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ABSTRACT 
 

Objective: We supposed that it will be a promising strategy to "prevent" multidrug resistance (MDR) instead of 
"reversing" it. This study was designed to investigate the potency of curcumin to prevent the acquired drug 
resistance induced by adriamycin (ADM) in native K562 cells. 

Methods: K562 cells were pretreated with curcumin or 0.5% DMSO for 24 h and then were co-incubated with 
ADM. P-glycoprotein (P-gp) and mdr1 mRNA levels were analyzed separately by flow cytometry and quantitative 
real-time RT-PCR. The intracellular Rh-123 accumulation was also detected by flow cytometer. Finally, we 
performed a MTT assay to determine the ADM-induced cytotoxicity with or without pretreatment of curcumin. 

Results: P-gp and mdr1 mRNA expressions were elevated in the ADM alone group. While in the curcumin 
pretreated groups, the induced P-gp and mdr1 mRNA levels gradually decreased with increasing curcumin 
concentrations, and the Rh-123 accumulation level was almost recovered close to the control group's. Finally, the 
MTT colorimetric assay verified the enhanced effect of curcumin on ADM-induced cytotoxicity. 

Conclusion: Our present study suggested that curcumin exhibits the novel ability to prevent the up-regulation 
of P-gp and its mRNA induced by ADM. The prevention capacity is also functionally associated with the elevated 
intracellular drug accumulation and parallel enhanced ADM cytotoxicity. We revealed a novel function of curcumin 
as a potential drug resistance preventor. 
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INTRODUCTION 
 

Multidrug resistance (MDR) constitutes one of the 
major obstacles to successful treatment of cancer. 
Occurrence of acquired MDR was closely related to the 
up-regulation of the mdr1 mRNA and its encoded protein, 
P-glycoprotein (P-gp). P-gp is a transmembrane protein and 
functions as an ATP-dependent drug transporter which 
pumps intracellular drugs out of the cells[1-3]. To elevate 
drug accumulation in cancer cells with overexpressed P-gp, 
this transporter protein was supposed to be suppressed to 
increase the efficiency of chemoagents. The effective way to 
reverse cancer drug resistance is inhibiting the transport 
function and expression of P-gp. 

Previously, P-gp inhibitors or chemosensitizing agents 
have usually been studied as “reverse MDR agents” to 
down-regulate the expression or inhibit the activity of this 
drug transporter in an effort to improve the effectiveness of 
chemotherapy drugs[4-7]. However, it’s really hard to reverse 
when drug resistance is formed because the cancer cells 
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have already expressed high level of P-gp and accompanied 
with many up-stream and down-stream activated targets 
through cell signaling pathways[8, 9]. Therefore, it is 
promising and important to explore the strategy for 
preventing or blocking the occurrence of acquired MDR 
ahead of reversing MDR in the present and future 
studies[10, 11]. 

In our previous studies concerning “MDR reversal”, we 
have successfully demonstrated that several naturally 
occurring compounds such as honokiol, schisandrin A and 
schisandrin B, exhibit the capacity of reversing P-gp 
associated MDR[7, 12]. Moreover, in the recent research of 
screening naturally occurring compounds with potential 
efficacies in preventing drug resistance, we found that one 
kind of phenolic coloring compounds, curcumin, extracted 
from the rhizomes of Curcuma longa Linn., displayed the 
potency of preventing P-gp-associated drug resistance. So in 
the present study, we turned our research strategy from 
“reversing” to “preventing” drug resistance in native cancer 
cells prior to the resistance is formed. Our results revealed a 
novel function of curcumin as a potential drug resistance 
preventor. 

 
MATERIALS AND METHODS 

 
Cell Lines and Culture Conditions 

Human leukemia native cell line K562 was maintained 
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in RPMI 1640 containing 10% fetal bovine serum (FBS). No 
antibiotics were included in the culture medium. Cells were 
cultured at 37C in a 5% CO2 humidified atmosphere. 
 
