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Abstract
Objectives: All-trans retinoic acid (atRA) potently induces 
differentiation and apoptosis in pancreatic cancer. However, 
the clinical use of retinoids is limited by retinoid resistance or 
development of toxicity at high doses. We tested the hypothesis 
that blocking atRA degradation and elimination from the cell would 
potentiate its effectiveness in pancreatic cancer therapy. 

Methods: In vitro, AsPc-1 and HPAF cells were co-treated with 
atRA and inhibitors of either multidrug resistance (MDR: verapamil, 
LY335979, and quinidine) or cytochrome P450 (CYP450s: 
troleandomycin, clotrimazole and liarozole). In addition, cells 
were co treated with atRA and antisense oligonucleotides against 
MRP, Pgp, CYP26 and CYP3A4. Proliferation and apoptosis were 
investigated. In vivo, AsPc-1 xenografts were treated with atRA, 
verapamil, and troleandomycin alone or in combination. 

Results: The anti-proliferative effect of atRA on AsPc-1 and HPAF 
cells was markedly potentiated by the inhibition of MDR and 
CYP450 or by antisense oligonucleotides to reduce their production. 
The combination also enhanced atRA-induced apoptosis. Co-
administration of inhibitors of MDR and CYP450 also potentiated 
the inhibitory effect of atRA on growth of xenografts.

Conclusions: Co-treatment of pancreatic cancer with low non-
toxic doses of atRA combined with MDR blockade and inhibition of 
CYP450 is effective suppressing tumor growth, suggesting a novel 
clinical application. 
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patient morbidity and mortality [2]. The overall 5-year survival for 
pancreatic cancer is approximately 5% [1]. The dismal prognosis of 
the disease has prompted the intensive investigation for therapeutic 
strategies that counteracts the biology of this tumor. All-trans retinoic 
acid (atRA), a vitamin A (retinol) derivative, regulates several essential 
cellular process including proliferation, differentiation and apoptosis 
in the normal epithelium. In addition, atRA suppresses tumorigenesis 
in a variety of epithelial tissues through multiple mechanisms 
including the induction of differentiation, inhibition of proliferation, 
inhibition of anti-apoptotic pathways, cell cycle arrest and down 
regulation of telomerase activity [3]. In vitro studies show that atRA 
reduces pancreatic cancer growth via similar mechanisms [4-7]. In 
preclinical studies retinoids suppressed the growth of carcinogenesis 
model of pancreatic adenocarcinoma [8,9]. In clinical trials single-
agent retinoid treatments were not effective in pancreatic tumors, 
although combinations of retinoids with other cancer chemotherapy 
agents had limited efficacy combined with signs of toxicity [10,11]. 
A major challenge in retinoids cancer chemopreventive trials is the 
development of retinoic acid (RA) resistance and the occurrence 
of toxicity due to the prolonged use of high doses [12]. A potential 
mechanism implicated in the development of resistance is the induction 
of pathways involved in atRA metabolism [13], although there is also 
reduced expression of retinoic acid receptors in pancreatic cancer 
[14]. Furthermore, expression of cellular retinoic acid binding protein 
2 (CRABP2) is associated with marked growth inhibition by atRA, 
while, in contrast, expression of fatty acid binding protein 5 (FABP5) is 
associated with minimal cytotoxicity in response to atRA [15]. 

Cytochrome P450 (CYP450) mediates the oxidation and thus 
the detoxification of atRA to its readily soluble products 4-oxo-RA, 
4-hydroxy-RA and 5,6-epoxy-RA [15,16]. Two mammalian CYP450 
subfamilies are known to be RA-inducible, namely CYP26A1 and B1 
[17,18]. Pancreatic cancer tissues contain high levels of several drug 
metabolizing CYP450 enzymes known to target atRA catabolism and 
thus reduce its biological activity [19]. A second mechanism claimed to 
be involved in cancer chemoprevention resistance is the development 
of multidrug resistance (MDR) that involves the overexpression of 
ATP-dependent efflux transporters such as P-glycoprotein (Pgp) 
and multidrug resistance-associated protein (MRP) [20,21]. MRP 
and P-gp proteins pump cytotoxic chemotherapeutic drugs out the 
tumor cells [22] and have been associated with the atRA resistance 
[17,23]. Although pancreatic cancers express only traces of P-gp, 
the promoter of its gene is retinoid inducible. A high level of MRP 
expression is seen in pancreatic cancer [24,25]. Thus, retinoids with 
higher pharmacological indices are needed to improve retinoid-based 
chemotherapy in pancreatic cancer.

In the present study, we hypothesized that retinoid resistance in 
pancreatic cancer is due to rapid catabolism by RA-induced CYP450 
as well as an enhanced efflux by RA-induced multidrug resistance 
proteins, resulting in enhanced pumbing and rapid clearance of 
cytosolic retinoids. Using in vitro and in vivo models, we investigated 
whether abrogating these two modalities has a synergistic effect on 
atRA efficacy in pancreatic cancer therapy. 

Introduction
Pancreatic cancer is the fourth leading cause of cancer death in men 

and women in the United States [1]. The present treatment modalities 
for this devastating cancer; surgery and chemo-radiotherapy, fail 
to control the aggressive nature of the disease causing a significant 
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Materials and Methods
Chemicals

All-trans retinoic acid from Sigma Chemicals Co. (St. Louis, 
MO) was dissolved in dimethylsulfoxide (DMSO) as a 100 mM stock, 
stored in dark brown tubes at -80 oC. Diluting stocks into working 
range of 1 nM - 10 μM reduced the concentrations of DMSO to ≤ 
0.01%. Retinoid manipulations were carried out in subdued yellow 
light using previously optimized conditions [26]. Propidium iodide, 
verapamil, troleandomycin, quinidine and clotrimazole were 
from Sigma Chemicals Co. 3H-thymidine (25 Ci/mmol) was from 
Amersham Life Science (Arlington Heights, IL). Liarozole was a 
gift from the Janssen Research Foundation (Spring House, PN). 
LY335979 was a gift from Eli Lilly (Indianapolis, IN). 

