generally had a slightly lower
viability than cells cultured with DEX, although these differences were
not significant.

Western blot analysis

Crude membrane fractions were isolated from cultured hepatocytes and
Western blots were performed as previously described [7, 14]. Briefly,
3-5 pg samples were separated on SDS-PAGE electrophoresis gels and
transferred to nitrocellulose membranes. After blocking, the blots were
washed and incubated in 4 pg/ml C-219 overnight at 4°C. The bound
antibody was visualized using chemiluminescence (ECL, Amersham)
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and the optical density was quantified using the Kodak Digital Science
ID Image Analysis Software (Eastman Kodak).

Rh123 efflux assay

PGP activity was assayed using the fluorescent PGP substrate Rhoda-
mine 123 (Rh123) as previously described [7, 16]. Cells were plated
with cytokines and after the appropriate treatment period (1—5 days) the
cells were washed and incubated with Rh123 (1 pg/ml) for 15 minutes.
The cells were then incubated with Rh123-free buffer, in the absence or
presence of verapamil (30 pg/ml). At 0 and 60 minutes after removal of
Rh123, the cells were washed three times with ice cold Phosphate Buf-
fered Saline, lysed for 30 minutes using IN NaOH, neutralized with
1 N HCI and the intracellular fluorescence intensity measured with a
PTI Deltascan Spectrophotofluorimeter (excitation 518 nm, emission
532 nm). Optimal incubation times were determined from initial time
course studies of RH123 accumulation and efflux (data not shown).
Intracellular Rh123 was corrected on the basis of protein content as
assessed by the Bio-Rad protein assay kit[16]. % Rh123 Efflux is cal-
culated as:

%Rh123 Efflux =
Intracellular Rh123 (¢ = 0) — Intracellular Rh123 (#=60)
Intracellular Rh123 (= 0)

The PGP mediated efflux was estimated as the fraction of efflux over
60 minutes which was inhibited by verapamil: PGP-mediated efflux =
%Rh123 Efflux 0 yerapamiy = %0 Rh123 EffIUX (¢ erypamisy

x 100%

Quantitative RI-PCR

Total RNA samples were isolated from control and treated cells [17] at
various times (0—72 h) after incubation with IL-6 or IL-18. The mRNA
levels of the mdr isoforms were determined using a quantitative RT-
PCR assay as described previously [18] with slight modifications.
Briefly, cDNA was synthesized from 0.5 pg total RNA, according to
manufacturer protocol (GeneAmp RNA PCR kit, Perkin Elmer, Nor-
walk, CT). Serial dilutions (2—16,000 fold) of RT product were used to
generate standard curves for PCR and optimal amounts of template
were determined from the linear portions of these curves (data not
shown). Standard curves for RT-PCR were performed for each set of
RNA samples analyzed. RT-PCR standard curves were found to be
highly reproducible. Selected RT-PCR results were also confirmed on
Northern Blotting. Relative efficiencies of RT-PCR reactions, as deter-
mined from the standard curves, were approximately 30% for mdrla,
mdrlb, spgp and GAPDH. PCR was performed using 2.5 U Taq poly-
merase (Gibco BRL), 50 pmol sense and antisense primers (DNA Syn-
thesis Centre, University of Toronto, ON) and RT product (100 ng for
mdrla, 50 ng for mdrib and 6.25 ng for GAPDH) for 30 cycles (94°C
for 45 sec, 55°C for 30 sec, and 72°C for 75 sec) on a GeneAmp 2400
PCR System (Perkin-Elmer). Primer sequences for mdrla, mdrlb,
mdr2, spgp and GAPDH have been reported elsewhere [19]. To test for
IL-6 induction in IL-1f treated cells, total RNA was isolated from cells
that were incubated for 72 h with 5 ng/ml IL-1 and RT-PCR was run as
outlined above, using the IL-6 primers reported by Siegling et al. [20].
Water was used as a negative control for all PCR procedures. PCR pro-
ducts were visualized on a 2.0% agarose gel using SYBR Gold stain
(Molecular Probes, Eugene, OR) and quantitated with Kodak Digital
Science 1D Image Analysis software. Optical intensities of the mdr
genes were normalized to GAPDH.

