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Summary

Several studies have shown that multidrug transporters, such as P-glycoprotein (PGP), are involved
in cell resistance to chemotherapy and refractory epilepsy. The p38 mitogen-activated protein ki-
nase (MAPK) signaling pathway may increase PGP activity. However, p38-mediated drug resistance
associated with PGP is unclear. Here, we investigated p38-mediated doxorubicin-induced drug re-
sistance in human leukemia K562 cells.

The expression of PGP was detected by RI-PCR, Western blot, and immunocytochemistry. Cell vi-
ability and half-inhibitory concentrations (IC,)) were determined by CCK-8 assay. The intracellu-
lar concentration of drugs was measured by HPLC.

A doxorubicin-induced PGP overexpression cell line, K562/Dox, was generated. The p38 inhibi-
tor SB202190 significantly decreased MDR1 mRNA expression, as well as PGP, in K562/Dox cells.
The IC, of phenytoin sodium and doxorubicin in K562/Dox cells was significantly higher than
that in wild-type K562 cells, indicating the drug resistance of K562/Dox cells. During the blocking
of p38 activity in the presence of SB202190, cell number was significantly reduced after the phe-
nytoin sodium and doxorubicin treatment, and the IC, of phenytoin sodium and doxorubicin was
decreased in K562/Dox cells. HPLC showed that the intracellular levels of phenytoin sodium and
doxorubicin were significantly lower in K562/Dox cells than those in K562 cells. The decrease of
the intracellular level of these drugs was significantly abolished in the presence of SB202190.
Our study demonstrated that p38 is, at least in part, involved in doxorubicin-induced drug resis-
tance. The mechanistic study of MAPK-mediated PGP and the action of SB202190 need further
investigation.
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BACKGROUND

The p38 mitogen-activated protein kinase (MAPK) signaling
pathway mediates multiple cellular events, including prolif-
eration, differentiation, migration, adhesion and apoptosis,
in response to various extracellular stimuli, such as growth
factors, hormones, ligands for G protein-coupled receptors,
inflammatory cytokines, and stresses [1]. It has been shown
that p38 MAPK signaling is associated with cancers in hu-
mans and mice [2] and regulates gene expression through
the activation of transcription factors.

Long-term exposure of tumor cells to certain types of chemo-
therapy drugs causes resistance. The best example is doxoru-
bicin, an anti-cancer drug that often leads to drug resistance
[3,4]. Recent studies on cell resistance to chemotherapy and
refractory epilepsy drugs showed that multidrug resistance
(MDR) transporters, especially P-glycoprotein (PGP) encod-
ed by MDRI, play an important role in multidrug resistance
[5-7]. PGP is a membrane-associated protein with 6 trans-
membrane domains and an adenosine triphosphate (ATP)
binding site. This energy-dependent structure provides the
characteristics of a drug efflux transporter that can pump
drugs and other hydrophobic compounds out of cells, re-
ducing the intracellular drug concentration, thus leading
to drug resistance [8-10].

PGP expression can be induced by several factors, including
cytotoxic drugs, irradiation, heat shock, and other stresses
[11-13]. These factors also activate the p38 MAPK signaling
pathway [14-16], suggesting that the p38 MAPK signaling
pathway may be involved in the regulation of PGP expression.
In this study we investigated the effect of a highly selective,
potent, cell-permeable inhibitor of p38 MAPK (SB202190)
on doxorubicin-induced drug resistance associated with PGP
in a leukemia cell line. We demonstrated that p38 MAPK is
involved in doxorubicin-induced PGP expression, cell resis-
tance to the antiepileptic drug phenytoin sodium, and the
chemotherapy drug, doxorubicin, in leukemia cells.

MATERIAL AND METHODS

Material

Human leukemia cell line K562 was obtained from the
Blood Institute of the Chinese Academy of Sciences (Tianjin,
China). Doxorubicin hydrochloride (Dox), phenytoin so-
dium (PHT), verapamil hydrochloride (Ver), rabbit an-
ti-human PGP antibody), SB202190 (4-(4-Fluorophenyl)-
2-(4-hydroxyphenyl)-5-(4-pyridyl)-1H-imidazole), U0126
(1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]
butadiene), Cell Counting Kit-8 (CCK-8), and DAB
(8,3’-Diaminobenzidine) were purchased from Sigma (St.
Louis, MO). RPMI-1640, penicillin and streptomycin were
from Gibco (Invitrogen, NY). Anti-p38 antibodies (total and
phosphor T180 - Y182) were from Santa Cruz Technologies.