Cell culture and cotreatment schedule 

Pleomorphic human pancreatic cancer cell lines AsPc-1, 
HPAF, and Capan-2 were purchased from American Type Culture 
Collection (ATCC) (Manassas, VA) were grown in a mixture of 1:1 
ratio of Dulbecco’s modified Eagle’s medium (DMEM) and Nutrient 
Ham’s F12 medium containing 10% fetal bovine serum (FBS), 2 
mM glutamine and 100 µ/ml of each of penicillin and streptomycin. 
All retinoid experiments were conducted in the same mixture of 
serum-free and phenol red-free medium supplemented with 10 mM 
HEPES, 2.5 g/L glucose and 1 mM pyruvate. Cells were incubated 
at 37oC in an atmosphere of 5% CO2. Cells were seeded in 24-well 
tissue culture plates in FBS-containing medium for 24 hours and then 
in serum-free condition for another 24 hours, after which retinoid 
treatment was started for various time periods. Inhibitors of CYP450s 
(troleandomycin, 100 μM, liarozole, 10 μM; or clotrimazole, 0.5 μM) 
and antagonists of MRPs (verapamil, 10 μM, LY335979, 0.1 μM; 
or quinidine, 30 μM) in DMSO were added to cells 2 hours before 
retinoid treatment and remained throughout the treatment period. 
Retinoids were added only once for time periods up to three days, but 
were otherwise renewed every other day.

Oligonucleotide transfection

The morpholino-antisense oligonucleotides or their scrambled 
controls were transfected into cells using a modified scrape-loading 
technique. In brief, cells at 75% confluence in 75 cm2 tissue culture 
flasks were washed and detached with a cell scraper in the presence 
of 50 μM oligonucleotide in medium containing 0.1% FBS. Cells were 
dis-aggregated into a single cell suspension by forced pressure through 
a 21-gauge needle twice, counted and seeded in 48-well tissue culture 
plates for 12 hours in presence of 10% FBS to enhance recovery. Cells 
were then cultured in serum-free medium for 12 hours prior to three 
days of treatment with a single addition of retinoid. Proliferation 
was measured by 3H-thymidine incorporation. The sequences of the 
oligonucleotides used were: 5’-GAGCCCCAT GGCACGCTTCAG-3’ 
antisense and 5’-GACGCCCAGTGCACCGTTACG-3’ scrambled 
control for CYP26; 5’-GGCTATGTGCATGGAGCTTTCC-3’ 
antisense and 5’-GGTCATGTCGATGGAGCTTCTC-3’ scrambled 
control for CYP 3A4; 5’-CGCGCTCCAGCCCTACCTAG-3’ 
antisense and 5’-CGCGT CCCAGCCTCACTCAG-3’ scrambled 
control for P-gp; and 5’-CCGGAGCGCCATGCCGGTGG-3’ 
antisense and 5’-CGCGACGGCCATGCGCGTGG-3’ scrambled 
control for MRP. These antisense oligonucleotides target the AUG 
and upstream sequences in the mRNAs and their scrambled controls 

have four mismatches. Oligonucleotides were produced by AVI 
Biopharma (Corvallis, OR).

Proliferation assays

Treated AsPc-1, HPAF and Capan-2 cells were washed with 
phosphate buffered saline (PBS) and incubated with 3H-thymidine 
0.5μ Ci/well, 25 Ci/mmol (Amersham Life Science, Arlington 
Heights, IL) in serum free medium for 2 hours. Cells were processed 
to measure new DNA synthesis as previously described [27].

Apoptosis assays

Apoptosis was assessed using the terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling (TUNEL) assay. 
Treated adherent AsPc-1 and HPAF (1×106 cells/ml) and floating 
cells in medium were pooled following trypsinization. The mean 
green fluorescence of the incorporated fluorecein-12-dUTP analysis 
of TUNEL stained cells (Promega, Madison, WI) against red 
fluorescence of propidium iodide was quantified by flow cytometry 
as previously described [27].

Animal studies, drug dosage and treatment protocol

Athymic nude mice (female BALB/c, nu/nu, 6 to 8 weeks old) 
were purchased from Charles River Laboratories (Wilmington, MA). 
Mice were randomized into 6 treatment groups (n=8-10 per group 
receiving treatment with either (a) atRA: 2 mg/kg/day; (b) atRA: 6 mg/
kg/day; (c) verapamil: 42 mg/kg/day and troleandomycin: 200 mg/
kg/day; (d) atRA 2 mg/kg/day; with verapamil and troleandomycin; 
and (e) atRA 6 mg/kg/day with verapamil and troleandomycin, or 
(f) the DMSO vehicle- by oral gavage. In brief, 5×106 AsPc-1 cells in 
(50 μL medium) were injected sub-cutaneously into mice flanks (two 
injection sites per mouse). One day following xenograft induction, 
mice in different groups received their treatment for five days/ week 
for four weeks when the experiment was ended because of the tumor 
burden in the control groups. Tumor sizes were measured by caliper 
twice a week, and the tumor size was calculated as (L x W X (L + W/2) 
x 0.526 where L=length (mm) and W=width (mm) [28]. Body weights 
of mice were monitored once a week and excised sc. tumors weighed 
at euthanasia. All animal procedures were performed in accordance 
with American Association of Laboratory Animal Care guidelines 
and approved by the Institutional Animal Care and Use Committee.

Data Analysis

Data was analysed by analysis of variance (ANOVA) using 
Dunnett’s or Bonferroni’s corrections for multiple data points as 
appropriate.