Reagents 

Curcumin was purchased from National Institute for 
the Control of Pharmaceutical and Biological Products 
(Beijing, China) with purity of >99%. RPMI 1640 and FBS 
were purchased from GIBCO-BRL; Rh-123, MTT[3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] and 
adriamycin (ADM) were purchased from the Sigma 
Chemical Co.; primer pairs and probe were purchased from 
Sangon Co. (Shanghai, China); Trizol reagent and RT-PCR 
kit were purchased from Invitrogene; FITC-conjugated 
mouse anti-human monoclonal antibody was purchased 
from BD Bioscienses. 
 
Cell Viability Assay and ADM Cytotoxicity Assay  

Cells were seeded into 96-well plates. For the cell 
viability assay, cells were incubated with serial concen- 
trations of curcumin for 3 or 4 days. And for the ADM 
cytotoxicity assay, cells were pretreated with or without 5 
μmmol/L curcumin for 24 h, followed by addition of a 
series concentrations of ADM, and then incubated for 72 h. 

After incubation, 20 μl of MTT (5 mg/ml in PBS) was 
added to each well and the cells were incubated for 4 h. 
After aspiration of the culture medium, the resulting 
formazan was dissolved with 150 μl of DMSO. The plates 
were placed on a shaker, shaken for 5 min and read 
immediately at 570 nm with a model ELX800 Micro Plate 
Reader (Bio-Tek Instruments, Inc.).  
 
RT-PCR Determination of mdr1 mRNA  

The mdr1 mRNA level was analyzed by quantitative 
real-time RT-PCR. K562 cells were seeded into 24-well plates 
at a density of 0.5×105/well. Then the cells were pretreated 
with 1 μmol/L, 5 μmol/L curcumin or 5 μmol/L 
cyclosporin A (CsA) (combined group) or 0.5% DMSO 
(control and ADM alone groups) for 24 h and then were 
co-incubated with 40 ng/ml ADM for 48 h (combined group 
and ADM alone group). 

Total RNA was isolated from K562 cells by Trizol 
reagent (Invitrogene) as described by the manufacturer. 
Total RNA was reverse-transcribed in a reaction mixture 
containing oligo (dT), deoxynucleoside triphosphate (dNTP), 
and Moloney murine leukemia virus reverse transcriptase 
(Promega) as described by the standard methods[13]. 

The sequence information of primer pairs and TaqMan 
probe for mdr1 mRNA was described previously[14]. Primers 
and TaqMan probe for GAPDH were purchased from PE 
Applied Biosystems (TaqMan GAPDH Control Reagent 
Kit). 

Quantitative real-time PCR was performed in the 
ABI-prism 7700 sequence detector (PE Applied Biosystems, 
Foster City, CA). In brief, mdr1 forward primer 5' AGA- 
AAGCGAAGCAGTGGTTCA 3' and mdr1 reverse primer 5' 
CGAACTGTAGACAAACGATGAGCTA 3' were used to 
amplify a 90-bp fragment from the mdr1 cDNA that was 
detected by the FAM-labeled TaqMan probe 5' TGG- 
TCCGACCTTTTCTGGCCTTATCCA 3'. The reaction was 

performed in triplicate for each RT product. Samples were 
heated for 2 min at 50°C and 10 min at 95°C, followed by 40 
cycles of amplification for 15 s at 95°C and 1 min at 60°C. The 
fluorescent signal was determined using Sequence 
DetectorTM software (PE Applied Biosystems), giving the 
threshold cycle number (CT) at which PCR amplification 
reached a significant threshold. Then the △CT value is 
defined as the difference in CT values for the mdr1 and 
GAPDH mRNA. Accordingly, △CT = (mdr1 mRNA CT) – 
(GAPDH mRNA CT). And the relative mdr1 mRNA 
expression level was presented as 2–△CT. Thus the mRNA 
expression levels of mdr1 are expressed as concentrations 
relative to GAPDH mRNA. 
   