Generation of K562/Dox cell line and treatment

To generate a resistant cell line K562/Dox, K562 cells were
cultured in RPMI-1640 medium supplemented with 15% fe-
tal calf serum (FCS), 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37°C overnight, followed by treatment with
10 pg/mL doxorubicin at 37°C for 2 hours. Cells were then

centrifuged and recovered with fresh medium. After recov-
ery, cells were retreated with doxorubicin at the same dose.
These processes were repeated several times until drug re-
sistance was acquired. All K562 cells were kept in the loga-
rithmic growth phase during doxorubicin treatment. The
established cell line was then maintained in fresh complete
medium supplemented with 0.1 pg/mL doxorubicin.

All K562 /Dox cells were cultured in the absence of Dox for
10 days prior to compound treatment. The cells were then
plated and treated with 10 pM phenytoin sodium, 10 pM
doxorubicin, 10 pM SB202190, 10 pM U0126, or 10 pM
verapamil in DMSO for a period of time as indicated be-
low. Equal amount DMSO was used for a negative control.

Immunocytochemical staining

K562 and K562/Dox cells were seeded on 0.1% poly-lysine
coated slides (Sigma) and fixed in ice-cold acetone for 10
min. After washing 3 times with PBS, the cells were perme-
ated with 0.25% Triton X-100 plus 5% DMSO in PBS for 10
min. After washing 3 times with PBS, the cells were treated
with 1.5% and 3% hydrogen peroxide for 15 min each to
block endogenous peroxidase and peroxidase-like activity.
Following block with 10% goat serum in PBS for 1 hour, the
cells were incubated with specific antibody against human
PGP (1: 200 dilution) at 4°C overnight. After incubation
of horseradish peroxidase-labeled goat anti-rabbit second-
ary antibody (1:1000 dilution) at 37°C for 1 hour, the cells
were washed with 0.1 mol/L Tris-HCI buffer for 5 min. The
cells were then incubated with 0.05% DAB substrate in 0.05
mol/L Tris-HCI buffer, followed by incubation of 2 drops
of 3% hydrogen peroxide for 5~15 min until cells were co-
loured light brown. The reaction was stopped by putting
the slides into 0.05 mol/L Tris-HCI buffer and air-drying.
After mounting, the cells were observed under the micro-
scope and photos were taken.

RNA extraction and RT-PCR

Total RNA was extracted from cells using Trizol reagent
(Invitrogen). One microgram of total RNA was reversely
transcribed using a reverse transcription kit (MBI Fermentas,
Burlington, Canada). The PCR amplification was carried
outin a volume of 25 yl using the Fermentas kit. The prim-
ers of MDRI and B-actin were synthesized by Shanghai
Saibaisheng Company (Shanghai, China). The primer se-
quences were 5-TTTTCATGCTATAATGCGAC-3’ (forward)
and 5-TCCAAGAACAGGACTGATGG-3’ (reverse) for MDR1
(226 bp) and 5-CCTCGCCTTTGCCGATCC-3’ (forward)
and 5’-GGATCTTCATGAGGTAGTCAGTC-3’ (reverse) for
B-actin (620 bp). PCR amplification was performed at 94°C
for 45 sec, 54°C for 45 sec, and 72°C for 1 min for 30 cycles.
An initial step to denature RNA at 95°C for 2 min and a fi-
nal extension of 5 min at 72°C were also performed. PCR
products were then separated on 1.5% agarose gel and an-
alyzed using a gel imaging system (GeneGenius, USA).

Western blotting

Total protein was extracted from 1x10° cells. Equal amount
protein samples were run on SDS-PAGE gels and transferred
to polyvinylidene difluoride (PVDF) membranes. After block-
ing with 1% skim milk in TBS-T at room temperature for
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Figure 1. Generation of K562/Dox cell line and effect of p38 inhibitor
in K562/Dox cells. (A) Expression of PGP in K562 and K562/
Dox cells. Cells were treated with Dox and stained with anti-
PGP antibody using immunohistochemistry. PGP-positive
cells showed light brown color. Left panel, K562 cells; right
panel, K562/Dox cells (magnification x400). (B) Expression
of MDR1 in K562/Dox cells. MDR1 was detected using RT-PCR
in the absence (Control) or presence of U0126 or SB202190.
bp, base pair. (C) Quantitative analysis of RT-PCR. The relative
level of the expression of MDRT was normalized to -actin
and compared. Data were presented as mean £SEM. ¥,
p<0.01 as compared to control and U0126 (n=10).