Statistical analysis

In each study, treated and control samples were obtained from 3 to7
individual culture plates that were obtained from at least two separate
experiments. Student’s t-tests (unpaired, two-sample, unequal variance
with two-tailed distributions) were run on all results using Microsoft
Excel 97 and Sigma Plot 4.0/2000 software with p<0.05 taken as the
significance level.
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Results

Influence of culture times on expression
of the mdr gene family

Similar to previous reports [12, 21], we observed an increase
in PGP expression with culture time. PGP protein expression
was increased by 1.5 fold after 24 h and by 3 fold after 72 h
in cultured rat hepatocytes (data not shown). Functional
activity was similarly increased by 3 fold between 24 h and
72 h in culture (illustrated in Fig. 1). This was accompanied
by a 2.4 £ 0.6 fold increase in mdria and a 1.9 + 0.4 fold
increase in mdrlb mRNA mRNA levels over the first 24 h of
culture; further increases in mRNA levels were not evident at
72 h. As shown in Figure 2, while mdrla and the bile salt
transporter, spgp, are expressed to a moderate extent, mdr2
was not found to be significantly expressed in 24 or 72 h cul-
tures; GAPDH is present as a positive control.

Effects of IL-1 on PGP expression and activity

PGP protein expression

Incubation of hepatocytes for 3—5 days with IL-18 appeared
to influence the C-219 immunodetectable expression of PGP.
As compared to controls, significant reductions of 32—75%
(p<0.05) were seen in cells treated with 1-25 ng/ml IL-13
after 3 days, with maximal suppression occurring at a con-
centration of 5 ng/ml (Fig. 3). Expression of PGP also tend-
ed to be lower in cells treated with 50 ng/ml IL-1p, however
this difference did not reach statistical significance. Signifi-
cant reductions in PGP expression were still maintained after
5 days of IL-18 incubation with 1 ng/ml (64 £ 9.1% decrease
from control values, n=5, p<0.05) to 10 ng/ml (17 £ 5.5%
reduction, n=7, p < 0.05). No significant effects on PGP
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Fig. 2. Representative RT-PCR gel depicting relative mdr gene expres-
sion. As described in methods, total RNA was isolated from 24 h cultur-
ed hepatocytes, RT-PCR was performed, PCR products were separated
on 2% agarose gels, stained with SYBR Gold stain and visualized with
Kodak Digital Science Image Analysis Software. Lane #1 contains
GAPDH, #2 mdrla, #3 mdrib, #4 mdr2 and #5 spgp. Lane #6 Gene-
Ruler™ 100 bp DNA ladder.

expression were seen after 24 h of IL-1f incubation. Fur-
thermore, cells cultured in the presence or absence of DEX
did not exhibit significant differences in IL-18 mediated
down-regulation of PGP protein expression (data not shown).

PGP functional activity

The influence of IL-18 on PGP mediated transport activity
was initially examined in hepatocytes treated with 10 ng/ml
IL-1p8. Relative to controls, significant reductions in the
PGP-mediated efflux of RH123 were seen after 3 and 5 days
of IL-18 treatment (Fig. 1). Furthermore, significantly
higher (34% greater than controls, p <0.05) initial accumu-
lations of Rh123, indicative of diminished PGP function,
were also observed in IL-1p treated cells.
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Fig. 1. Effect of cytokine treatment on PGP functional activity. Cells were treated with IL-6 (5 ng/ml, 1 day) or IL-15 (10 ng/ml, 3—5 days) and PGP
functional activity was examined using a Rhodamine 123 Efflux Assay, as described in the methods. Values are reported as % (mean = SEM) of the
60 minute verapamil-inhibitable Rh123 efflux (n= 4/group), *p <0.05.
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Fig. 3. Effects of IL-1 on PGP Expression. A. Representative Western blot, performed as described in the methods. Three each for 0, 1, 5 and
10 ng/ml IL-1p treated samples were run alongside a molecular weight marker. B. Plated hepatocytes were treated with reported concentrations
of IL-1p for 3 days. PGP expression was measured by immunodetection as described in methods. Values are reported as % of the optical density of

controls (mean = SEM, n = 5/group), *p < 0.05.

Expression of the mdr genes

As compared to controls, IL-1f treatment (72 h, 5 ng/ml) did
not elicit significant effects on mRNA of mdrila or mdrib.
Furthermore, IL-18 did not significantly alter levels of spgp
mRNA (optical densities of RT-PCR products were 93 +
10% that of controls). Similar to untreated cells, mdr2
mRNA expression was not detected. Furthermore, RT-PCR
analysis did not detect differences in IL-6 mRNA levels
between control and IL-1p-treated cells (5 ng/ml, 72 h).