Results
Decreased proliferation of AsPc-1, HPAF and Capan-2 cells 
by combined treatment

The effect of atRA alone or combined with pharmacological 
antagonists of MDR proteins was tested in AsPc-1, HPAF and Capan-2 
cells. Compared with vehicle-treated cells, treatment with atRA alone 
caused a modest decrease in proliferation (Figure 1). Combination of 
atRA with quinidine, LY335979, or verapamil for three days was much 
more effective than with atRA alone (all P<0.001, Figure 1A, 1C and 
1E). The effect of co-treatment with atRA and CYP450 inhibitors was 
also tested in AsPC-1 and HPAF cells. The proliferation inhibitory 
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effect of single-agent atRA was markedly potentiated when combined 
with liarozole, troleandomycin, or clotrimazole (all P<0.001) (Figure 
1B, 1D and 1F). When used alone quinidine, LY335979, verapamil, 
liarozole, troleandomycin, and clotrimazole had no significant 
effects on proliferation (Figure 2). Because pharmacologic inhibitors 
have inherent nonspecific effects, specific morpholino-antisense 
oligonucleotides against MRP, Pgp, CYP450 3A4, and CYP26 were 
tested to see if these would also potentiate the antiproliferative 
effect of atRA. AsPc-1 and HPAF cells were treated for 3 days with 
atRA alone, atRA/scrambled antisense, atRA/MRP antisense, or 
vehicle treated and proliferation was measured by 3H-thymidine 
incorporation. Antisense oligonucleotides directed to MRP caused 
a marked increase in the efficacy of atRA (P<0.001), whilst Pgp 
antisense had a small but significant (P<0.01) enhancing effect when 
compared with atRA alone or in combination with the respective 
scrambled oligonucleotide controls (Figure 3A and 3C). Similarly, 
antisense oligonucleotides directed towards CYP3A4 or CYP26 also 
markedly increased the efficacy of atRA in inhibiting proliferation of 
the AsPc-1 cells compared with atRA alone or the scrambled controls 
(both P<0.001) (Figure 3B and 3D).

Potentiated induction of apoptosis in AsPc-1 and HPAF 
cells by combined treatment

Co-treatment of atRA with MDR protein antagonists and CYP450 
inhibitors was then tested to see if the apoptotic effect of RA was also 
potentiated. Apoptosis was assessed by the TUNEL assay. AsPc-1 and 
HPAF cells cultured with atRA alone, or with verapamil, LY335979 
or inhibitors of CYP450 (liarozole or troleandomycin). Compared 
with vehicle control, atRA caused a significant induction of apoptosis 
in both AsPC-1 cells (P<0.001) and HPAF cells (P<0.01) Figure 4). 
The induction of apoptosis by atRA was markedly enhanced when 
the atRA was combined with verapamil or LY335979 (all P<0.001 vs. 
atRA alone) (Figure 4A and 4C) or when combined with liarozole 
or troleandomycin (all P<0.001 except liarozole in HPAF P<0.01, vs 
atRA alone), (Figure 4B and 4D).

Reduced growth of AsPc-1 xenograft in athymic mice by 
combined treatment

The effects of combining atRA with troleandomycin or verapamil 
were tested in vivo using the mouse xenograft model with AsPc-1 
cells. From our experience, HPAF cells do not form reliable xenografts 

Figure 1: Effects of co-treatment with all-trans retinoic acid and multidrug resistance protein antagonists (A, C and E) (quinidine (quin), LY335979 (LY), 
or verapamil (verap) or inhibitors of cytochrome-P450 enzymes (B, D and F) (liarozole (liar), troleandomycin (trol), or clotrimazole (clot)) for 3 days on 
proliferation of AsPC-1, HPAF and Capan-2 cells respectively, measured as thymidine incorporation. Data shown are mean ± SEM of the % of untreated 
control, from four separate experiments performed in triplicate, * = P<0.05, ** = P<0.01, *** = P<0.001.
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and so this cell line was not used for the in vivo study. Mice that 
received either verapamil (42 mg/kg/day) and troleandomycin; atRA 
at 2 or 6 mg/kg/day, or atRA at 2 or 6 mg/kg/day in combination 
with verapamil and troleandomycin, all demonstrated a significant 
reduction of tumor growth as early as 9 days compared with vehicle-
treated mice (Figure 4A). However, the greatest reduction in tumor 
size and weight was seen with the two combinations of atRA with 
verapamil and troleandomycin (both P<0.0001, Figure 5A). Tumor 
size was affected by time (F=8.26, P<0.001) and by treatment 
(F=23.3, P<0.0001). Treatment with the two doses of atRA alone or a 
combination of verapamil with troleandomycin caused a significant 
reduction in tumor weight (all P<0.001, Figure 5B). The combinations 
of atRA with verapamil and troleandomycin caused significantly 
greater reduction in tumor weight than the respective doses of atRA 
alone (P<0.05 at 2 mg/kg/day, P<0.01 at 6 mg/kg/day, Figure 4B). 
There were no significant differences in animal weights between the 
treatment groups at the end of the experiment. Similar results were 
obtained from four separate experiments suing combinations of atRA 
with verapamil and troleandomycin at various doses. The reduced 
tumor growth in mice received the combined treatment is consistent 
with the in vitro potentiated suppression of proliferation and 
induction of apoptosis following the combined treatment of AsPc-1 
in vitro. Therefore, combined administration of low nontoxic doses 
of atRA, verapamil, and troleandomycin has a significant benefit for 
pancreatic cancer treatment.

Figure 2: Effects of quinidine (quin), LY335979 (LY) verapamil (verap), 
liarozole (liar), troleandomycin (trol), or clotrimazole (clot) for 3 days on 
proliferation of AsPC-1 (top panel) and HPAF (bottom panel) cells measured 
as thymidine incorporation. Data shown are mean ± SEM of the % of untreated 
control, from four separate experiments performed in triplicate. None of these 
individual treatments showed any significant effect.

