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Biphasic regulation of P-glycoprotein function and
expression by NO donors in Caco-2 cells
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Key Laboratory of Drug Metabolism and Pharmacokinetics, China Pharmaceutical University, Nanjing 210009, China

Aim: To investigate the effects of nitric oxide (NO) donors on the function and expression of P-glycoprotein (P-gp) in Caco-2 cells.
Methods: Caco-2 cells were exposed to NO donors for designated times. P-gp function and expression were assessed using
Rhodamine123 uptake assay and Western blotting, respectively. Intracellular reactive oxygen species (iROS) and intracellular reactive
nitrogen species (iRNS) levels were measured using ROS and RNS assay kits, respectively.

Results: Exposure of Caco-2 cells to 0.1 or 2 mmol/L of sodium nitroprusside (SNP) affected the function and expression of P-gp

in concentration- and time-dependent manners. A short-term (4 h) exposure reduced P-gp function and expression accompanied

with significantly increased levels of iROS and iRNS. In contrast, a long-term (24 h) exposure stimulated the P-gp function and
expression. The stimulatory effects of 2 mmol/L SNP was less profound as compared to those caused by 0.1 mmol/L SNP. The

other NO donors SIN-1 and SNAP showed similar effects. Neither the NO scavenger PTIO (2 mmol/L) nor soluble guanylate cyclase
inhibitor ODQ (50 umol/L) reversed the SNP-induced alteration of P-gp function. On the other hand, free radical scavengers ascorbate,
glutathione and uric acid (2 mmol/L for each), PKC inhibitor chelerythrine (5 umol/L), PI3K/Akt inhibitor wortmannin (1 umol/L) and
p38 MAPK inhibitor SB203580 (10 umol/L) reversed the upregulation of P-gp function by the long-term exposure to SNP, but these
agents had no effect on the impaired P-gp function following the short-term exposure to SNP.

Conclusion: NO donors time-dependently regulate P-gp function and expression in Caco-2 cells: short-term exposure impairs

P-gp function and expression, whereas long-term exposure stimulates P-gp function and expression. The regulation occurs via a

NO-independent mechanism.
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Introduction

P-glycoprotein (P-gp), an ATP-binding cassette (ABC) drug
efflux transporter, is widely expressed in various tissues
including brain, lungs, liver, kidney, gastrointestinal tract,

skin and muscle tissuel"

. P-gp has a wide range of substrates,
including anticancer agents, calcium channel blockers, antibi-
otics, cardiac glycosides and immunosuppressants™. Clinical
reports have underlined the effect of changes in the functional
activity of P-gp on the bioavailability and disposition of thera-
peutic agents.

Previous reports have indicated that the expression and func-
tion of P-gp are dysregulated under pathophysiological situ-
ations such as diabetes mellitus™®, chronic renal failure!® and

Ul

inflammation'”. It is becoming increasingly clear that nitric
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oxide and its related nitrogen species (NOx)® are crucial regu-
latory mediators of the function and expression of P-gp and
other transporters under pathophysiological conditions®™®".
NO-mediated nitrosative stress was reported to stimulate
the function and expression of P-gp in the blood-brain bar-
rier of streptozotocin-treated diabetic rats’®. Activation of
inductible nitric oxide synthase (iNOS) seemed to explain the
increase in the expression and function of intestinal P-gp in
interferon-y-induced human intestinal cells, as evidenced by
the fact that coadministration of the iNOS inhibitor L-N°-(1-
iminoethyl)-lysin abrogated the cytokine-mediated increase in
P-gp expression and function”. LPS-induced upregulation of
Abcal and Abcbl/P-gp in the kidney occurred via alteration
of NO production by iNOS; this induction may be attenuated
by co-administration of the iNOS inhibitor aminoguanidine!*..
However, contradictory results were also reported. In HT29/
HT29-dx cell cultures, nitric oxide production reversed resis-
tance to the P-gp substrate doxorubicin, suggesting that NO
decreased the activity of P-gp"”. N®-monomethyl-L-arginine,
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a NO synthase inhibitor, markedly blocked cyclosporin
A-induced impairment of P-gp function in cocultures of MBEC

and rat astrocytes!".

