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Chronic cyclosporine administration induces renal P-glycoprotein in rats
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Abstract

The effect of cyclosporine doses on renal P-glycoprotein expression was examined. Rats were given cyclosporine orally at 2, 10, 30
mg,/kg/day or subcutaneoudly at 1, 5, 15 mg/kg/day for 28 days with or without 14 days of additiona vehicle dosing. Following
cyclosporine dosing, renal function and P-glycoprotein expression were measured. Renal function was reduced in rats receiving oral
cyclosporine and the highest subcutaneous dose, 15 mg/kg/day. Western blot analysis showed that cyclosporine administered orally at
10 and 30 mg/kg/day and subcutaneously at 15 mg/kg/day induced significantly renal P-glycoprotein expression. After discontinua-
tion of cyclosporine, renal P-glycoprotein returned to pre-dosing levels in oral groups, whereas the return was incomplete in subcutaneous
groups. These results indicate that cyclosporine induces renal P-glycoprotein overexpression a dose-dependent manner. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Cyclosporine is an immunosuppressant widely used for
the prevention of immune rejection of transplanted tissues
and graft-versus-host disease after bone marrow transplan-
tation. Although cyclosporine has been used with consider-
able success, it has been shown to be nephrotoxic in
clinical (Myers, 1986) and experimental studies (Rossi et
al., 1989). This nephrotoxicity is characterized by acute
and chronic phases (Bennett and Pulliam, 1983) and is the
major dose-limiting factor in the use of the drug. Acute
toxicity is reversible and is associated with reduction in
glomerular filtration and creatinine clearance, an increase
in proximal tubular reabsorption, and elevated serum crea
tinine and urea nitrogen levels (Bennett and Pulliam, 1983;
Keown et a., 1986). Progression from acute to chronic
toxicity leads to irreversible nephrotoxicity characterized
by tubulointerstitial fibrosis and glomerulosclerosis at-
tributed to enhanced accumulation of extracellular matrix
components (Kopp and Klotman, 1990).

The mechanism of cyclosporine nephrotoxicity remains
unclear and more than one factor may be involved. The
high affinity of cyclosporine for P-glycoprotein (Foxwell
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et a., 1989; Rao and Scarborough, 1994) suggests that
P-glycoprotein may be one of the factors involved in
cyclosporine-induced nephrotoxicity. P-glycoprotein is a
phosphorylated and glycosylated membrane protein
(Gottesman and Pastan, 1993) that was first discovered by
its ability to confer multidrug resistance to cancer cells by
functioning as an efflux pump (Biedler and Riehm, 1970).

At present, humans are known to have only one gene,
MDR1, encoding P-glycoprotein (Chin et al., 1989). In
contrast, rodents have two genes encoding P-glycoprotein
(mdrla and mdrlb), which together fulfill the same func-
tion as MDRL in humans (Devault and Gros, 1990; Gros et
al., 1986). P-glycoprotein is found in the apica membrane
of polarized transporting epithelial cells in the liver, intes-
tine, and kidney (Thiebalt et al., 1987). These distributions
suggest that P-glycoprotein is involved with protecting the
organism against xenobiotic toxicity.

P-glycoprotein is congtitutively expressed in the brush
border of proxima convoluted tubules (Ernest and Bello-
Reuss, 1995; Lieberman et al., 1989), the mesangia cells
(Bello-Reuss and Ernest, 1994), the thick ascending limb
of Henle's loop as well as the collecting duct of the kidney
(Ernest and Bello-Reuss, 1998). Because renal P-glyco-
protein interacts with several structurally unrelated com-
pounds (Charuk et al., 1994, 1995), it is likely that P-
glycoprotein participates in the excretion of xenobiotics
and endogenous toxic metabolites into the urine and plays
arole in drug-associated nephrotoxicity.
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The purpose of the present study was to examine the
expression of renal P-glycoprotein following chronic cy-
closporine therapy by different administration routes and at
different dosing levels. These data will provide informa-
tion regarding how P-glycoprotein may be involved with
the complex mechanisms associated with cyclosporine-in-
duced nephrotoxicity.