Figure 3: Effect of co-treatment with all-trans retinoic acid and antisense oligonucleotides against multidrug resistance proteins (MRP or Pgp) (A and C) or against 
CYP450 enzymes (3A4 or CYP26) (B and D) for three days on proliferation of AsPC-1 and HPAF cells respectively, measured as thymidine incorporation. Data 
shown are mean ± SEM of the % of untreated control, from four separate experiments performed in triplicate. * = P<0.05, ** = P<0.01, *** = P<0.001.
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Discussion
In the belief that redifferentiation therapy is a rational approach 

to anticancer therapy, the present study was designed to provide 
further information on the therapeutic use of retinoids. At high 
concentrations with limited side-effects, at RA has promising in 
vitro anticancer activities on human pancreatic adenocarcinoma 
cell lines. However, atRA efficiently induces its own catabolism by 
cytochrome P450-dependent mechanisms that limit its intracellular 
bioavailability. Another limiting mechanism is through exclusion 
of retinoids from cells through multidrug resistance proteins. Over-
expression of multidrug resistance proteins and CYP enzymes in 
tumor tissues, including pancreas, is associated with resistance to 
drug treatment. Multidrug resistance proteins, such as MRP induces 
resistance by pumping cytotoxic drugs out of tumor cells [22], while 
CYP enzymes work by inactivation of anti-cancer drugs [29].

In the present study, we tested the ability of pharmacological 
inhibitors of each pathway to potentiate the anti-cancer effects of 
atRA. The studies tested the effects of verapamil and troleandomycin 
in combination with atRA. The model used was an aggressive human 
pancreatic adenocarcinoma (AsPc-1) cell line previously reported to 
be retinoid resistant in vitro and in athymic nude mice as a xenograft. 
The in vitro studies used verapamil, LY335979, or quinidine as 
structurally unrelated pharmacological antagonists of MRP [30], and 
troleandomycin, liarozole, or clotrimazole as structurally unrelated 
pharmacological inhibitors of CYP450s [31,32]. As single agents or in 
combination, these drugs did not show significant antiproliferative or 
apoptosis-inducing effects on AsPc-1 or HPAF cells in vitro. On the 
other hand, atRA alone at a low concentration significantly reduced 

the growth of the cells following 3 days of treatment in our previously 
optimized phenol red- and serum-free medium. The combined 
treatment each of these drugs significantly potentiated the anti-
proliferative and apoptosis-inducing effects of atRA in AsPc-1 and 
HPAF cells. In addition, specific antisense oligonucleotides against 
the cytochrome P450 (CYP450 3A4, and CYP26) isozymes, which are 
implicated in retinoid catabolism, and antisense against MRP and Pgp, 
implicated in retinoid efflux, potentiated the in vitro antiproliferative 
effect of atRA on AsPc-1 cells. In contrast, their scrambled control 
antisense oligonucleotides were not effective. The in vitro effects 
of the combined therapy on proliferation were also reproduced in 
Capan-2 pancreatic cancer cells. Overall, our in vitro results show 
that co-administration of Pgp and CYP450 inhibitors improves the 
responsiveness to atRA, presumsbly through improved intracellular 
accumulation of active atRA. The in vivo effects of low doses of oral 
atRA combined with verapamil and troleandomycin on the growth 
of AsPc-1 cells xenografts in athymic mice were then investigated. 
When administered alone, atRA therapy caused significant reduction 
of tumor growth at 2 and 6 mg/kg/day. However, treatment with 
atRA in combination with verapamil and troleandomycin was 
substantially more effective. In vivo the combination of verapamil and 
troleandomycin also caused significant reduction in tumor growth, 
although no effect was seen with these drugs in vitro. It is possible 
that the combination of these pharmacological agents enhanced the 
growth inhibitory effect of endogenous retinoids. The results support 
our in vitro findings and affirm our proposal that interfering with 
mechanisms that reduce intracellular levels of atRA can enhance the 
inhibitory effects of atRA on pancreatic cancer growth, suggesting 
that this regimen might be useful in chemoprevention or treatment of 

Figure 4: Effect of co-treatment of AsPC-1 cells with all-trans retinoic acid (at-retinoic acid) and multidrug resistance protein antagonists (A and C) or 
inhibitors of cytochrome-P450 enzymes (B and D) on apoptosis of AsPC-1 and HPAF cells respectively, measured by the TUNEL assay. Cells were treated 
for three days with atRA alone or in combination with verapamil (verap), LY335979 (LY), liarozole (liar), troleandomycin (trol). Floating cells were pooled to 
harvested adherent cells, fixed, TUNEL assay stained, counterstained with propidium iodide and analyzed by flow cytometry. Data shown are mean ± SEM 
of the % of apoptotic cells from four separate experiments in triplicate. * = P<0.05, ** = P<0.01, *** = P<0.001.
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Figure 5: Effect of combined treatments with all-trans retinoic acid (atRA), 
a multidrug resistance protein antagonist, verapamil (V), and an inhibitor 
of cytochrome p450, troleandomycin (T) on growth of AsPc-1 human 
pancreatic cancer xenografts in athymic mice. Mice were bilaterally injected 
s.c. with AsPC-1 cells (5x106) on day 0. Beginning 1 day post-implant, the 
animals received the different treatments by gavage for 5 days a week for 
four weeks. On the indicated days, tumors were measured using calipers 
(A). Each data point represents the mean tumor size ± SEM (B). Tumor 
weights at the end of the treatment period. * = P<0.05, ** = P<0.01, *** = 
P<0.001.