NO was also reported to be involved in
the decreased expression of intestinal P-gp in the early stages
of intestinal ischemia and reperfusion!””. Recently, Nawa et al
reported that iNOS were involved in downregulation of intes-
tinal P-gp expression in streptozotocin-treated diabetic mice!".
Further studies, however, showed that iNOS regulated the
activity of intestinal P-gp in a bidirectional way, inhibiting
their effect at earlier stages of diabetes and intensifying their
effect at later stages!"”.

The aim of this study was to further investigate the effects
of NO on intestinal P-gp activity using the Caco-2 cell model;
the Caco-2 cell monolayers have tight junctions, microvilli and
various types of enzymes and transporters, thereby resembling
the intestinal epithelium. In addition, Caco-2 cells express
high levels of P-gp and have been widely used for the study
of P-gp function and intestinal absorption™. Three different
types of NO donors, SNP, SIN-1, and SNAP® /! were used as
source of NO. The function of P-gp was assessed using uptake
of Rhodaminel23 (Rho123) by Caco-2 cells. P-gp protein lev-
els were measured using Western blotting. Our preliminary
study showed that the effects of NO on the function of P-gp in
Caco-2 cells were dependent on both the exposure time and
the concentration of NO donors.

Materials and methods

Materials

Rhodamine123 (Rho123), chelerythrine, wortman-
nin, SB203580, SNAP (S-nitroso-N-acetylpenicillamine),
3-morpholinosydnonimine (SIN-1), 2-phenyl-4,4,5,5-tetram-
ethyl-imidazoline-l-oxyl-3-oxide (PTIO), reduced glutathi-
one (GSH) and 1H-[1,2,4]oxadiazolol[4,3-a]quinoxalin-1-one
(ODQ) were purchased from Sigma Chemical Co (St Louis,
MO, USA). Sodium nitroprusside (SNP), uric acid and ascor-
bate were purchased from Sinopharm Chemical Reagent Co
Ltd (Shanghai, China); reactive oxygen species (ROS) and
reactive nitrogen species (RNS) assay kits were purchased
from Beyotime Institute of Biotechnology (Nantong, China);
anti-P-gp monoclonal antibody C219 was purchased from
Calbiochem-Novabiochem (Seattle, WA, USA); Blueranger
prestained protein molecular weight marker mix was pur-
chased from Pierce (Rockford, IL, USA); and goat anti-mouse
secondary antibodies conjugated with the appropriate horse-
radish peroxidase and polyclonal anti-p-actin antibodies were
purchased from Boshide Biotech Co (Wuhan, China). All
other reagents were commercially available and were of ana-
lytical grade.

Cell culture

Caco-2 cells were obtained from American Type Culture Col-
lection (Manassas, VA, USA). The cells were maintained at
37°C in a controlled atmosphere of 5% CO, and 90% relative
humidity, using DMEM (high glucose) supplemented with 2.5
mmol/L L-glutamine, 100 U/L penicillin, 100 U/L streptomy-
cin, 3.7 g/L NaHCO;, 1% nonessential amino acids, and 10%
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fetal bovine serum (Gibco BRL Co Ltd, USA). The medium
was changed every other day. When 80% confluent, the cul-
tured Caco-2 cells were passaged and seeded in 24-well plastic
plates (Costar, Cambridge, MA, USA). Cells were used when
a significant fraction of the cell population exhibited a colonic
phenotype. Cells were co-incubated with the tested agents at
designated time periods, and the Rho123 uptake experiment
was performed to assess the function of P-gp. The 3-(4,5-dim-
ethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay showed that none of the tested agents in the study dam-
aged the viability of the cells.

Caco-2 cells treated with NO donors

Krischel et al’s experiments using various doses of NO donors
(from 0.01 to 5 mmol/L)"™ showed that the effect of low doses
(lower than 0.1 mmol/L) was not obvious, whereas high doses
(higher than 2 mmol/L) impaired cell viability. Therefore, 0.1
and 2 mmol/L were chosen as representative concentrations
for the time-dependent research. Generally, the NO donor
SNP was freshly prepared before use. The cultured Caco-2
cells were washed three times with serum-free medium. Then,
the cells were incubated in the presence of 0.1 and 2 mmol/L
SNP for 2, 4, 6, 8, 24, and 48 h. P-gp function was assessed by
measuring the uptake of Rho123 by the cells.