Flow Cytometry Analysis of P-gp Expression 

For determination of P-gp expression level, K562 cells 
were seeded into 6-well plates at a density of 2×105/well. 
K562 cells were pretreated with 1 or 5 μmol/L curcumin or 
5 μmol/L cyclosporin A for 24 h and then were 
co-incubated with 40 ng/ml ADM for 72 h. While in the 
control and ADM alone groups, K562 cells were only 
pretreated with 0.5% DMSO for 24 h. Then cells were 
incubated with FITC-conjugated mouse anti-human 
monoclonal antibody (1:200 diluted) at 4℃ for 1 h, then 
washed twice with ice-cold PBS and the level of fluorescent 
staining was analyzed using a Beckman EPICS Flow 
Cytometry (Coulter Electronics, Hialeah, FL). 
 
Rh-123 Accumulation Assay 

In order to analyze the Rh-123 accumulation, K562 cells 
were firstly seeded into 6-well plates at a density of 
2×105/well. Then the cells were pretreated with 1μmol/L or 
5 μmol/L curcumin for 24 h and then were co-incubated 
with 40 ng/ml ADM for another 48 h. While in the control 
and ADM alone group, K562 cells were only pretreated with 
0.5% DMSO for 24 h. After the pretreatment, cells were 
incubated with 1 μg/ml of Rh-123 in the dark at 37C in 5% 
CO2. After 120 min, cells were washed twice with ice-cold 
PBS. Then the cells were determined quantitatively using a 
Beckman EPICS Flow Cytometry (Coulter Electronics, 
Hialeah, FL) equipped with a 488 nm argon laser. The green 
fluorescence of Rh123 was measured by a 530 nm band-pass 
filter. 
   
Statistical Analysis 

All experiments were repeated at least three times and 
the values are given as the x±s. Statistical analysis was done 
with the SPSS 11.0 Statistical Analysis software. The values 
of mdr1 mRNA, P-gp expression levels and Rh-123 
accumulation levels were calculated and compared between 
curcumin combined groups and ADM alone group, and the 
differences between means of compared groups were 
determined using the one-way ANVOA. P<0.05 was 
considered statistically significant and groups with a 
common letter are not significantly different. 

 
RESULTS 

 
Effect of Curcumin on the Growth of K562 Cells 

The results showed that curcumin did not affect native 
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K562 cell viability at doses ranging from 1 to 5 μmol/L for 3 
and 4 days. While at doses ranging from 10 to 30 μmol/L, 
the cell viability gradually decreased with increasing 
curcumin concentrations (Figure 1). Since curcumin below 5 
μmol/L had virtually no inhibitory effect on K562 cell 
growth, the concentrations of curcumin for further study 
were kept below 5 μmol/L. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Effect of curcumin on the growth of K562 cells. K562 

cells were cultured with curcumin at 1, 5, 10, 20, 30 μmol/L for 3–4 
days and the viability of K562 cells was determined by a MTT 

colorimetric assay. The results are presented as x±s from three 

independent experiments. 

 
 
Prevention Effect of Curcumin on mdr1 mRNA Expression 
Induced by ADM in K562 Cells 

Real-time RT-PCR was performed to prove if curcumin 
is able to prevent the induction of mdr1 mRNA caused by 
exposure to ADM. As shown in Figure 2, mdr1 expression 
was obviously elevated in the ADM alone group. While in 
the combined treatment groups, the induced mdr1 
expression decreased with increasing curcumin con- 
centrations. This tendency indicated that curcumin could 
inhibit ADM-induced mdr1 over-expression in a dose- 
dependent manner. 