Effect of IL-6 on PGP/mdr expression and activity

PGP protein expression

As compared to controls, immunodetectable levels of PGP
were significantly reduced in 1-10 ng/ml IL-6 treated cells
after 24 h of incubation. A 20—38 % reduction in PGP protein
levels was observed in IL-6 treated cells, with a maximal
suppression occurring at a concentration of 5 ng/ml (Fig. 4).
This suppression was significant over the concentrations of
1 to 10 ng/ml, however diminished levels of PGP in 25 or
50 ng/ml IL-6-treated cells did not reach significance.

PGP functional activity

As compared to controls, the verapamil-inhibitable efflux of
Rh123, which is representative of PGP transport activity, was
substantially reduced in IL-6 treated cells (Fig. 1). Indeed

RH123 efflux was often below the limit of detection in the
cells treated with 5 ng/ml IL-6.

Expression of the mdr genes

As compared to controls, significant reductions in mdrlb
mRNA levels were seen at 24 h in 5 ng/ml IL-6 treated cells
(Fig. 4). Detectable levels of mdria also demonstrated a
downward trend in the treated cells, however this decrease
did not reach significance (Fig. 5). On the other hand, mRNA
levels of spgp were not significantly different between con-
trol and treated cells (Fig. 4).

Influence of IL-1f and dexamethasone on IL-6-treated cells
The influence of IL-18 on IL-6 mediated effects was examin-
ed in hepatocytes co-incubated (24 h) with 5 ng/ml of each
cytokine. As compared to controls or to cells that were treated
with IL-18 or IL-6 alone, a further reduction in the immun-
odetectable levels of PGP was seen in cells treated with both
cytokines (Fig. 6). After 24 h, we saw a 55 % reduction in PGP
protein levels in cells co-incubated with both IL-6 and IL-1f
which was substantially larger than the 36% reduction seen
with IL-6 only. Significant effects of IL-13 on PGP expression
were not seen at 24 h. The reductions in protein expression did
not yield corresponding changes in mRNA as cells co-incu-
bated with IL-1f and IL-6 did not display significant changes
in mRNA levels of mdrila, mdrib or spgp (Fig. 4).

The influence of DEX inclusion on IL-6 mediated
changes in PGP expression was examined in [L-6 and control
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Fig. 4. Effects of IL-6 on PGP Expression. A. Representative Western blot, performed as described in the methods. Lane identities are as follows:
Lane #1 0 ng/ml IL-6, lane #2 1 ng/ml, lane #3 S ng/ml and lane #4 10 ng/ml. B. Plated hepatocytes were treated with reported concentrations of IL-
6 for 24 h. PGP expression was measured by immunodetection as described in methods. Values are reported as % of the optical density of controls

(mean + SEM, n = 5/group), *p < 0.05.

hepatocytes. We observed significant reductions in the
immunodetectable levels of PGP in IL-6 treated cells that
were cultured with both DEX-free or standard media, how-
ever the effect of IL-6 on PGP expression was diminished in
cells cultured in DEX free media. Relative to controls, IL-6
treatment in DEX free media resulted in a 20% decrease in
PGP levels whereas a 40% reduction was apparent in IL-6
treated cells cultured in standard media containing 50 nM
DEX. Furthermore, the suppressive effect of IL-6 on PGP
expression was abolished (significant effects not seen) in
high DEX media which contained 250 nM DEX.

Discussion

The findings from this study, which demonstrate a reduction
in PGP expression and activity as well as significantly
reduced mdrib mRNA levels in IL-6 treated hepatocytes,
indicate a regulatory effect of IL-6 on PGP. Our laboratory
and others have observed an increased PGP/mdrib expres-
sion in hepatocytes with culture time [21, 22]. As we saw a

1.5 fold induction in PGP expression in non-treated cells over
the 24-h treatment period, results from these experiments
may stem from an IL-6 mediated suppression of PGP induc-
tion rather than a reduction in the basal expression of PGP
[22—-24]. Although increasing PGP expression is an inherent
problem with the primary hepatocyte model, many rat
hepatoma cell lines have limited responsiveness to cytokine-
mediated acute inflammatory stimuli [11, 25, 26] and thus are
not practical for examining the effects of cytokines and inflam-
matory stimuli on gene regulation. Nevertheless, a downregu-
lation in the basal expression and activity of PGP/mdri has
been previously observed in the livers of turpentine and endo-
toxin-treated rats [7] and mice [27]. As these animal models of
inflammation are associated with elevated concentrations of
IL-6 and IL-18_ this may imply involvement of IL-6 and/or
IL-1p in down-regulation of PGP expression in vivo. Indeed,
recent in vivo studies have demonstrated an IL-6-mediated
suppression in the hepatic expression of the mdril/PGP iso-
forms in IL-6 treated mice [27].