2. Materials and methods

2.1. Materials

Cyclosporine ora solution was generously provided by
Novartis Pharmaceuticals (East Hanover, NJ). The vehicle
was a solution of 12.5% vol /vol ethanol in olive oil.
Furosemide was purchased from American Reagent Labo-
ratories, (Shirley, NY). Other reagents used for gel elec-
trophoresis were purchased from Bio-Rad Laboratories
(Hercules, CA). Leupeptin, aprotinin and phenylmethyl-
sulfonyl fluoride were purchased from Sigma (St. Louis,
MO). Mouse anti-rat monoclonal antibody C219 was pur-
chased from Signet Laboratories (Dedham, MA).

2.2. Animals

Ten-week-old male Sprague-Dawley rats (N = 110)
were purchased from Harlan Sprague—Dawley (Indianapo-
lis, IN) and individually housed in wire-bottom cages in a
12-h light/dark cycle animal facility with controlled hu-
midity and temperature. Approval of the protocol was
given by The University of Texas at Austin Animal Care
and Use Committee prior to the start of the study.

2.3. Experimental design

Following a 5-day acclimation period, rats were given a
single intraperitoneal dose of furosemide (4 mg/kg) to
motivateinitiation of salt depletion and started on alow-salt
rice diet as previously described (Brunner et al., 1998).
Depending on the routes of administration, rats were ran-
domly allocated into four experimental groups, each of
which had four subgroups (N = 6-8 each group). Rats in
Group 1 were given cyclosporine orally at doses of 2, 10,
or 30 mg/kg,/day or 1 ml/kg/day olive ail vehicle for
28 days. Rats in Group 2 were also given cyclosporine
orally at the same doses as Group 1 for 28 days, but
cyclosporine dosing was stopped at day 29, and 1
ml /kg/day olive oil vehicle was given for an additional
14 days. Rats in Group 3 were subcutaneously injected
with cyclosporine at doses of 1, 5, or 15 mg/kg/day or 1
ml /kg/day olive oil vehicle for 28 days. Rats in Group 4
were also injected with cyclosporine at the same doses as
Group 3 for 28 days, but cyclosporine dosing was stopped

at day 29 and 1 ml /kg/day vehicle was given for an
additional 14 days. Cyclosporine doses were chosen based
on our previous work studies with this rat model (Brunner
et al., 1996, 1998, 2000). To minimize chronobiologic
variability in drug toxicity, cyclosporine and vehicle were
administered at the same time each day to the rats (Luke et
al., 1988). Body weights and food intake were measured
daily. On the last day of drug treatment or vehicle dosing,
the rats were placed into standard rodent metabolic cages
(Nalge, Rochester, NY) for passive urine collection for 24
h. After the urine collection period, the rats were anes-
thetized with a single dose of 1 ml /kg of an anesthetic
mixture (ketamine 100 mg/ml, xylazine 20 mg,/ml, and
acepromazine 10 mg/ml at a volume ratio of 1:1:1). The
rat kidneys were removed, immediately frozen in liquid
nitrogen, and then stored at —80°C.

2.4. Microsome isolation

The rat renal microsomes were isolated by differential
centrifugation as previously described (Brunner et d.,
1998). Samples were maintained at 4°C during the micro-
some preparation. In brief, whole rat kidneys were homog-
enized with a tissue homogenizer in 3 ml of Tris—HCI
buffer, pH 7.4, containing 150 mM potassium chloride and
1 mM EDTA, 5 pg/ml leupeptin, 10 wg/ml aprotinin,
and 100 pM phenylmethylsulfonyl fluoride. The samples
were then centrifuged at 9000 X g for 20 min at 4°C. The
supernatant was collected and centrifuged at 490,000 X g
for 17 min. The supernatant was then discarded, and the
pellet was resuspended with atissue grinder and washed in
a sodium pyrophosphate buffer, pH 7.4, containing 1 mM
EDTA. The suspension was again centrifuged again at
490,000 x g for 17 min at 4°C. The supernatant was
discard, and the washed pellet was resuspended with the
tissue grinder in a Tris—HCI buffer, pH 7.4, containing
20% glycerol. Renal microsomes were stored at —80°C
prior to analysis.