After statistical analysis, we found that there were 
significant statistical differences between the ADM alone 
group and two curcumin-combined treatment groups 
(P<0.05), between the ADM alone group and CsA-ombined 
treatment group (P<0.05). Contrarily, no statistical 
significance could be seen between 5 μmol/L curcumin- 
combined treatment group and the control group (P>0.05). 
Also, no significance could be seen between 5 μmol/L 
curcumin and 5 μmol/L CsA-combined treatment groups 
(P>0.05). Taken together, these results showed that 
curcumin could prevent the elevated mdr1 expression 
induced by ADM, and the prevention effect of 5 μmol/L 
curcumin was similar to 5 μmol/L CsA, the positive control 
in our study. 
 
Prevention Effect of Curcumin on P-gp Expression Induced by 
ADM 

In order to prove whether the prevention effect at 
mRNA level is correlated to changes in P-gp expression 
level, FCM analysis for P-gp expression was then performed. 
As shown in Figure 3A and Figure 3B, just like the previous 
RT-PCR results, a rapid up-regulation of P-gp expression 

level was also observed after the exposure of K562 cells to 
ADM alone. While in the combined treatment groups, 1 or 5 
μmol/L curcumin exhibited the capacity of partly 
preventing the ADM-induced P-gp expression, and the 
prevention effect of 5 μmol/L curcumin was similar to the 
same concentration of CsA. Similar to previous RT-PCR 
results, the prevention capacity of curcumin was also dose- 
dependent. 

Further statistical analysis showed a significant 
difference between the ADM alone group and two 
curcumin-combined treatment groups (P<0.05). And no 
statistical significance could be seen between 5 μmol/L 
curcumin-combined treatment group and the control group 
(P>0.05). Also, no significance could be seen between 5 
μmol/L curcumin and 5 μmol/L CsA-combined treatment 
group (P>0.05). These results indicated that short-time 
exposure of native K562 cells to ADM resulted in not only 
elevated mdr1 expression (Figure 2) but also increased P-gp 
expression (Figure 3), while curcumin could obviously block 
these processes in a dose-dependent manner. 
 
Effect of Curcumin on Intracellular Rh-123 Accumulation in K562 
Cells 

Rh-123 is a substrate of P-gp and can be used as an 
indicator for testing the P-gp functional activities. After 
incubation with ADM with or without the pretreatment of 
curcumin, cells were then further incubated with Rh-123 for 
120 min, and the intracellular fluorescence intensity was 
monitored by a flow cytometer. 

As shown in Figure 4, intracellular Rh-123 fluorescence 
was reduced in native K562 cells treated with ADM alone 
perhaps due to the up-regulation of P-gp pump, but was 
significantly induced (increasing 60.7%; P<0.05 versus cells 
treated with ADM alone) by combined treatment with 5 
μmol/L curcumin. These results indicated that ADM alone 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 2. Dose-dependent prevention effect of pretreated 

curcumin on mdr1 mRNA expression induced by ADM in K562 cells. 

Cells were pretreated with 1 μmol/L, 5 μmol/L curcumin or 5 μmol/L 

CsA (combined group) or 0.5% DMSO (control and ADM alone groups) 
for 24 h and then were co-incubated with 40 ng/ml ADM for 48 h 

(combined group and ADM alone group). After the above procedures, 

cells in 5 groups were then determined for mdr1 mRNA expression 
by RT-PCR. Data are shown as x±s of three independent experiments. 
*
Significantly different from the ADM alone group (P<0.05). 
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Figure 3. Dose-dependent prevention effect of pretreated 

curcumin on P-gp expression induced by ADM. K562 cells were 
pretreated with 1 μmol/L, 5 μmol/L curcumin or 5 μmol/L CsA 

(combined group) or 0.5% DMSO (control and ADM alone groups) 

for 24 h and then were co-incubated with 40 ng/ml ADM for 72 h 
(combined group and ADM alone group). A: P-gp expression levels in 