pancreatic neoplasms. The inhibitory effects of different retinoids on 
pancreatic cancer have been extensively investigated [4-11]. However, 
the potentiation of the anti-cancer effects of non-toxic very low doses 
of atRA both in vitro and in vivo by interfering with mechanisms 
that antagonize the buildup of an effective intracellular atRA levels 
are novel findings. We hypothesized that the effect could be due to 
increased exposure of the tumor cells to atRA. The direct biological 
effects of atRA and its analogues on pancreatic cancer are complex. We 
have shown that retinoids induce antiproliferation, redifferentiation, 
trans differentiation, and apoptosis of pancreatic cancer cells in vitro 
[5,26,27]. The anticancer effects of retinoids on pancreatic cancer are 
attributed at least in part to the involvement of growth inhibitory and 
apoptosis-inducing mechanisms including a decrease in the Bcl-2/
Bax ratio [4] as well as the induction of signaling through the TGF-β2 
pathway [7]. A major obstacle to cancer treatment is the development 
of acquired drug resistance. Because retinoids are critical regulators 
of numerous physiological functions, retinoid target cells, such as 
pancreatic cancer cells, are equipped with several mechanisms that 
act in concert to buffer retinoid excess [33,34]. MRP is the major 
resistance factor in several pancreatic cancer cell lines [33-37]. 
Verapamil, a widely-used non-specific antagonist for such ATP-
dependent membrane pumps, had no antiproliferative effect at the 

concentration used; however, combined with atRA it synergistically 
inhibited proliferation and induced apoptosis. CYP450 enzymes, on 
the other hand, provide the major catabolic pathway for retinoids. 
Induction of CYP450 activity correlates with the development of 
retinoid resistance and lower plasma retinoid levels in vitro and 
in vivo [12,34,38-40]. The normal pancreas expresses a pattern of 
CYP450 subfamilies. These enzymes are over expressed in pancreatic 
cancer cells and expression is further induced by retinoids [19,41]. 
This study is the first to show the enhanced therapeutic index of atRA 
in pancreatic cancer cells resulting from the combined administration 
of CYP450 inhibitors and antisense oligonucleotides. Interestingly, 
Osanai et al. [42] suggested an indirect oncogenic rule of CYP26A 
found to be upregulated in a number of cancers. This is a consequence 
of the enhanced atRA catabolism that renders cells less susceptible to 
apoptosis. However, several other possible mechanisms that have to 
be investigated could underline the positive activity of this combined 
regimen. For example, a CYP450 inhibitor of the same family as 
clotrimazole, namely ketoconazole not only inhibits CYP450 activity 
but also antagonizes MRPs [43]. Likewise, ketoconazole potentiates 
the anticancer efficacy of systemic atRA in bladder cancer patients 
[44]. The ability of nonspecific inhibitors, antagonists, and specific 
antisense oligonucleotides against MRPs and CYP450 to potentiate 
the effectiveness of retinoids substantiates the hypothesis that failure 
of delivery and rapid clearance of retinoids reduces their cellular 
sensitivity. Although approaches using atRA have been reported 
for the chemoprevention of different types of tumors including 
pancreatic cancer, there have been no reports investigating an 
adjuvant approach in combination with inhibitors targeting MRPs 
and CYP450 enzymes for pancreatic cancer, especially for in vivo 
models. Our findings reveal the promising potential for using natural 
retinoids in the treatment of pancreatic cancer, particularly when 
used in combination regimen with clinically safe drugs that maintain 
effective intracellular concentrations with avoidance of toxicity. The 
preclinical efficacy of the studied combination of therapy is warranted. 
There are several other possible mechanisms of action that have to be 
investigated and could underlie the positive activity of this regimen.

Acknowledgement

T.B.E received a Ph.D. scholarship from the Egyptian Government. These 
studies were funded by a grant from the Nebraska Cancer and Smoking-Related 
Disease Program (LB595).

References

1. Siegel RL, Miller KD, Jemal A (2015) Cancer statistics CA Cancer J Clin 65: 5-29.

2. Al Haddad AH, Adrian TE (2014) Challenges and future directions in 
therapeutics for pancreatic ductal adenocarcinoma. Expert Opin Investig 
Drugs 23: 1499-1515.

3. Lotan R (1996) Retinoids in cancer chemoprevention. FASEBJ 10: 1031-1039.

4. Pettersson F, Dalgleish AG, Bissonnette RP, Kolston KW (2007) Retinoids 
cause apoptosis in pancreatic cancer cells via activation of RAR-gamma and 
altered expression of Bcl-2/Bax. Br J Cancer 87: 555-561.

5. El-Metwally TH, Hussein MR, Pour PM, Kuszynski CA, Adrian TE (2005) 
Natural retinoids inhibit proliferation and induce apoptosis in pancreatic 
cancer cells previously reported to be retinoid resistant. Cancer Biol Ther 
4: 474-483.

6. Guo J, Xiao B, Lou Y, Yan C, Zhan L, et al. (2006) Antitumor effects of all-
trans-retinoic acid on cultured human pancreatic cancer cells. J Gastroenterol 
Hepatol 21: 443-448.

7. Singh B, Murphy RF, Ding XZ, Roginsky AB, Bell RH Jr, et al. (2007) On 
the role of transforming growth factor-beta in the growth inhibitory effects of 
retinoic acid in human pancreatic cancer cells. Mol Cancer 6: 82.

8. Curphey TJ, Kuhlmann ET, Roebuck BD, Longnecker DS (1988) Inhibition 
of pancreatic and liver carcinogenesis in rats by retinoid- and selenium-
supplemented diets. Pancreas 3: 36-40.

http://www.ncbi.nlm.nih.gov/pubmed/25559415
http://www.ncbi.nlm.nih.gov/pubmed/25078674
http://www.ncbi.nlm.nih.gov/pubmed/25078674
http://www.ncbi.nlm.nih.gov/pubmed/25078674
http://www.fasebj.org/content/10/9/1031.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/12189556
http://www.ncbi.nlm.nih.gov/pubmed/12189556
http://www.ncbi.nlm.nih.gov/pubmed/12189556
http://www.ncbi.nlm.nih.gov/pubmed/15908778
http://www.ncbi.nlm.nih.gov/pubmed/15908778
http://www.ncbi.nlm.nih.gov/pubmed/15908778
http://www.ncbi.nlm.nih.gov/pubmed/15908778
http://www.ncbi.nlm.nih.gov/pubmed/16509872
http://www.ncbi.nlm.nih.gov/pubmed/16509872
http://www.ncbi.nlm.nih.gov/pubmed/16509872
http://www.ncbi.nlm.nih.gov/pubmed/18157915
http://www.ncbi.nlm.nih.gov/pubmed/18157915
http://www.ncbi.nlm.nih.gov/pubmed/18157915
http://www.ncbi.nlm.nih.gov/pubmed/3258990
http://www.ncbi.nlm.nih.gov/pubmed/3258990
http://www.ncbi.nlm.nih.gov/pubmed/3258990


Citation:  El-Abaseri TB, El-Metwally TH, Iversen PL, Adrian TE (2015) Inhibition of Cytochrome P450 and Multidrug Resistance Proteins Potentiates the 
Efficacy of All-Trans Retinoic Acid in Pancreatic Cancer In Vitro and In Vivo. J Clin Exp Oncol 4:1.