The reduced protein expression of PGP in IL-6 treated
cells was associated with a corresponding decrease in mdrlb
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to GAPDH, *p < 0.05.

(and, to a lesser extent, mdrla) mRNA levels. It is likely that
PGP expression is altered by IL-6 at the level of transcription.
Modulation of acute-phase gene expression by IL-6 has been
shown to be mostly at pretranslational level and IL-6 mediat-
ed downregulation in gene transcription of these proteins
results in rapid decreases to both protein and mRNA levels
[28, 29]. The transcription of CYP gene family members is
regulated during an inflammatory response or by inflamma-
tory mediators such as IL-6 [28—33]. It has been established
that these changes occur primarily through an IL-6 mediated
induction of the CCAAT/Enhancer Binding Protein trans-
cription factors. Reportedly, the mdrl regulatory sequence
also possesses binding sites for a number of these transcrip-
tion factors, including CCAAT/Enhancer Binding Protein
(NF-IL-6) [34], NF-xB [35], and AP-1 [36]. Moreover, it is
possible that the cytochrome P450 and mdr gene families
may have similarities in their regulation particularly as many
similarities in substrates, inducers, and inhibitors are found
between these families [37]. Furthermore, other pro-inflam-
matory cytokines, namely tumor necrosis factor and inter-
feron, have been reported to downregulate both mdr1[38, 39]
and cytochrome P450 gene transcription [28], supporting
potential parallelism in their regulation.

Interestingly, IL-6 mediated a significant suppression of
PGP over the range of 1-10 ng/ml (20—200 Units/ml),
bioactive concentrations comparable to those observed in pa-
tients with severe inflammatory states [40]. Although non-
significant reductions in PGP expression were seen at higher
concentrations, it is likely that these concentrations exceeded
normal activities and could be toxic to the cells. Similar to
our findings, it has been reported that IL-6-maximally sup-
presses taurocholate uptake in cultured rat hepatocytes at a
concentration of 100 U/ml [41]. Dose-response experiments

examining IL-6 effects on Factor XII production also indi-
cate that downregulation of Factor XII reaches a plateau at
concentrations of 5 ng/ml [42]. Interestingly, Citarella et al.
[42] demonstrated a 25—37% decrease in protein levels of
Factor XII and the negative acute phase protein, transthyretin
after 24 h of 5 ng/ml IL-6 stimulation, similar to the sup-
pression of PGP which we detected with IL-6 treatments.

It is also conceivable that changes in C-219 immunode-
tectable levels could be reflective of changes in spgp and
mdr2 expression, in addition to mdrila and mdrib. However,
RT-PCR analysis demonstrated an extremely low expression
of mdr2, and 1L-6 did not alter the expression of spgp. Thus
our results are consistent with an IL-6-mediated reduction in
mdrl expression. Furthermore, as Rh123 is transported by
gene products of mdr but not of mdr2 and spgp, the decreas-
ed PGP-mediated (verapamil-inhibitable) efflux of Rh123
we observed indicates a reduction in the functional activity of
the mdr1 gene products.