Another experiment was also designed to further assess the
changes of P-gp function in Caco-2 cells following 4-h and
24-h incubation times in the presence of several doses of SNP,
SNAP and SIN-1. The concentration-dependent effects of SNP
on P-gp function were further documented following a 24-h
incubation.

Caco-2 cells co-treated with SNP and pharmacological inhibitors
The free radical scavengers ascorbate (antioxidant®, 2
mmol/L), PTIO (NO scavenger!"”, 2 mmol/L), GSH (active
against nitrosative stress!"”), 2 mmol/L) and uric acid (per-
oxynitrite scavenger!", 2 mmol/L) as well as several signal
pathway inhibitors: chelerythrine (a PKC inhibitor, 5 pmol/L),
wortmannin (a PI3K/Akt inhibitor, 1 pmol/L), SB203580 (a
P38 MAPK inhibitor, 10 pmol/L) and ODQ (a specific guany-
late cyclase inhibitor, 50 pmol /L) 2!}
whether these inhibitors reverse the alteration in P-gp function

were used to investigate

induced by SNP. Caco-2 cells were pretreated with a pharma-
cological inhibitor for 1 h, then either SNP or normal medium
was added and incubated for 4 and 24 h, respectively™. The
P-gp function in the cells was measured and compared among
relevant groups.

Measurement of Rho123 uptake by Caco-2 cells

The P-gp function in cells was measured using the Rho123
uptake experiment. Uptake experiments were performed
according to the method previously reported™!. In brief,
treated cells were washed and preincubated in pH 7.4 Hanks’
balanced salt solution (HBSS) at 37°C for 30 min, then 1 mL
HBSS containing 100 ng/mL Rho123 was added to initiate the
uptake of Rho123. After incubation for 2 h, the uptake was
stopped by rinsing the cells three times with ice-cold HBSS,



and 0.5 mL of purified water was added to each incubated
well. Cells were lysed by three freeze-thaw cycles, and the
protein concentrations were measured using the Bradford
method (1976)*. The sensitivity of Rho123 uptake as an
indicator of P-gp activity was verified using the P-gp inhibi-
tor cyclosporin A (0.625-2.5 pg/mL), which significantly
increased the intracellular accumulation of Rho123.

The concentrations of Rho123 in cells were determined by
HPLC™!,
was 0.002 ng/pg protein. The yields were higher than 85%.

The lowest limit of quantitation of Rho123 in cells

The relative standard derivations of intra day and inter day
data were lower than 10%. The linear range of Rho123 in cells
was 0.002-0.064 ng/ g protein.

Determination of the intracellular levels of ROS and RNS

The levels of intracellular ROS (iROS) and intracellular RNS
(iIRNS) were measured according to the manufacturer’s
instructions of the ROS and RNS assay kits. Briefly, Caco-2
cells were incubated with SNP for different times, then cells
were rinsed three times with PBS buffer (including 1% BSA
and 10 mmol/L HEPES) and treated with 2’,7’-dichloro-
fluorescin-diacetate (DCFH-DA, 10 pmol/L) and 4-amino-
5-methylamino-2’,7’-difluorofluorescein (DAF-FM DA, 10
pmol/L) for 30 min, the intracellular DCFH was oxidized to
DCF by ROS while the intracellular DAF-FM was nitrosated
to DAF by RNS. Cells were washed 5 times with cold PBS.
DCF was used as an indicator of ROS; it was detected with a
fluorescence detector at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm. DAF was used as an
indicator of RNS and was detected at an excitation wavelength
of 495 nm and emission wavelength of 515 nm.