• Page 7 of 7 •

doi:http://dx.doi.org/10.4172/2324-9110.1000138

Volume 4 • Issue 1 • 1000138

9. Bold RJ, Ishizuka J, Townsend CM, Thompson JC (1996) All-trans-retinoic acid 
inhibits growth of human pancreatic cancer cell lines. Pancreas 12: 189-195.

10. Brembeck FH, Kaiser A, Detjen K, Hotz H, Foitzik T, et al. (1998) Retinoic 
acid receptor alpha mediates growth inhibition by retinoids in rat pancreatic 
carcinoma DSL-6A/C1 cells. Br J Cancer 78: 1288-1295.

11. Michael A, Hill M, Maraveyas A, Dalgleish A, Lofts F (2007) 13-cis-Retinoic 
acid in combination with gemcitabine in the treatment of locally advanced 
and metastatic pancreatic cancer--report of a pilot phase II study. Clin Oncol 
19: 150-153.

12. Miller WH Jr (1988) The emerging role of retinoids and retinoic acid metabolism 
blocking agents in the treatment of cancer. Cancer 83:1471-1482.

13. Muindi J, Frankel SR, Miller WH, Jakubowski A, Scheinberg DA, et al. (1992) 
Continuous treatment with all-trans retinoic acid causes a progressive reduction 
in plasma drug concentrations: implications for relapse and retinoid “resistance” 
in patients with acute promyelocytic leukemia. Blood 79: 299-303.

14. Bleul T, Rühl R, Bulashevska S, Karakhanova S, Werener J, et al. (2014) 
Reduced retinoids and retinoid receptors’ expression in pancreatic cancer: A link 
to patient survival. Mol Carcinog 11: doi: 10.1002/mc22158 (Epub ahead of print)  

15. Gupta S, Pramanik D, Mukherjee R, Campbell AR, Elumalai S, et al. (2011) 
Molecular determinants for retinoic acid sensitivity in pancreatic cancer. Clin 
Cancer Res 18: 280-289.

16. Marill J, Cresteil T, Lanotte M, Chabot GG (2000) Identification of human 
cytochrome P450s involved in the formation of all-trans-retinoic acid principal 
metabolites. Mol Pharmacol 58: 1341-1348.

17. Kizaki M, Ueno H, Yamazoe Y, Shimada M, Takayama N, et al. (1996) 
Mechanisms of retinoid resistance in leukemic cells: possible role of 
cytochrome P450 and P-glycoprotein. Blood 87: 725-733.

18. White JA, Ramshaw H, Taimi M, Stangle W, Zhang A, et al. (2000) 
Identification of the human cytochrome P450, P450RAI-2, which is 
predominantly expressed in the adult cerebellum and is responsible for all-
trans-retinoic acid metabolism. Proc Natl Acad Sci USA 97: 6403-6408.

19. Foster JR, Idle JR, Hardwick JP, Bars R, Scott P, et al. (1993) Induction 
of drug-metabolizing enzymes in human pancreatic cancer and chronic 
pancreatitis. J Pathol 169: 457-463.

20. Gottesman MM, Fojo T, Bates SE (2003) Multidrug resistance in cancer: role 
of ATP-dependent transporters. Nat Rev Cancer 2: 48-58.

21. Modok S, Mellor HR, Callaghan R (2006) Modulation of multidrug resistance 
efflux pump activity to overcome chemoresistance in cancer. Curr Opin 
Pharmacol 6: 350-354.

22. Gillet JP, Gottesman MM (2010) Mechanisms of multidrug resistance in 
cancer. Methods Mol Biol 596: 47-76.

23. Takeshita A, Shinjo K, Naito K, Ohnishi K, Sugimoto Y, et al. (2000) Role 
of P-glycoprotein in all-trans retinoic acid (ATRA) resistance in acute 
promyelocytic leukaemia cells: analysis of intracellular concentration of 
ATRA. Br J Haematol 108: 90-92.

24. Kruh GD, Gaughan KT, Godwin A, Chan A (1995) Expression pattern of MRP in 
human tissues and adult solid tumor cell lines. J Natl Cancer Inst 87: 1256-1258.

25. Miller DW, Fontain M, Kolar C, Lawson T (1996) The expression of multidrug 
resistance-associated protein (MRP) in pancreatic adenocarcinoma cell lines. 
Cancer Lett 107: 301-306.

26. El-Metwally TH, Adrian TE (1999) Optimization of treatment conditions for 
studying the anticancer effects of retinoids using pancreatic adenocarcinoma 
as a model. Biochem Biophys Res Commun 257: 596-603.

27. El-Metwally TH, Hussein MR, Pour PM, Kuszynski CA, Adrian TE (2005) 
High concentrations of retinoids induce differentiation and late apoptosis in 
pancreatic cancer cells in vitro. Cancer Biol Ther 4: 602-611.

28. Tong WG, Ding XZ, Witt RC, Adrian TE (2002) Lipoxygenase Inhibitors 
Attenuate Growth of Human Pancreatic Cancer Xenografts and Induce 
Apoptosis through the Mitochondrial Pathway. Mol Cancer Ther 1: 929-935.