Studies examining the effects of various stimuli on PGP
expression have reported a substantially greater capability
for induction of mdr1b than mdrla [43]. Furthermore, mdrib
expression increases with time in culture [21]. Interestingly
we saw increases in both mdrla and mdrlb mRNA levels
over the first 24 h in culture, along with an increased PGP
protein expression and mdr! functional activity. This contra-
dicts previous reports suggesting that mdr/a is not induced in
culture [44]; however, as that work was performed in hepato-
cytes isolated from a different strain of rat, strain differences
may be responsible for this discrepancy. While increased
mRNA stability is thought to be responsible for the induction
of mdrlb [21], further investigation is necessary in order to
characterize the mechanism of mdrla induction observed
herein.
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Significant decreases in the expression and functional
activity of PGP were also observed in IL-1f treated cells.
However as significant effects on PGP were seen only after
three to five days of treatment with IL-1p, but within 24 h of
IL-6 treatment, this suggests that these cytokines exert their
actions on PGP through alternate pathways. Furthermore, in
contrast to effects observed with IL-6, mdr and spgp mRNA
levels were not significantly affected by IL-1f treatment.
This may indicate that IL-1p-mediated changes in PGP
expression occur through post-translational processes, such
as decreased protein stability or translation rates. It has been
demonstrated that the half-life of PGP is dramatically pro-
longed (from 17 h to 72 h) [45, 46] in hepatocytes maintain-
ed in serum-deprived media, as was utilized in our studies. If
changes occur at the level of protein expression, relatively
lengthy incubation times would be required before effects
become measurable, consistent with our findings. Although
cell death could also account for diminished protein levels,
IL-1p treatments did not significantly affect cell viability. On
the other hand, as IL-1f has been reported to induce the
expression of IL-6 in vivo [47] and in vitro [45, 48], it could
be hypothesized that effects of IL-18 occur through IL-6.
However, this hypothesis is not plausible as RT-PCR analysis
indicated a lack of IL-6 mRNA induction in the IL-1p treat-
ed cells. We therefore hypothesize two separate mechanisms:
a rapid IL-6-mediated reduction in mdrl gene transcription
and an IL-1f-mediated decrease in PGP protein synthesis
and/or stability.

The inflammatory response leads to the production and
release of multiple cytokines, which exert a complex, con-
centration dependent network of biological activities. Evi-
dence of IL-1 exhibiting synergistic or inhibitory influences
on IL-6 mediated effects on gene expression has been seen
with a number of proteins including al-acid glycoprotein
and fibrinogen [49]. Likewise, IL-1f appeared to influence

IL-6-mediated effects on PGP expression. A greater reduc-
tion of PGP expression was seen in cells co-incubated for 24
h with both IL-6 and IL-14 as compared to IL-18 or IL-6
alone. In fact, effects of IL-1 on PGP protein levels were not
seen before 72 h of treatment. This may indicate additive
effects between IL-1 and IL-6 on PGP expression. However,
changes in mRNA expression did not correspond to that seen
with protein: mdr1b levels were slightly, but not significant-
ly, decreased in the co-incubated cells. As mRNA levels were
significantly decreased in cells treated with IL-6 alone, this
may suggest an inhibitory interaction, diminishing the in-
fluence of IL-6 on mdrib gene regulation.

It is known that DEX elicits changes in PGP expression
in vitro [50] and in vivo [51]. However, the inclusion of DEX
in primary culture media is considered necessary as its
absence results in reduction of cell viability and attachment
to culture dishes [52]. Moreover, addition of glucocorticoids
to cultured rat hepatocytes is generally required for cytokine-
mediated activities [53]. Similarly, we observed that while
IL-6 mediated a suppression of PGP in both the absence and
presence of low concentrations of DEX (50 nM) effects were
substantially diminished in the absence of DEX. Further-
more, as expected, PGP suppression was not apparent at
250 nM DEX, anti-inflammatory concentrations associated
with the inhibition of cytokine-mediated activities. Thus it
appears that inclusion of 50 nM DEX in our culture media
did not interfere with, but rather was required to examine
IL-6 mediated effects on PGP.

In conclusion, our data suggests that IL-18 and IL-6 are
involved in PGP regulation. Changes in the expression and
activity of PGP in cultured hepatocytes likely occur through
a suppressive effect on PGP induction. Notable differences in
time courses of PGP suppression suggest that IL-14 and IL-
6 affect PGP expression through different mechanisms. IL-6
appears to affect PGP expression at the level of mRNA, while
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IL-1p acts at the level of protein. This supports the hypothe-
sis that IL-1B and IL-6 are involved in the in vivo suppression
of PGP observed in experimental models of inflammation
[7]. It is therefore possible that IL-18 and IL-6 may work in
concert in vivo, resulting in possible additive effects on PGP
expression. Future studies will attempt to identify the tran-
scription factors involved in PGP downregulation. Clinically,
these findings are important in that they may aid us in under-
standing the diversity of PGP expression in healthy and dis-
eased tissues. Secondly, elucidating mechanisms of PGP
downregulation may ultimately be useful in the development
of therapeutic strategies to control PGP-mediated drug resis-
tance.