Western blotting analysis

Protein expression of P-gp in Caco-2 cells was assessed
using Western blotting according to a previously described
method® *l. Briefly, following 4-h and 24-h exposures to
SNP (0.1 and 2 mmol/L), the Caco-2 cells were lysed in ice-
cold lysis buffer containing 10 mmol/L Tris-HCI (pH 7.5), 1
mmol/L EGTA, 1T mmol/L MgCl,, 1 mmol/L mercaptoetha-
nol, 1% glycerol, and a protease inhibitor cocktail containing
1 mmol/L dithiothreitol, and 2 mmol/L phenylmethylsulfo-
nylfluoride (Sigma Chemical Co, Ltd, St Louis, MO, USA) for
30 min. The cells were then ultrasonicated five times for 10 s
in an ice bath. Samples were then centrifuged at 500xg for 10
min at 4°C. The supernatant was transferred to a new tube
and centrifuged at 15000xg for 60 min at 4°C. The superna-
tant (cytosolic proteins such as B-actin) and the pellet (mem-
brane proteins such as P-gp) were both collected and stored at
-80°C until use. Protein concentrations were measured by the
Bradford method. Samples were reconstituted in SDS-poly-
acrylamide gel electrophoresis sample loading buffer and were
boiled for 5 min to denature the protein. The protein samples
were separated on an 8% SDS-polyacrylamide gel and were
transferred onto a polyvinylidene difluoride membrane (Milli-
pore Corporation). After blotting, the membrane was blocked
with 10% bovine serum albumin in Tris-buffered saline-Tween
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20 (TBS-T) for 1 h at 37°C. Immunoblots were incubated with
the primary monoclonal antibody to P-gp (1:200; C219) or
f-actin (1:800; Bioworld Technology, St Louis Park, MN, USA)
for 24 h at 4°C. The membrane was washed (10 minx4), incu-
bated with the secondary antibody, horseradish peroxidase-
conjugated goat anti-mouse IgG (1:800; Boster Biological
Technology, Wuhan, China) for 1 h at 37°C and then washed
three times with TBS-T. The signals were detected using an
enhanced chemiluminescence kit (Pierce Chemical). The P-gp
protein band intensity was normalized to that of $-actin.

Statistical analysis

Results were expressed as the meantstandard deviation (SD).
The overall differences between groups were determined by
one-way of analysis of variance (ANOVA). If analysis indi-
cated significance, the differences between groups were esti-
mated using the Student-Newman-Keuls multiple comparison
post-hoc test. P values of less than 0.05 indicated a significant
difference.

Results

Alteration in P-gp function and expression induced by NO donors
Caco-2 cells were incubated with two concentrations (0.1 and 2
mmol/L) of SNP for designated time periods (2, 4, 6, 8, 24, and
48 h), and Rho123 uptake by the cells was measured (Figure
1). The results demonstrated that the effect of SNP on Rho123
uptake was dependent on the SNP concentration and the incu-
bation time. Short-term exposure to SNP increased cellular
Rho123 uptake in a concentration-dependent manner. Maxi-
mum induction (115% and 140% of Rho123 uptake in control
cells) occurred after 4-h of incubation. In contrast, long-term
(24- and 48-h) exposure to SNP resulted in a decrease in cel-
lular Rho123 uptake. The decrease of Rho123 by low concen-
trations (0.1 mmol/L) of SNP was more profound than that
by high concentrations (2 mmol/L). To investigate whether
alteration in cellular Rho123 uptake was the result of expres-
sion of P-gp, the levels of P-gp were measured (Figure 2). As
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Figure 1. Effects of SNP on P-gp function following different incubation
time periods. Caco-2 cells were incubated with low (0.1 mmol/L) and
high (2 mmol/L) concentrations of SNP for 2, 4, 6, 8, 24, and 48 h. P-gp
function was measured using cellular Rho123 uptake. Cells incubated
with drug-free medium served as a control. Mean+SD (n=4). °P<0.05,
°P<0.01 vs control.
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Figure 2. Effects of a 4-h exposure (A) and a 24-h exposure (B) to SNP on
P-gp protein levels in Caco-2 cells. Caco-2 cells were incubated with 0.1
or 2 mmol/L SNP for 4 and 24 h, respectively, and the levels of P-gp in the
cells were measured using Western blotting. Cells incubated with drug-
free medium served as a control. Mean+SD (n=3-4). °P<0.05, °P<0.01
vs control.

expected, 4-h of exposure to SNP decreased P-gp expression in
a concentration-dependent manner, whereas 24-h of exposure
to SNP induced P-gp expression in a biphasic manner.