2.5. Gel eectrophoresis and immunoblot analysis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed as described previously (Laemmli et al.,
1970) with 150-.g renal microsomes loaded per well on an
8% polyacrylamide separating gel. After separation, pro-
teins were transferred electrophoretically to nitrocellulose
sheets with an electrophoretic blotter as described previ-
ously (Schnier et al., 1989). For the detection of P-glyco-
protein immunoreactive proteins, nitrocellulose sheets were
blocked with 5% nonfat dried milk (NFDM) in Tris-
buffered saline (TBS) for 1 h and incubated with a 1:1000
dilution of mouse anti-rat monoclonal antibody C219 (in
1% NFDM in TBS) overnight, followed by a 1:2000
dilution of rat anti-mouse 1gG (in 5% NFDM in TBS) for
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1 h. All incubations were performed at ambient tempera-
ture. Immune complexes for P-glycoprotein immunoreac-
tive bands were detected with a chemiluminescence reagent
(NEN™ Life Sciences Products, Boston, MA).

2.6. Other assays

Microsomal protein concentrations were determined by
standard methods using bovine serum albumin as a refer-
ence (Lowry et al., 1951). Urine and serum creatinine were
measured using the modified Jaffe reaction (Sigma Diag-
nostics, St. Louis, MO).

2.7. Qatigtical analysis

Differences between rat groups were compared using
one-factor analysis of variance with Bonferroni /Dunn
post-hoc analysis (SuperANOVA; Abacus Concepts,
Berkeley, CA). Data are presented as means + S.E. Differ-
ences were considered significant when the probability of
chance explaining the results was reduced to less than 5%
(P <0.05).

3. Reaults

All the rats gained weight over the study period, and
there was no significant effect of drug treatment or length
of treatment on weight gain. Table 1 is a summary of the
effect of cyclosporine treatment on markers of renal func-
tion. Urine output over a 24-h period was significantly
greater in rats treated orally with cyclosporine at doses of
10 mg/kg (P < 0.01) and 30 mg/kg (P < 0.001). Serum
creatinine was also elevated significantly in these two
groups. Creatinine clearance was decreased in rats given 2,
10, or 30 mg/kg cyclosporine, indicating a significant

Table 1

reduction of renal function during chronic cyclosporine
dosing. However, renal function recovered to control lev-
els 14 days after the discontinuation of cyclosporine dos-
ing.

Rats administered cyclosporine by subcutaneous injec-
tion aso showed dterations in rena function. The 24-h
urine volume was significantly greater in rats treated with
15 mg/kg cyclosporine (P < 0.001) than in the vehicle
group. The cyclosporine group aso showed a correspond-
ing increase in serum creatinine (P < 0.01) and a signifi-
cant reduction in creatinine clearance (P < 0.05). How-
ever, after 14 additional days of vehicle dosing, rend
functional parameters did not fully return to control values.

To examine the expression of renal P-glycoprotein,
immunoblot analysis of renal microsomal protein was per-
formed using a mouse anti-rat monoclonal antibody. Renal
microsomal protein from rats treated with olive oil or with
varying doses of cyclosporine showed immunoreactive
bands corresponding with standard bands of human mem-
brane-associated P-glycoprotein (Fig. 1A). Rena P-glyco-
protein expression in rats orally treated with cyclosporine
is shown in Fig. 1B. Following 28 days of treatment, renal
P-glycoprotein expression significantly increased by 139%
(P < 0.05), 145% (P < 0.05) and 164% (P < 0.01) in rats
treated orally with cyclosporine at 2, 10, and 30 mg/kg,
respectively. Following 14 days of vehicle dosing after the
cessation of cyclosporine treatment, rena P-glycoprotein
levels recovered to control values.