5 groups were determined by flow cytometry and the non-specific 

fluorescent labeling was corrected by the isotype control. The x-axis 

represents the fluorescent intensity associated with P-gp; dotted line, 

isotype control; solid line, FITC-conjugated mouse anti-human 

monoclonal antibody against P-gp. B: Summary of the above flow 
cytometry results. Data are shown as x±s of three independent 

experiments. 
*
Significantly different from the ADM alone group 

(P<0.05). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Effect of curcumin on intracellular Rh-123 

accumulation in K562 cells. Cells were pretreated with 1 μmol/L or 5 

μmol/L curcumin (combined group) or 0.5% DMSO (control and ADM 

alone groups) for 24 h and then were co-incubated with 40 ng/ml 
ADM for another 48 h (combined group and ADM alone group). After 

the above treatments, cells in 3 groups were then tested for a 

120-min intracellular Rh-123 accumulation as described in methods 
and materials. Data are shown as x±s of three independent 

experiments. 
*
Significantly different from the ADM alone group 

(P<0.05). 

treatment reduced intracellular drug accumulation and 
resulted in induced cell chemoresistance, while combined 
curcumin pre-treatment recovered drug accumulation level 
close to the control group’s and parallel restored cell 
sensitivity to drug. 
 
Effect of Curcumin on the Sensitivities of Native K562 Cells 
Towards ADM 

The data showed above suggested that curcumin is 
capable to prevent the up-regulation of P-gp and its mRNA 
induced by ADM. The prevention capacity is also 
functionally associated with the increased intracellular drug 
accumulation. In order to verify the in vitro effect of 
curcumin on ADM-induced cytotoxicity, we performed a 
MTT colorimetric assay to determine the ADM-induced 
toxicity toward K562 cells with or without pretreatment of 
curcumin. 

As shown in Figure 5, pretreatment of K562 cells with 
curcumin markedly increased the sensitivity of native 
cancer cells toward ADM. In detail, the calculated IC50 of 
ADM for K562 cells with pretreatment of curcumin was 61.8 
ng/ml, decreased almost 1/3 compared with that (88.7 
ng/ml) for K562 without pretreatment of curcumin. Taken 
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the above RT-PCR and FCM results together, we supposed 
that the capacity of curcumin to prevent the up-regulation of 
P-gp and its mRNA induced by ADM is responsible for the 
enhanced ADM toxicity toward K562 cells.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Effect of curcumin on the sensitivities of native K562 
cells toward ADM. Cells were pretreated with or without 5 μmol/L 

curcumin for 24 h, followed by addition of a series concentrations of 

ADM, and then incubated for 72 h. The viability of K562 cells was 
determined by a MTT colorimetric assay. Data are shown as x±s of 

three independent experiments. 

 

DISCUSSION 
 

Occurrence of acquired MDR was closely related to the 
up-regulation of mdr1 mRNA and its encoded protein, P-gp. 
The effective way to reverse MDR is inhibiting the transport 
function and expression of P-gp. At present, most 
anti-cancer MDR research only studied the drug-resistant 
cancer cells and targeted the “reversing effect” of some new 
promising chemicals[15]. Many compounds have been 
previously reported the potency to down-regulate P-gp 
expression in MDR cancer cells, including the immuno- 
suppressor such as CsA and PSC 833[4], the calcium channel 
blockers such as verapamil[5], and some naturally occurring 
compounds such as curcumin and tetrandrine[6, 16].  

But once drug resistance is formed, it’s really hard to 
reverse because the cancer cells have already expressed high 
level of P-gp[17] and accompanied with many up-stream and 
down-stream activated targets through cell signaling 
pathways. Therefore it’s a promising strategy to “prevent” 
drug-resistance in cancer cells prior to the resistance is 
formed. Recently, some of the above P-gp down-regulators, 
such as CsA and tetrandrine, have also been proved the 
ability to prevent the induction of P-gp expression[11, 18], 
which is caused by the short-term exposure of native cancer 
cells to ADM. So in the present study, we turned our 
research strategy from “reversing” to “preventing” drug 
resistance in native cancer cells prior to the resistance is 
formed, and introduced a new member in the class of 
compounds with activities to prevent the induced drug 
resistance. 