To verify that the phenomenon induced by SNP came
from NOx rather than other species derived from SNP, the
effects of different types of NO donors on P-gp function were
investigated following 4-h and 24-h incubations. The three
donors have different structures, which release NO at differ-
ent rates and by different mechanisms. SIN-1, a NO donor
that releases both NO and Oy, is usually used as peroxynitrite
donor™. SNAP is an S-nitrosothiol NO donor with a half-life
of approximately 4 h®.. Similar to the findings with SNP, 4-h
of exposure to SIN-1 or SNAP decreased the efflux activity of
P-gp in a concentration-dependent manner (Figure 3A), and
24-h of exposure to SIN-1 or SNAP exerted biphasic regulation
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Figure 3. Effects of a 4-h exposure (A), a 24-h exposure (B) to SNP,
SIN-1 and SNAP or a 24-h exposure (C) to different levels of SNP on P-gp
function in Caco-2 cells. Caco-2 cells were incubated with the tested
agents for designated times. P-gp function was assessed by measuring
cellular Rho123 uptake. Cells incubated with drug-free medium served
as a control. Mean+SD (n=4). °P<0.05, °P<0.01 vs control. °P<0.05,
P<0.01 vs 0.1 mmol/L SNP.

effects (Figure 3B). Effects of a series of SNP concentrations on
the efflux activity of P-gp were also measured following 24-h
of incubation (Figure 3C). The results showed that the effect
of SNP on basal P-gp activity was normally distributed. The
maximal stimulation occurred at 0.1 mmol/L SNP; at higher
SNP concentrations, the stimulatory effect gradually decreased
(Figure 3C). Concentrations over 2 mmol/L were not tested
because of cell toxicity.

Temporal profile of intracellular ROS and RNS level after
exposure to SNP

iROS and iRNS levels were measured following exposure to
0.1 and 2 mmol/L of SNP for different times (Figure 4). The
results showed that ROS was produced concomitantly with
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Figure 4. Effects of SNP on intracellular ROS (A) and RNS (B) following
different incubation times. Caco-2 cells were exposed to 0.1 or 2 mmol/L
SNP for 0.5, 1, 4, 6, or 24 h, and iROS and iRNS levels were assessed
according to the instructions of the respective assay kits. Cells incubated
with drug-free medium served as a control. Mean+SD (n=4). °P<0.05,
°P<0.01 vs control.

the nitric oxide released by SNP in Caco-2 cells. Short-term
exposure to SNP significantly increased iROS and iRNS, and
iROS and iRNS were sustained at relatively high levels for
the first 6 h. Following 24 h of exposure to SNP, the iROS and
iRNS levels were still higher than in the control cells.

Effect of free radical scavengers on P-gp function induced by
SNP

Effects of several free radical scavengers on P-gp function
induced by SNP were investigated. The results showed
that 2 mmol/L ascorbate, GSH and uric acid significantly
reversed alteration in P-gp function by 24 h of exposure to
SNP, whereas the nitric oxide scavenger PTIO had no effect
(Figure 5B), indicating that the alteration in P-gp function did
not result from a direct effect of NO itself but from the indi-
rect effects of NO-derived oxidative and nitrosative stress.
However, neither VC, GSH, UA nor PTIO could attenuate the
impairment of P-gp function after only 4 h of exposure to SNP
(Figure 5A), treatment with GSH even showed a trend toward
enhancing the impaired P-gp function. Higher doses of these
free radical scavengers caused cell toxicity. None of the above
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Figure 5. Effects of free radical scavengers on short-term inhibition and
long-term stimulation of P-gp function induced by exposure to SNP in
Caco-2 cells. Caco-2 cells were co-incubated with SNP (0.1 and 2 mmol/L)
in the presence of ascorbate (VC, 2 mmol/L), GSH (2 mmol/L), uric acid (UA,
2 mmol/L), or PTIO (2 mmol/L) for 4 h (A) and 24 h (B). (C) represents the
4-h and 24-h effects of the free radical scavengers alone on P-gp function.
Cells incubated with drug-free medium served as a control. P-gp function
was measured using cellular Rho123 uptake. Cells incubated with drug-
free medium served as a control. Mean+SD (n=4). °P<0.05, °P<0.01
vs control; °P<0.05, 'P<0.01 vs 0.1 mmol/L SNP. "P<0.05, 'P<0.01 vs 2
mmol/L SNP.

radical scavengers alone had a significant influence on P-gp
function (Figure 5C).