After 28 days of cyclosporine treatment, renal P-glyco-
protein significantly increased by 162% (P < 0.05) and
200% (P < 0.01) in rats injected subcutaneously with 5
and 15 mg/kg cyclosporine, respectively (Fig. 1C). How-
ever, renal P-glycoprotein expression in rats given cy-
closporine 1 mg/kg did not change significantly. Discon-
tinuation of cyclosporine caused P-glycoprotein levels to
return to pretreatment levels in rats receiving 5 mg/kg
cyclosporine after 14 days of vehicle dosing. However, the

The effect of cyclosporine (CsA) on markers of renal function with oral administration of 2, 10 and 30 mg,/kg and subcutaneous injection of 1, 5 and 15

mg/kg for 28 days and for an additional 14 days of vehicle dosing

Group (Oral) 28 Days 42 Days

Vehicle CsA2 CsA10 CsA30 Vehicle CsA2 CsA10 CsA30
U Vol. 9+1 7+2 21432 26+ 3° 8+2 10+2 12+2 12+2
Scr 0.44 + 0.03 0.6 + 0.03 0.73 + 0.072 0.85 + 0.06° 0.44 +0.03 0.49 + 0.06 0.44 + 0.03 0.55 + 0.06
CrCl 460 + 38 345 + 46° 291 + 422 230 + 28° 419 + 48 400 + 53 425 + 35 308 + 40
Group Vehicle CsAl CsA5 CsA15 Vehicle CsAl CsA5 CsA15
(Subcutaneous)
U Val. 7+1 10+1 13+ 2 24 + 4P 12+1 1242 14+ 1 20 + 2¢
Scr 0.43 + 0.03 0.46 + 0.03 0.53 + 0.06 0.72 + 0.05% 0.46 + 0.04 0.46 + 0.04 0.48 + 0.08 0.68 + 0.08
CrCl 440 + 63 467 + 34 410+ 41 298 + 20° 467 + 31 452 + 54 427 + 69 337 + 34°

U Voal., Urine volume (ml); Scr, Serum creatinine (mg/dl); CrCl, Creatinine clearance (il /min/100 g).

#P < 0.01 as compared with vehicle group.
PP < 0.001 as compared with vehicle group.
°P < 0.05 as compared with vehicle group.
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Fig. 1. P-glycoprotein (P-gp) expression in the rat renal microsomes. The
immunoblot was probed with mouse anti-rat monoclonal antibody C219
(A). Quantification of P-glycoprotein expression in rats treated for 28
days (open bars) of once daily oral cyclosporine dosing (B) at 2 mg,/kg
(CsA2), 10 mg,/kg (CsA10), 30 mg,/kg (CsA30) or subcutaneous injec-
tions (C) a 1 mg/kg (CsA1), 5 mg/kg (CsA5), and 15 mg/kg (CsA15)
or with an additional 14 days of 1 ml /kg olive ail vehicle dosing (filled
bars). P < 0.05 and PP <0.01 as compared with treatment-matched
vehicle controls.

return of renal P-glycoprotein expression in rats injected
with 15 mg/kg was incomplete.

4, Discussion

In our present study, rats receiving chronic cyclosporine
treatment orally at doses of 10 and 30 mg/kg or subcuta-
neoudly at 15 mg,/kg developed significant nephrotoxicity
with increases in serum creatinine and corresponding de-
creases in creatinine clearance. Although serum creatinine
in the rats treated with 2 mg/kg cyclosporine increased as

compared with controls, the increase was not statistically
significant. After cessation of cyclosporine administration
and an additional 14 days of vehicle treatment, serum
creatinine and creatinine clearance recovered to control
levels in orally treated groups, whereas the return was not
complete in the subcutaneously injected groups. Thus, the
functional change produced by cyclosporine in this rat
model appears to be reversible after removal of the drug,
but the time for recovery is dosing route-dependent.