1 hour, the membrane was probed with mouse anti-human
primary antibody (1:500 dilution) at 4°C overnight and sub-
sequently incubated with goat anti-mouse horseradish per-
oxidase-conjugated secondary antibody (1:2000 dilution)
at room temperature for 2 hours. Signals were detected us-
ing ECL-Plus (Santa Clara, CA) and quantified using the
Bio-Rad2000 gel imaging system with QUANTITY ONE soft-
ware (Bio-Rad Laboratories, Hercules, CA).

Cell viability and half maximal inhibitory concentration

Cell viability and drug resistance was determined by cell
counting method using CCK-8 assay according to the proto-
col of the manufacturer. Briefly, cells were pre-treated with
10 pM SB202190 or 10 pM verapamil for 1 hour and treated
with phenytoin or doxorubicin for 48 hours. After adding

10 pl of the CCK-8 solution to each well of the plate, cells
were incubated for 2 hours in the incubator. The absorbance
was measured at 450 nm using a microplate reader. Cell via-
bility was calculated using the data obtained from the wells
that contain known numbers of viable cells. The 50% inhib-
itory concentration (IC, ) of each drug was calculated using
a weighted regression of the plot. Reversal index (RI) was
calculated as RI=IG;, without inhibitor/ IC,, with inhibitor.

Measurement of intracellular concentration of PHT and
Dox

The concentration of intracellular phenytoin or doxoru-
bicin was measured by HPLC. Briefly, cells were pretreat-
ed with 10 pM SB202190 or 10 pM verapamil for 1 hour
and treated with phenytoin sodium or doxorubicin for 36
hours at a final concentration of 10 pM. Cells (2x10° in 2
ml culture medium) were then collected and re-suspend-
ed in 0.3 mol/L HCl/50% ethanol. After centrifugation at
10,000 rpm for 10 min, the supernatant (20 pl) was loaded
into the column of HPLC for the measurement of the in-
tracellular concentration of drug according to the proto-
col of the manufacturer.

Statistical analysis

All statistical analyses were carried out using SigmaStat
(Chicago, IL). Comparisons between groups were performed
using either a paired Student t-tests or one-way ANOVA,
where indicated. Data are presented as mean +SD or SEM.
Differences were considered significant at values of P<0.05.

RESULTS

Generation of K562/Dox cells by doxorubicin and
responsiveness to p38 inhibitor

K562/Dox cells were generated by repeating treatments of
doxorubicin and confirmed by the induction of PGP expres-
sion. Immunocytochemistry showed that wild-type K562 cells
had an undetectable level of PGP expression (Figure 1A, left
panel), whereas most K562 /Dox cells were PGP-positive and
appeared light-brown (Figure 1A, right panel), indicating
the induction of PGP expression by doxorubicin. This drug-
resistant cell line was further confirmed by the detection of
multi-drug resistance 1 gene, MDRI, in the absence or pres-
ence of a p38 inhibitor, SB202190 (Figure 1B). After quan-
titative analysis of RT-PCR, we found that SB202190 treat-
ment significantly decreased MDR1 expression in K562/
Dox cells (Figure 1C; P<0.001; n=10). However, the treat-
ment of U0126, a highly selective inhibitor of both MEKI1
and MEK2, had no effect on MDR1 expression.

Inhibition of p38 leading to a decrease of PGP
expression in K562 /Dox cells

The expression of PGP in K562/Dox cells was further de-
tected by Western blot. SB202190 treatment for 48 hours
decreased PGP expression, whereas U0126 treatment had
no effect (Figure 2A). After quantitative analysis, we found
that p38 inhibitor significantly reduced the expression of
PGP (Figure 2B). Next, we confirmed that SB202190 in-
deed significantly suppressed phopho-p38, an active form of
p38, as well as total-p38 in K562/Dox cells (Figure 2C, D).
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Figure 2. Effect of p38 inhibitor SB202190 in K562/
Dox cells. Total proteins were extracted
from cells treated with S8202190 or

* U0126. Untreated cells ware used

as a control. Equal amount protein

was subjected to Western blot using

specific antibody against PGP. B-actin

was used as for equal loading control.