Acknowledgements. Financial support provided by a grant funded by the
Medical Research Council of Canada.

References

[1] Childs S, Ling V. The MDR superfamily of genes and its biologi-
cal implications. In: DeVita VT, Hellman S. Rosenberg SA, edi-
tors. Adv Oncology, J.B. Lippincott Co. 1994

[2] Fardel O, Lecureur V, Guillouzo A. The P-glycoprotein multidrug
transporter. Gen Pharmacol 1996; 27: 1283-91.

[3] Lum BL, Gosland MP. MDR expression in normal tissues. Hema-
tol. Oncol. Clin. N. Am. 1995; 9: 319-36.

[4] Borst P, Schinkel AH. Genetic dissection of the function of mam-
malian p-glycoproteins. Trends Genet 1997; 13: 217-22.

[5] Borst P, Schinkel AH. Mice with disrupted P-glycoprotein genes.
In: Multidrug Resistance in Cancer Cells, (Gupta S & Tsuruo T,
ed.), John Wiley & Sons Ltd. 1996.

[6] Smit JJ, Schinkel AH, Oude Elferink RP, Groen AK, Wagenaar E,

van Deemter L, et al. Homozygous disruption of the murine mdr2

P-glycoprotein gene leads to a complete absence of phospholipid

from bile and to liver disease. Cell 1993; 75: 451-62.

Piquette-Miller M, Pak A, Kim H, Anari R, Shahzamiani A.

Decreased expression and activity of PGP in rat liver during acute

inflammation. Pharm Res 1998; 15: 706-11.

Kushner I, Mackiewicz A. The acute phase response: An overview.

In: Acute Phase Proteins: Molecular biology, biochemistry, and

clinical application. (Mackiewicz, Kushner & Baumann, ed.).

Boca Raton: CRC Press; 1993: 3—19.

[9] Milland J, Tsykin A, Thomas T, Aldred AR, Cole T, Schreiber G.
Gene expression in regenerating and acute phase rat liver. Am J
Phys 1990; 259: G340-7.

[10] Fantuzzi G, Dinarello C. Tbe inflammatory response in IL-13
deficient mice: Comparison with other cytokine-related knockout
mice. J Leukocyte Biol 1996; 59: 489-93.

[11] Baumann H, Gauldie J. Regulation of hepatic acute phase plasma
protein genes by hepatocyte stimulating factors and other media-
tors of inflammation. Mol Biol Med, 1990, 7:147-59.

[12] Gant TW, Silverman JA, Bisgaard HC, Burt RK, Marino PA, Thor-
geirsson SS. Regulation of 2-AAF and methycholanthrene-media-
ted induction of multidrug resistance and cytochrome P4501A
gene family expression in primary hepatocyte cultures and rat
liver. Mol Carcinogen 1991; 4: 499-509.

[13] Fardel O, Lecureur V, Guillouzo A. Regulation by dexamethasone
of P-glycoprotein expression in cultured rat hepatocytes. FEBS
Lett 1993; 327: 189-93.

[14] Jette L, Beaulieu E, Leclerc JM, Beliveau R. Cyclosporin A treat-
ment induces overexpression of PGP in the kidney and other tis-
sues. Am J Physiol 1996; 270: F756-65.

[15] Moldeus P, Hogberg J, Orrenius S. Isolation and use of liver cells.
Methods Enzymol 1978; 52: 60-70.

[16] Chieli E, Santoni Rugiu E, Cervelli F, Paolicchi A, Tongiani R.
Assessment of PGP dependent drug transport in isolated rat hepa-
tocytes using thodamine 123. Cell Biol Toxicol 1993; 9: 235-41.

[7

—

[

[l

Influence of IL-1 and IL-6 on P-glycoprotein expression

369

[17] Chomczynski P, Sacchi N. Single step method of RNA isolation by
acid guanidinium thiocyanate-phenol-choroform extraction. Anal
Biochem 1987; 162: 156-9.

[18] Murphy LD, Herzog CE, Rudick JB, Fojo AT, Bates SE. Use of
PCR in the quantitation of mdrl gene expression. Biochemistry
1990; 29: 10351-6.

[19] Vos TA, Hooiveld GJE, Koning H, Childs S, Meijer DKF, Mos-
hage H, et al. Up-regulation of the multidrug resistance genes,
mrpl and mdrlb, and down-regulation of the organic anion trans-
porter, mrp2 and the bile salt transporter, spgp, in endotoxemic rat
liver. Hepatology 1998; 28: 1637-44.