Effects of signal pathway inhibitors on the alteration of P-gp
function by SNP

The cGMP/PKG pathway is a typical pathway that is down-
stream of the NO modulation system. The soluble guanylate

Acta Pharmacologica Sinica
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cyclase inhibitor ODQ was used to determine the association
between the cGMP/PKG pathway and the alteration in P-gp
function by SNP. ODQ did not reverse the alteration in P-gp
function by 4-h or 24-h of exposure to 2 mmol/L SNP (Fig-
ure 6). This result indicated that the changes in P-gp activity
by SNP are independent of the cGMP/PKG pathway, which

t1% However, the com-
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Figure 6. Effects of several pharmacological inhibitors on short-term
inhibition and long-term stimulation of P-gp function induced by exposure
to SNP in Caco-2 cells. Caco-2 cells were co-incubated with SNP in the
presence of wortmannin (Wort, 1 uymol/L), chelerythrine (Chelery, 5
pumol/L), SB203580 (SB, 10 umol/L) or ODQ (50 pmol/L) for 4 h (A) and
24 h (B). (C) represents the 4-h and 24-h effects of inhibitors alone on
P-gp function. Cells incubated with drug-free medium served as a control.
P-gp function was measured using cellular Rho123 uptake. Mean+SD
(n=4). °P<0.05, °P<0.01 vs control. °P<0.05, P<0.01 vs 0.1 mmol/L
SNP. "P<0.05, 'P<0.01 vs 2 mmol/L SNP.
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cantly reversed the alteration in P-gp function induced by 24-h
of exposure to SNP (Figure 6B), implying that the alteration in
the function of P-gp by a 24-h exposure to SNP involved the
PI3K/Akt, PKC, and MAPK pathways. In contrast, none of
the three pharmacological inhibitors could reverse the inhibi-
tory effect of a 4-h exposure to SNP on P-gp function (Fig-
ure 6A); in fact, the PI3K/ Akt inhibitor wortmannin further
decreased P-gp activity. None of the above pharmacological
inhibitors alone had a significant influence on P-gp function
(Figure 6C).

Discussion

Accumulating evidence clearly demonstrates a link between
NOx (NO and its redox-reactive derivatives) and the activity
of P-gp, although the published results are often contradic-
tory®® 12 The present study was designed to investigate
the effects of NO and its redox-reactive derivatives (NOx)
on the expression and function of P-gp in Caco-2 cells using
three different NOx donors. P-gp function was quantitatively
assessed by measuring the cellular uptake of the P-gp sub-
strate Rho123. Alteration of the intracellular accumulation of
this compound directly correlated with the altered activity of
this efflux system, which is expressed in the apical membrane
of Caco-2 cells. The main finding was that the effects of the
NO donor SNP on the function and expression of P-gp were
dependent on incubation time. Short-term exposure to SNP
impaired expression and function of P-gp in a concentration-
dependent manner, whereas long-term exposure to SNP
biphasically enhanced the expression and function of P-gp.

The intracellular accumulation of Rho123 in Caco-2 cells
was measured following incubation with two concentrations
of SNP (0.1 and 2 mmol/L). The results showed that cellular
uptake of Rho123 increased with incubation time at early time-
points (2 and 4 h), peaked at 4 h, then declined gradually (Fig-
ure 1) with increased incubation time. It was also observed
that long-term exposure to SNP caused biphasic regulation of
P-gp function. The stimulatory effect of 0.1 mmol/L SNP was
more profound than that of 2 mmol/L SNP. Western blot data
showed that the altered function of P-gp in Caco-2 cells was in
agreement with the alteration in P-gp protein levels, indicating
that the altered function of P-gp partly came from altered P-gp
protein levels.

To exclude a direct role of SNP in P-gp function and expres-
sion levels, two other donors, SIN-1 and SNAP, which possess
different structures and NO release rates, were also used to
investigate the roles of NO donors. A similar pattern of altera-
tion in P-gp function was observed, suggesting that the altera-
tion in P-gp activity resulted from NO and its reactive deri-
vates. Biphasic regulation of P-gp function by SNP in Caco-2
cells was further verified using a 24-h exposure to different
concentrations of SNP (Figure 3C).