(R) Expression of PGP in K562/Dox cells.

Representative images were shown.

(B) Quantitative analysis of Western blot

for A. (C) Expression of phospho-p38

* and total-p38in K562/Dox cells.

Representative images were shown.

(D) Quantitative analysis of Western

blot for C. Data were presented as mean

+SEM. ¥, p<0.001 as compared to

control and U0126 (n=8).
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Figure 3. Inhibition of cell viability by PHT and Dox in response to
SB202190. K562/Dox cells were pretreated with S8202190
for T hour and then treated with phenytoin (A) or
doxorubicin (B) for 48 hours in the presence of SB202190.
Verapamil was used as a positive control. The cell viabilities
were determined using CCK-8 assay and normalized to
100%. Data were presented as the mean =SEM. *, p<0.001
as compared to control (n=12). PHT — phenytoin; Dox
— doxorubicin.

Reducing drug resistance by p38 inhibitor in K562 /Dox
cells

We subsequently investigated whether p38 was involved in
cells’ resistance to the drug tested. First, we examined cell
viability by pretreating the cells with p38 inhibitor SB202190

and a positive control, verapamil, followed by treating the
cells with phenytoin sodium or doxorubicin. The inhibi-
tion of cell viabilities by phenytoin sodium and doxoru-
bicin was determined by CCK-8 assay. We found that in
the presence of SB202190, phenytoin sodium and doxo-
rubicin significantly decreased the number of living cells
(Figure 3A, B). Studies confirmed that treatment of 10 pM
SB202190 or verapamil alone had no effect on cell viabil-
ity in either K562 or K562/Dox cells (data not shown).
Second, we measured the IC, of phenytoin and doxorubi-
cin in K562/Dox cells. The IC , of phenytoin and doxoru-
bicin in K562/Dox cells was 51gn1ﬁcantly higher than that
in K562 cells (2186.33+214.70 vs. 468.82+44.67 pg/mL and
4.33+0.50 vs. 0.32+0.05 pg/mL, respectively) (Table 1), indi-
cating that K562/Dox cells were drug-resistant. After block-
ing p38 with 10 pM SB202190 in K562/Dox cells, we ob-
served that the IC, of phenytoin was significantly decreased,
from 2186.33+214.70 to 949.83+131.31 pg/mL, with an RI
of 2.30, similar to that of the verapamil control (2.56). The
IC,, of doxorubicin was also lower in cells treated with 10
pM SB202190 than in untreated K562/Dox cells (4.33+0.50
pg/mL and 0.40+0.09 pg/mL, respectively), with an RI of
10.83, similar to that of verapamil (12.37). Third, we mea-
sured the intracellular concentration of phenytoin and
doxorubicin by HPLC. The intracellular levels of phenyto-
in and doxorubicin were significantly lower in K562/Dox
cells than those in K662 cells (Figure 4A, B), further con-
firming the drug resistance of K562/Dox cells. The de-
crease of the intracellular level of phenytoin and doxoru-
bicin in K562/Dox cells was significantly abolished in the
presence of SB202190 (Figure 4). These data clearly dem-
onstrate that p38 is, at least in part, involved in the regula-
tion of drug resistance in K562/Dox cells.

DiscussIioN

Drug resistance often occurs in anti-cancer and anti-epilep-
tic therapy. Previous studies have shown that the multidrug
transporter PGP is involved in cell resistance to chemother-
apy and refractory epilepsy [17,18]. A PGP antagonist may
effectively reverse chemotherapy and epilepsy drug resis-
tance [7,19]. Here, we demonstrated that the p38 MAPK
signaling pathway is involved in doxorubicin-induced drug
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Table 1. IC,, of phenytoin and doxorubicin in K562 and K562/Dox cells.