[20] Siegling A, Lehmann M, Platzer C, Emmrich F, Volk H. A novel
multispecific competitor fragment for quantitative PCR analysis
of cytokine gene expression in rats. J Immun Methods 1994; 177:
23-8.

[21] Lee CH, Bradley G, Ling V. Overexpression of the class II P-gly-
coprotein gene in primary rat hepatocyte culture: evidence for
increased mRNA stability. Cell Growth Differ 1995; 6: 347-54.

[22] Sukhai M, Pak A, Yong A, Piquette-Miller M. Interleukin-6
decreases P-glycoprotein expression in cultured rat hepatocytes.
AAPS Pharm Sci 1999; 1: S-249.

[23] Sukhai M, Yong A, Piquette-Miller M. Concentration-dependent
effects of Interleukin (IL-) 1 and IL-6 on expression of P-glyco-
protein in cultured hepatocytes. Clin Pharm Ther 2000; 67: 126.

[24] Sukhai M, Yong A, Piquette-Miller M. Decreased expression of P-
glycoprotein in cultured hepatocytes co-incubated with inter-
leukin (IL-) 1 and IL-6. Clin Pharm Ther 2000; 67: 127.

[25] Baumann H, Morella KK, Campos SP. IL-6 signal communication
to the alpha 1-acid glycoprotein gene, but not junB gene, is impair-
ed in HTC cells. J Biol Chem; 1993, 268: 10495-500.

[26] Guillonneau F, Drechou A, Pous C., Chevalier S, Lardeux B, Cas-
sio D., Durand G. Hepatocyte differentiation of WIF-B cells in-
cludes a high capacity of IL-6- mediated induction of al-acid gly-
coprotein and a2-macroglobulin. Biochim Biophysic Acta, 1999,
1448: 403-8.

[27] Hartmann G, Kim H, Piquette-Miller M. Regulation of the hepa-
tic multidrug resistance genes by endotoxin and inflammatory
cytokines in mice. International Immunopharmacol. 2001, 1 (2):
189-99.

[28] Abdel-Razzak Z, Loyer P, Fautrel A, Gautier J-C, Corcos L, Turlin
B, et al. Cytokines Down-regulate Expression of major Cytochro-
me P450 Enzymes in Adult Human Hepatocytes in Primary Cul-
ture. Mol Pharmacol 1993; 44: 707-15.

[29] Morgan ET, Bradford-Thomas K, Swanson R, Vales T, Hwang J,
Wright K. Selective suppression of cytochrome P-450 gene
expression by IL-1 and 6 in rat liver. Biochim Biophys Acta 1994;
1219: 475-83.

[30] Ansher SS, Puri RK, Thompson WC, Habig WH. The effects of
Interleukin-2 and a-interferon administration on hepatic drug
metabolism in mice. Cancer Res 1992; 52: 262-6.

[31] Calleja C, Eeckhoutte C, Larrieu G, Dupuy J, Pineau T, Galtier P.
Differential effects of Interleukin-1f and interferon-y on the in-
ducible expression of CYP 1A1 and CYP 1A2 in cultured rabbit
hepatocytes. Biochem Biophys Res Commun 1997; 239: 273-8.

[32] Parmentier JH, Schohn H, Bronner M, Ferrari L, Batt AM, Daucat
M, Kremers P. Regulation of CYP4A1 and peroxisome prolifera-
tor-activated receptor alpha expression Interleukin-183, Inter-
leukin-6 and dexamethasone in cultured fetal rat hepatocytes. Bio-
chem Pharmacol 1997; 54: 89-98.

[33] Sewer MB, Morgan ET. Nitric Oxide-independent suppression of
P4502C11 expression by Interleukin-1/ and endotoxin in primary
rat hepatocytes. Biochem Pharmacol 1997; 54: 729-37.

[34] Yu L, Wu Q, Yang CP, Horwitz SB. Coordination of transcription
factors, NF-Y and C/EBP, in the regulation of the mdr1b promo-
ter. Cell Growth Differ 1995; 6: 1505-12.

[35] Zhou G, Kuo MT. Wild-type p53 mediated induction of rat mdrib
expression by the anticancer drug daunorubicin. J Biol Chem
1998; 273: 15387-94.