In the present study, we chose K562 cell line as the 
model for observing drug-resistance preventing effect. 
Because the K562 cell line expresses very low levels of mdr1 
mRNA and P-gp, it appears to be a useful model for 
studying clinical drug resistance and therefore preventing 
effect [11, 19]. It was previously reported[18] that CsA and PSC 

833 have the capacity to prevent the induction of P-gp 
expression, which is caused by the short-term exposure of 
native cancer cells to ADM. So we chose CsA as positive 
control in this study. 

As above demonstrated, a rapid up-regulation of mdr1 
mRNA expression level was observed after the exposure of 
K562 cells to ADM. The up-regulation of mdr1 mRNA 
expression was associated with an increase in P-gp level and 
decreased Rh-123 accumulation. Moreover, we found 
curcumin can prevent the up-regulation of mdr1 mRNA and 
P-gp expression levels induced by ADM, and the prevention 
effect of curcumin was dose dependent. Consistently, the 
functional activity of P-gp was also inhibited, which led to 
elevated intracellular Rh-123 accumulation and increased 
sensitivity of native K562 cells toward ADM in curcumin 
pre-treatment groups. In our study, the drug-resistance 
preventing effect of curcumin is similar to CsA, but in 
clinical context, curcumin may be much safer than CsA 
because it is a naturally occurring edible compound and is 
low-toxic to normal human cells[20, 21]. While contrarily, CsA 
is restricted in clinical use for its severe side effects such as 
immunotoxicity and renal toxicity [22]. 

Curcumin has been discovered to combat the cancer 
cells apparently through multiple mechanisms[23, 24]. 
Previous studies have demonstrated that curcumin has 
enormous anticancer and chemosensitization abilities: 
Giladi, et al.[25] indicated that curcumin potentiates the 
pro-apoptotic effects of sulindac sulfone in colorectal cancer 
cells, and Su CC, et al.[26] demonstrated curcumin induced 
cytotoxicity, cell cycle arrest and apoptosis in human colon 
cancer cells. Some studies concerning cancer cell 
metastasis[27, 28] showed that curcumin can inhibit invasion 
and migration of human colon cancer cells and human lung 
adenocarcinoma cells. Curcumin has also been shown to 
inhibit tumor growth and angiogenesis in ovarian 
carcinoma by targeting the nuclear factor-kappaB (NF-kB) 
pathway[29]. In addition, investigators also found that 
curcumin modulated the expression of drug-resistance 
protein such as P-gp[6, 30] and MRP1[31, 32]. In a word, 
curcumin was remembered as a chemosensitization or 
reversal agent before but not something for a drug resistance 
preventor. 

According to the previous MDR research, many 
compounds have the ability to reverse MDR. But not all of 
them have the potency to prevent chemoresistance. We 
previously reported honokiol, a naturally occurring 
compound, can reverse MDR by down-regulating P-gp 
expression[7], but we found it cannot act as a 
chemoresistance preventor in the further research work 
(data not shown). Fortunately, our present study proved 
curcumin, another naturally occurring MDR reversal agent, 
has a novel function of preventing chemoresistance. This 
result suggests that curcumin can work as a dual drug 
resistance inhibitor, not only in MDR cancer cells but also in 
native cancer cells. 

The mechanism underlying the preventing effect of 
curcumin on drug resistance is still uncertain, but may be 
correlated to the NF-κB expression level and its DNA- 
binding activity, through which the expression of 
downstream gene mdr1 is regulated[11, 27]. The exact role of 
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NF-κB pathway and its potential correlation to curcumin in 
the chemoresistance preventing model are under study in 
our research group.  

In summary, our study reveals a novel function of 
curcumin as a potential drug resistance preventor. We 
suppose that in the clinical context, the administration of 
drug resistance preventors such as curcumin in early course 
of chemotherapy is possible to prevent the induction of P-gp, 
which maybe result in MDR. 
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