K562/Dox IC,  (ug-mL™")

Drug K5621C,, (ug-mL) Rl of SB202190 Rl of verapamil
Control $B202190 Verapamil group group
Phenytoin 468.82+44.67 2186.33+£214.70 949.83+131.31 852.83+105.44 230 2.56
Doxorubicin 0.32+0.05 4.33£0.50 0.40+0.09 0.35+0.05 10.83 12.37

Data represented as mean 5D (n=12).
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Figure 4. Effect of SB202190 on concentration of phenytoin and
doxorubicin in K562/Dox cells. (A) Concentration of
phenytoin. (B) Concentration of doxorubicin. Verapamil
was used as positive control. Cells were treated with
SB202190 for 36 hours. The concentration of phenytoin and
doxorubicin was measured by HPLC. Data were presented
as mean £SEM. Data with different superscripts were
significantly different (p<0.001, n=12) from each other,
whereas those with the same superscripts were not.

(Ctl - control, without treatment; SB — SB202190;
Ver — verapamil; PHT — phenytoin; Dox — doxorubicin.

resistance associated with PGP regulation, and a p38 inhib-
itor may serve as a PGP antagonist.

PGP is a transmembrane glycoprotein, functioning as a drug
transport that actively pumps out a variety of anti-cancer
agents and other hydrophobic compounds from the cells
[7,20], thus reducing intracellular drug concentrations and
leading to drug resistance [10]. It has been shown that long-
term exposure of tumor cells to some types of chemother-
apy drugs causes resistance [21]. This is consistent with re-
sults of our current study that drug resistance associated
with PGP expression can be induced by repeating treat-
ment of doxorubicin. PGP-overexpressing K562/Dox cells

allow us to study the effect of p38 inhibitor on drug resis-
tance. The expression of MDR genes and multidrug trans-
porters, such as PGP, are regulated by many factors, includ-
ing cytotoxic drugs and stresses [11-13]; these factors also
activate the p38 MAPK pathway [16,22]. Both PGP and p38
MAPK are involved in cellular processes (eg, apoptosis and
cell proliferation) [23,24], indicating that there may be a
link between p38 MAPK and PGP. We and others demon-
strated that inhibition of p38 by SB202190 can decrease the
expression of PGP and MDRI, a gene that encodes PGP, in
Kb562/Dox (current study) and gastric cancer cells [25],
suggesting that p38 MAPK signaling is involved in the reg-
ulation of PGP. U0126, a highly selective inhibitor of mito-
gen-activated protein kinase/extracellular signal-regulated
kinase (ERK) kinase (MEK) [26], can reduce the endog-
enous expression levels of PGP in the human colorectal
cancer cells, HCT-15 and SW620-14 [27], and functionally
antagonize AP-1 transcriptional activity through noncom-
petitive inhibition of MEK1/2 [28]. However, in this study
we found that the expression of PGP in K562/Dox cells was
not affected by U0126, indicating that the MEK1/2 signal-
ing pathway is not a major pathway involved in PGP regu-
lation in leukemia cells, and that the effect of U0126 may
be cell-type specific.

In order to restore the sensitivity of phenytoin and doxoru-
bicin in resistant cells, we applied SB202190, a p38 MAPK-
specific antagonist [29], which leads to the specificity of the
P38 MAPK pathway on PGP regulation. K562/Dox cells that
highly expressed PGP were resistant to doxorubicin and phe-
nytoin sodium, and in the presence of SB202190 these cells
reverse their drug resistance to a degree similar to that of
the well-known PGP antagonist, verapamil. This result fur-
ther confirms that the p38 MAPK pathway is involved in mul-
tidrug resistance through the regulation of PGP. Our data
are consistent with the previous finding that in an acidic
environment, the p38 MAPK pathway mediated the upreg-
ulation of PGP in rat prostate cancer cells [30]. However,
how p38 MAPK regulates PGP expression is not yet clear.
It has been reported that there are NF-kB binding sites in
the MDR1 promoter region, suggesting that MDR1 may be
activated by NF-xB [31]. p38 MAPK can activate NF-xB ex-
pression [32], indicating the possibility of that p38 MAPK
may regulate PGP expression through the activation of this
transcription factor.

CONCLUSIONS

Our study shows that the p38 signaling pathway is involved
in doxorubicin-induced drug resistance. The inhibition
of p38 MAPK diminishes doxorubicin-induced drug resis-
tance associated with the down-regulation of PGP. Thus,
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the inhibitors of p38 may provide new chemotherapeutic
option to overcome drug resistance in treatment of cancer
and epilepsy. Further studies on the mechanisms of p38 in-
hibitors and the development of effective PGP-specific an-
tagonists with low toxicity will improve the clinical effects
of the chemotherapy and anti-epilepsy therapy.
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