[36] Yu L, Cohen D, Piekarz RL, Horwitz SB. Three distinct nuclear
protein binding sites in the promoter of the murine multidrug
resistance mdrlb gene. J Biol Chem 1993; 268: 7520-6.



370

[37] Wacher VJ, Wu CY, Benet LZ. Overlapping substrate specificities
and tissue distribution of CYP 3A and PGP: Implications for drug
delivery and activity in cancer chemotherapy. Mol Carcinogen
1995; 13: 129-34.

[38] Stein U, Walther W, Shoemaker RH. Reversal of multidrug resi-
stance by transduction of cytokine genes into human colon carci-
noma cells. J Natl Cancer Inst 1996; 88: 1383-92.

[39] Walther W, Stein U. Influence of cytokines on mdrl expression in
human colon carcinoma cell lines: increased cytotoxicity of MDR
relevant drugs. J Cancer Res Clin Oncol 1994;120: 471-8.

[40] Whicher JT, Evans SW. Cytokines in Disease. Clin Chem. 1990,
36:1269-81.

[41] Green RM, Whiting JF, Rosenbluth AB, Beier D, Gollan JL. IL-6
inhibits hepatocyte taurocholate uptake and Na(+)-(K+)-ATPase
activity. Am J Physiol; 1994, 267: G1094—100.

[42] Citarella F, Felici A., Brouwer M., Wagstaft J, Fantoni A and Hack
CE. IL-6 downregulates Factor XII production by human hepato-
ma cell line (HepG2). Blood, 1997, 90: 1501-07.

[43] Lee CH, Bradley G, Zhang JT, Ling V. Differential expression of
PGP genes in primary rat hepatocyte culture. J Cell Physiol 1993;
157:392-402.

[44] Hirsch-Ernst K1, Ziemann C, Foth H, Kozian D, Schmitz-Salue C,
Kahl GF. Induction of mdrlb mRNA and PGP expression by
TNFa in primary rat hepatocyte cultures. J Cell Physiol 1998;
176: 506-15.

[45] McGowan JA. Hepatocyte proliferation in culture. In. Isolated and
cultured hepatocytes. (Guillouzo A, Guguen-Guillouzo C, ed),
Boca Raton: John Libbey Ltd. 1996: 13-8.

M. Sukhai et al. Inflamm. res.

[46] Muller C, Laurent G, Ling V. PGP stability is affected by serum
deprivation and high cell density in multidrug resistant cells. J Cell
Physiol 1995; 163: 538—44.

[47] Romero LI, Kakucska I, Lechan RM, Reichlin S. IL-6 is secreted
from the brain after intracerebroventricular injection of IL-18 in
rats. Am Physiol Soc 1996; 270, R518-24.

[48] O’Shaughnessy C, Prosser E, Keane T, O’Neill L. Differential
stimulation of IL-6 secretion following apical and basolateral
presentation of IL-1 on epithelial cell lines. Biochem Soc T, 1996;
24: 83S.

[49] Koj A, Gauldie J, Baumann H. “Biological perspectives of cytoki-
ne and hormone networks.” In: Acute Phase Proteins, Molecular
Biology, Biochemistry and Clinical Applications (Mackiewica &
Krushner ed.) CRC Press, Boca Raton, (1993) p 275-87.

[50] Schuetz JD, Silverman JA, Thottassery JV, Furuya KN, Schuetz
EG. Divergent regulation of the class II PGP gene in primary cul-
tures of hepatocytes versus H35 hepatoma by glucocorticoids.
Cell Growth Differ 1995; 6: 1321-32.

[51] Demeule M, Jodoin J, Beaulieu E, Brossard M, Béliveau R. Dex-
amethasone modulation of multidrug transporters in normal tis-
sues. FEBS Lett 1999; 442: 208—14.

[52] Miyazaki M, Tsunashima M, Wahid S, Miyano K, Sato J. Compa-
rison of cytolytic and biochemical properties between liver cells
isolated from adult rats by trypsin perfusion and those isolated by
collagenase perfusion. Res Exp Med; 1984;184: 191-204.

[53] Kispert PH. The role of kupfter cells in control of acute phase pro-
tein synthesis. In: Hepatocye and kupffer cell interactions. (Billar
T & Curran R ed.) Boca Raton: CRC Press, 1995: 243-69.

To access this journal online:
http://www.birkhauser.ch