29. ™Rodriguez-Antona C, Ingelman-Sundberg M (2006) Cytochrome P450 
pharmacogenetics and cancer. Oncogene 25: 1679-1691.

30. Varma MV, Ashokraj Y, Dey CS, Panchagnula R (2003) P-glycoprotein 

inhibitors and their screening: a perspective from bioavailability enhancement. 
Pharmacol Res 48: 347-359.

31. Franklin MR (1991) Cytochrome P450 metabolic intermediate complexes 
from macrolide antibiotics and related compounds. Methods Enzymol 206: 
559-573.

32. Garrabrant TA, End DW (1995) A rapid assay for measuring the metabolism 
of [3H]-retinoic acid in cell cultures. J Pharmacol Toxicol Methods 34: 219-223.

33. Napoli JL (1996) Biochemical pathways of retinoid transport, metabolism, and 
signal transduction. Clin Immunol Immunopathol 80: S52-S62.

34. Bollag W, Isnardi L, Jablonska S, Klaus M, Majewski S, et al. (1997) Links 
between pharmacological properties of retinoids and nuclear retinoid 
receptors. Int J Cancer 70: 470-472.

35. Chang BK, Brenner DE, Gutman R (1989) Dissociation of the verapamil-
induced enhancement of doxorubicin’s cytotoxicity from changes in cellular 
accumulation or retention of doxorubicin in pancreatic cancer cell lines. 
Anticancer Res 9: 347-351.

36. Shchepotin IB, Buras RR, Nauta RJ, Shabahang M, Soldatenkov VA, et al. 
(1994) In vitro effect of 5-fluorouracil, verapamil and hyperthermia on the 
human pancreatic adenocarcinoma cell line ASPC-1. Chemotherapy 40: 
348-356.

37. Suwa H, Ohshio G, Arao S, Imamura T, Yamaki K, et al. (1996) 
Immunohistochemical localization of P-glycoprotein and expression of 
the multidrug resistance-1 gene in human pancreatic cancer: relevance to 
indicator of better prognosis. Jpn J Cancer Res 87: 641-649.

38. Kizaki M, Ueno H, Matsushita H, Takayama N, Muto A, et al. (1997) Retinoid 
resistance in leukemic cells. Leuk Lymphoma 25: 427-434.

39. Han IS, Choi JH (1996) Highly specific cytochrome P450-like enzymes for 
all-trans-retinoic acid in T47D human breast cancer cells. J Clin Endocrinol 
Metab 81: 2069-2075.

40. Kizaki M, Takayama N, Ikeda Y (1996) Mechanisms of retinoid resistance in 
leukemic cells. Rinsho Ketsueki 37: 766-769.

41. Kolars JC, Lown KS, Schmiedlin-Ren P, Ghosh M, Fang C, et al. (1994). CYP3A 
gene expression in human gut epithelium. Pharmacogenetics 4: 247-259.

42. Osanai M, Sawada N, Lee GH (2010) Oncogenic and cell survival properties 
of the retinoic acid metabolizing enzyme, CYP26A1. Oncogene 29: 1135-1144.

43. Siegsmund MJ, Cardarelli C, Aksentijevich I, Sugimoto Y, Pastan I, et al. 
(1994) Ketoconazole effectively reverses multidrug resistance in highly 
resistant KB cells. J Urol 151: 485-4914.

44. Hameed DA, El-Metwally TH (2008) The effectiveness of retinoic acid 
treatment in bladder cancer: impact on recurrence, survival and TGF alpha 
and VEGF as end-point biomarkers. Cancer Biol Ther 7: 92-100.

Submit your next manuscript and get advantages of SciTechnol 
submissions

 � 50 Journals
 � 21 Day rapid review process
 � 1000 Editorial team
 � 2 Million readers
 � Publication immediately after acceptance
 � Quality and quick editorial, review processing

Submit your next manuscript at ● www.scitechnol.com/submission

Author Affiliations                                           Top
1Department of Surgery University of Nebraska Medical Center, Omaha, NE, 
USA
2Department of Biochemistry, Faculty of Medicine, Assiut University, Assiut, 
Egypt
3Department of Environmental and Molecular Toxicology, Oregon State 
University Corvallis, OR, USA
4Department of Physiology, College of Medicine and Health Sciences, United 
Arab Emirates University, Al Ain, UAE