NO is a short-lived reactive molecule: when it is released,
it rapidly reacts with its specific biological target or reacts
with oxygen or superoxide to generate ROS and RNS, which
subsequently react with biological targets™. The sGC/cGMP
pathway is considered a typical downstream pathway of



NO; NO activates sGC (soluble guanylate cyclase) to produce
c¢GMP (cyclic GMP), which regulates a series of physiological
responses® * 3. Our results showed that the sGC inhibitor
ODQ did not reverse the alteration of P-gp function induced
by NO donors, suggesting that the regulation of P-gp function
by NO donors is independent of the sGC/cGMP pathway.
This finding was supported by previous studies that used
doxorubicin accumulation in HT29/HT29-dx cells"”. In addi-
tion, the specific NO scavenger PTIO did not reverse the SNP-
induced alteration of P-gp function, indicating that the effect
of SNP on P-gp function occurred via an NO-independent

[29]

mechanism'™". This result agreed with previous studies per-

formed in isolated perfused rat livers®. Furthermore, a sig-
nificant increase in intracellular ROS (iROS) and RNS (iRNS)
in Caco-2 cells was observed at early stages of SNP exposure,
which indicated that iROS and iRNS were involved in the
SNP-induced impairment of P-gp function. Although, the
decrease in folate transporter function induced by 10 pmol/L
SNAP was reversible with sufficient (10 mmol/L) ascorbate,
GSH, or NO scavengers™, however these results showed that
VC, GSH, UA and PTIO did not alleviate the impairment of
P-gp function following a 4-h exposure to 0.1 and 2 mmol/
L SNP (Figure 5A); this lack of effect was most likely due
to insufficient dosing of the reversal agents (2 mmol/L) at
0.1 and 2 mmol/L NO donors. Higher doses of the reversal
agents were not used because simultaneous exposure to SNP
and higher doses of reversal agents led to significant cell dam-
age. However, these scavengers significantly reversed the
SNP-induced stimulation of P-gp after a 24-h exposure to SNP,
suggesting that the increase in both the activity and expression
of P-gp by long-term exposure to NO donors resulted from
the comprehensive effects of oxidative stress and nitrosative
stress. This conclusion was consistent with previous reports'®
in MBEC cells.

NOx activates diverse signaling pathways to regulate gene
expression”). The MAPK signaling pathway, the PKC signal
pathway and the PI3K/Akt pathways have been reported to
be activated by NOx** %3 Whether or not NOx altered
intestinal efflux activity by regulating these signal pathways
was also studied using the corresponding pharmacological
inhibitors wortmannin (a PI3K inhibitor), SB203580 (a p38
MAPK inhibitor), and chelerythrine (a PKC inhibitor). The
results observed with these inhibitors were similar to the
effects of free radical scavengers: although the three inhibitors
did not alleviate the impairment of P-gp function induced by a
4-h exposure to 2 mmol/L SNP, they reversed the P-gp stimu-
lation induced by long-term exposure to 0.1 mmol/L SNP.
These results suggest that a 24-h exposure to NOx donors
stimulated the expression and activity of P-gp via the PI3K/
Akt, PKC and p38 MAPK pathways.

The pattern of changes in P-gp activity and protein expres-
sion in response to NO donors is certainly complex, as short-
term exposure to NO donor decreased P-gp function and
expression, whereas long-term exposure to NO donors
elevated P-gp function and expression. Similar patterns have
been found for MRP2 in renal proximal tubules exposed to
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certain tubular nephrotoxicants™

and in P-gp in rat brain
capillaries exposed to TNF (tumor necrosis factor)-a and ET
(endothelin-1)P". These findings seem to partly explain the
contradictory reports on the regulation of P-gp by NOx when
different doses or incubation times were used®'* ¥,

The present results indicate that the effects of NO donors
on P-gp function and expression were dependent on exposure
time. Short-term exposure to NO donors led to a significant
decrease in P-gp function and expression, whereas long-term
exposure to NO donors stimulated P-gp function and expres-
sion. The regulation of P-gp function and expression by NO

donors occurred via a NO-independent mechanism.
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