In addition to immunosuppression, cyclosporine has
also been used as a drug modifier to restore the sensitivity
of cancerous cells to chemotherapeutic agents (Twenty-
man, 1992). This mechanism is based on its competitive
inhibition with substrates to transporter P-glycoprotein
(Foxwell et al., 1989; Goldberg et al., 1988; Tamai and
Safa, 1990). Bennett et al. (1996) recently proposed that
cyclosporine may act as a P-glycoprotein blocker in the
renal tubule via a mechanism of competitive inhibition that
may lead to the accumulation of an endogenous toxin or of
toxic cyclosporine metabolites in tubular cells. Many in
vitro and in vivo investigations demonstrated that cy-
closporine induces renal P-glycoprotein expression. Hauser
et a. (1998) demonstrated that therapeutic concentrations
of cyclosporine increase P-glycoprotein expression in rena
tubule cells and endothelial cells. Furthermore, work by
Garciadel Moral et al. (1995) showed that exposure of the
Madin—Darby canine kidney (MDCK) dog renal epithelia
cell line to cyclosporine increases the expression of P-
glycoprotein.

We examined renal microsomes in the current study
since the P-glycoprotein is expressed not only in the
proximal tubule cells (Thiebaut et al., 1987), but also in
the plasma membrane of mesangial cells, the apical mem-
brane of the thick ascending limb of Henle's loop, and the
apical membrane of the collecting duct as well (Ernest et
al., 1997) Although the thick ascending limb of Henle's
loop and the collecting duct are the segments of the
nephron that are not traditionally involved in the excretion
of xenobiotics, P-glycoprotein may transport metabolites
produced endogenously by those cells, or could aso pre-
vent the uptake of substances entering the lumen (Ernest
and Bello-Reuss, 1998).

This in vivo study also demonstrated that rats treated
with cyclosporine developed chronic nephrotoxicity le-
sions, and overexpression of P-glycoprotein in the rena
tubules showed a strong inverse relationship with the
incidence of hyaline arteriopathy and periglomerular and
peritubular fibrosis (Del Moral et a., 1997). Furthermore,
patients with no evidence of positive P-glycoprotein induc-
tion had the highest incidence of nephrotoxic lesions
(Garciadel Mord et al., 1995). In addition, upregulation of
mdrlb was demonstrated in mdrla — / — knockout mice
compared to wild-type mice. This upregulation may be due
to a compensatory response of the kidney to the absence of
mdrla, resulting in increased concentrations of endogenous
substrates (Schinkel et al., 1994).
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In the present study, rats were given escalating doses of
cyclosporine via oral or subcutaneous routes. Renal micro-
somes for renal P-glycoprotein measurement were used
based on that P-glycoprotein is present throughout the
kidney (Ernest and Bello-Reuss, 1998). Renal P-glyco-
protein expression was significantly greater in rats orally
treated with 2, 10, or 30 mg/kg cyclosporine or subcuta-
neously injected with 5 or 15 mg/kg cyclosporine than in
treatment-matched controls. In addition, after discontinua-
tion of cyclosporine treatment following the additional 14
days of vehicle dosing, renal P-glycoprotein expression in
oral groups returned to control levels. These findings
indicated that the induction of renal P-glycoprotein was a
reversible process and was not dependent on the route of
cyclosporine administration. In addition, our data aso
showed that the time required for renal P-glycoprotein
levels to return to pretreatment levels in the group injected
subcutaneously was longer than in the group treated orally
since the absorption process in the subcutaneous route may
be delayed relative to the ora route. Taken together, these
in vitro and in vivo findings support the hypothesis that
renal P-glycoprotein overexpression may play a favorable
role in protection against cyclosporine-induced nephrotoxi-
city by serving to excrete xenotoxins or metabolites from
the body.

In conclusion, our results show that chronic cy-
closporine treatment reversibly induces renal P-glyco-
protein expression and that this induction occurs in a
dose-dependent manner and is independent of administra-
tion routes. In addition, these results implicate the potential
clinical difficulty of using cyclosporine as a modifier for
reversing multidrug resistance and drug interactions in-
volving renal excretory mechanisms. These data help in-
crease the understanding of how chronic administration of
cyclosporine alters renal P-glycoprotein and support the
concept of P-glycoprotein functioning as efflux pump pro-
tecting against cyclosporine-induced nephrotoxicity.
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