http://www.ncbi.nlm.nih.gov/pubmed/8720668
http://www.ncbi.nlm.nih.gov/pubmed/8720668
http://www.ncbi.nlm.nih.gov/pubmed/9823968
http://www.ncbi.nlm.nih.gov/pubmed/9823968
http://www.ncbi.nlm.nih.gov/pubmed/9823968
http://www.ncbi.nlm.nih.gov/pubmed/17355112
http://www.ncbi.nlm.nih.gov/pubmed/17355112
http://www.ncbi.nlm.nih.gov/pubmed/17355112
http://www.ncbi.nlm.nih.gov/pubmed/17355112
http://www.ncbi.nlm.nih.gov/pubmed/9781940
http://www.ncbi.nlm.nih.gov/pubmed/9781940
http://www.ncbi.nlm.nih.gov/pubmed/1309668
http://www.ncbi.nlm.nih.gov/pubmed/1309668
http://www.ncbi.nlm.nih.gov/pubmed/1309668
http://www.ncbi.nlm.nih.gov/pubmed/1309668
http://www.ncbi.nlm.nih.gov/pubmed/24729540
http://www.ncbi.nlm.nih.gov/pubmed/24729540
http://www.ncbi.nlm.nih.gov/pubmed/24729540
http://www.ncbi.nlm.nih.gov/pubmed/22010213
http://www.ncbi.nlm.nih.gov/pubmed/22010213
http://www.ncbi.nlm.nih.gov/pubmed/22010213
http://www.ncbi.nlm.nih.gov/pubmed/11093772
http://www.ncbi.nlm.nih.gov/pubmed/11093772
http://www.ncbi.nlm.nih.gov/pubmed/11093772
http://www.ncbi.nlm.nih.gov/pubmed/8555497
http://www.ncbi.nlm.nih.gov/pubmed/8555497
http://www.ncbi.nlm.nih.gov/pubmed/8555497
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18615/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18615/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18615/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18615/
http://www.ncbi.nlm.nih.gov/pubmed/8501544
http://www.ncbi.nlm.nih.gov/pubmed/8501544
http://www.ncbi.nlm.nih.gov/pubmed/8501544
http://www.ncbi.nlm.nih.gov/pubmed/11902585
http://www.ncbi.nlm.nih.gov/pubmed/11902585
http://www.ncbi.nlm.nih.gov/pubmed/16690355
http://www.ncbi.nlm.nih.gov/pubmed/16690355
http://www.ncbi.nlm.nih.gov/pubmed/16690355
http://www.ncbi.nlm.nih.gov/pubmed/19949920
http://www.ncbi.nlm.nih.gov/pubmed/19949920
http://www.ncbi.nlm.nih.gov/pubmed/10651729
http://www.ncbi.nlm.nih.gov/pubmed/10651729
http://www.ncbi.nlm.nih.gov/pubmed/10651729
http://www.ncbi.nlm.nih.gov/pubmed/10651729
http://www.ncbi.nlm.nih.gov/pubmed/7563173
http://www.ncbi.nlm.nih.gov/pubmed/7563173
http://www.ncbi.nlm.nih.gov/pubmed/8947528
http://www.ncbi.nlm.nih.gov/pubmed/8947528
http://www.ncbi.nlm.nih.gov/pubmed/8947528
http://www.ncbi.nlm.nih.gov/pubmed/10198257
http://www.ncbi.nlm.nih.gov/pubmed/10198257
http://www.ncbi.nlm.nih.gov/pubmed/10198257
http://www.ncbi.nlm.nih.gov/pubmed/15970678
http://www.ncbi.nlm.nih.gov/pubmed/15970678
http://www.ncbi.nlm.nih.gov/pubmed/15970678
http://www.ncbi.nlm.nih.gov/pubmed/12481414
http://www.ncbi.nlm.nih.gov/pubmed/12481414
http://www.ncbi.nlm.nih.gov/pubmed/12481414
http://www.ncbi.nlm.nih.gov/pubmed/16550168
http://www.ncbi.nlm.nih.gov/pubmed/16550168
http://www.ncbi.nlm.nih.gov/pubmed/12902205
http://www.ncbi.nlm.nih.gov/pubmed/12902205
http://www.ncbi.nlm.nih.gov/pubmed/12902205
http://www.ncbi.nlm.nih.gov/pubmed/1784242
http://www.ncbi.nlm.nih.gov/pubmed/1784242
http://www.ncbi.nlm.nih.gov/pubmed/1784242
http://www.ncbi.nlm.nih.gov/pubmed/8785425
http://www.ncbi.nlm.nih.gov/pubmed/8785425
http://www.ncbi.nlm.nih.gov/pubmed/8811064
http://www.ncbi.nlm.nih.gov/pubmed/8811064
http://www.ncbi.nlm.nih.gov/pubmed/9033657
http://www.ncbi.nlm.nih.gov/pubmed/9033657
http://www.ncbi.nlm.nih.gov/pubmed/9033657
http://www.ncbi.nlm.nih.gov/pubmed/2751260
http://www.ncbi.nlm.nih.gov/pubmed/2751260
http://www.ncbi.nlm.nih.gov/pubmed/2751260
http://www.ncbi.nlm.nih.gov/pubmed/2751260
http://www.ncbi.nlm.nih.gov/pubmed/7956459
http://www.ncbi.nlm.nih.gov/pubmed/7956459
http://www.ncbi.nlm.nih.gov/pubmed/7956459
http://www.ncbi.nlm.nih.gov/pubmed/7956459
http://www.ncbi.nlm.nih.gov/pubmed/8766529
http://www.ncbi.nlm.nih.gov/pubmed/8766529
http://www.ncbi.nlm.nih.gov/pubmed/8766529
http://www.ncbi.nlm.nih.gov/pubmed/8766529
http://www.ncbi.nlm.nih.gov/pubmed/9250812
http://www.ncbi.nlm.nih.gov/pubmed/9250812
http://www.ncbi.nlm.nih.gov/pubmed/8964830
http://www.ncbi.nlm.nih.gov/pubmed/8964830
http://www.ncbi.nlm.nih.gov/pubmed/8964830
http://www.ncbi.nlm.nih.gov/pubmed/8914459
http://www.ncbi.nlm.nih.gov/pubmed/8914459
http://www.ncbi.nlm.nih.gov/pubmed/7894497
http://www.ncbi.nlm.nih.gov/pubmed/7894497
http://www.ncbi.nlm.nih.gov/pubmed/19935721
http://www.ncbi.nlm.nih.gov/pubmed/19935721
http://www.ncbi.nlm.nih.gov/pubmed/7904313
http://www.ncbi.nlm.nih.gov/pubmed/7904313
http://www.ncbi.nlm.nih.gov/pubmed/7904313
http://www.ncbi.nlm.nih.gov/pubmed/18347417
http://www.ncbi.nlm.nih.gov/pubmed/18347417
http://www.ncbi.nlm.nih.gov/pubmed/18347417

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods
	Chemicals
	Cell culture and cotreatment schedule
	Oligonucleotide transfection
	Proliferation assays
	Apoptosis assays
	Animal studies, drug dosage and treatment protocol
	Data Analysis

	Results
	Decreased proliferation of AsPc-1, HPAF and Capan-2 cells by combined treatment
	Potentiated induction of apoptosis in AsPc-1 and HPAF cells by combined treatment
	Reduced growth of AsPc-1 xenografts in athymic mice by combined treatment

	Discussion
	Acknowledgement
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

