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Abstract. Multidrug resistance (MDR) has become a 
significant challenge in chemotherapeutic treatment of cancer. 
Quercetin, a naturally occurring flavonoid, has been found 
to possess anti‑proliferative, anti‑inflammatory and immu-
noregulatory bioactivities. The present study was performed 
to examine the effect of quercetin on human leukemic MDR 
K562/adriamycin (ADR) cells. Treatment of K562/ADR cells 
with a combination of quercetin and ADR resulted in potentia-
tion of cytotoxicity, which was measured using a cell counting 
kit‑8 assay. Flow cytometric analysis revealed that quercetin 
dose‑dependently promoted cell apoptosis and treatment 
with a combination of quercetin and ADR caused synergistic 
enhancement of the apoptotic effect. In addition, treatment of 
K562/ADR cells with quercetin alone or in combination with 
ADR resulted in loss of mitochondrial membrane potential, 
activation of caspase‑8, ‑9 and ‑3, reduced expression of the 
anti‑apoptotic proteins B‑cell lymphoma (Bcl)‑2 and Bcl‑extra 
large and enhanced expression of the pro‑apoptotic proteins 
Bcl‑2‑interacting mediator of cell death, Bcl‑2‑associated 
death promoter and Bcl‑2‑associated X protein in the cells. 
Furthermore, the combined treatment of quercetin and ADR 
synergistically increased the expression of phosphorylated 
(p‑)c‑Jun N‑terminal kinase and p‑p38  mitogen‑activated 
protein kinase and decreased the expression of p‑extracellular 
signal‑regulated kinase in the K562/ADR cells. In addition, 
the expression of P‑glycoprotein was significantly decreased 
following treatment with quercetin alone or in combination 
with ADR. These findings demonstrated that quercetin is 

important in MDR and may be developed into a new reversal 
agent for cancer chemotherapy.

Introduction

Multidrug resistance (MDR) refers to the resistance of 
cancer cells to multiple anticancer drugs and is now a signifi-
cant clinical challenge facing cancer chemotherapy  (1,2). 
P‑glycoprotein (P‑gp) is a member of the ATP‑binding cassette 
family, which exports compounds from cells through a process 
driven by adenosine triphosphate hydrolysis  (3). Several 
chemotherapeutic drugs are known to exert anticancer activity 
by inducing apoptosis. However, MDR tumor cells are gener-
ally resistant to the induction of apoptosis and the resistance 
of leukemic cells to chemotherapy‑induced apoptosis remains 
the most serious problem in the treatment of leukemia (4,5).

Currently, the preferred strategy for overcoming MDR 
is to use sensitizer or reversal agents, which are combined 
with chemotherapeutic drugs (6). Plants have been utilized as 
medicines and they are an important source of the mainstream 
pharmacopoeia (Ciwujia, Chinese Pharmacopoeia, 2010: 
192‑193). There has been substantial effort to identify reversal 
agents from natural products, which has resulted in significant 
success (7,8). Flavonoids, which are polyphenolic compounds, 
are a class of plant secondary metabolites possessing a 
broad spectrum of pharmacological activities, including 
anticancer, antimicrobial and immunoregulatory activi-
ties (9‑11). Quercetin is a naturally occurring flavonoid with 
a broad spectrum of bioactivities, including antiproliferative, 
anti‑inflammatory and antioxidant effects and effects on the 
immune system (12,13). Quercetin can inhibit intestinal crypt 
cell proliferation and aberrant crypt formation, by targeting 
cyclins and cyclin‑dependent kinases (14). Increasing evidence 
suggests that quercetin can be effective in cancer treatment 
by inducing cell apoptosis (15), however the function of quer-
cetin on MDR in human leukemia remains to be elucidated. 
Therefore, the present study aimed to investigate the effect of 
quercetin on human leukemic MDR K562/adriamycin (ADR) 
cells.
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Materials and methods

Reagents. Quercetin and ADR were purchased from Sigma 
(St.  Louis, MO, USA). RPMI‑1640 culture medium, fetal 
bovine serum (FBS), phosphate‑buffered saline (PBS), 
penicillin‑streptomycin and 0.25% (w/v) trypsin/1 mM ethyl-
enediaminetetraacetic acid were purchased from Gibco‑BRL 
(Grand Island, NY, USA).

Cell culture. K562/ADR human leukemia cells, which were 
provided by the Chinese Medical Science Research Institute of 
Hematology (Tian Jin, China), were maintained in RPMI‑1640 
medium containing 10% (v/v) FBS, 100 U/ml penicillin and 
100 µg/ml streptomycin at 37˚C in a humidified 5% CO2 
incubator. The K562/ADR cells were cultured in the medium 
containing 1 µg/ml ADR to maintain MDR phenotype and 
were maintained in drug‑free medium for at least 2 days prior 
to use.

Cell proliferation assay. A cell counting kit‑8 (CCK‑8) assay 
was performed for the analysis of cell proliferation. Briefly, 
the cells (2x105/ml) were seeded into 6‑well plates and left to 
adhere overnight. The cells were then incubated for 12, 24 and 
48 h at 37˚C with different concentrations of quercetin and 
ADR. Subsequently, 20 µl CCK‑8 was added prior to incuba-
tion in the dark at 37˚C for 4 h. The absorbance was determined 
using a microplate reader (Thermo Fisher Scientific, Waltham, 
MA, USA). The concentration of compound required for the 
proliferation of 50% of cells to be inhibited (IC50) was deter-
mined by plotting the percentage of cell growth inhibition 
against the compound concentration.

Apoptotic assay. The K562/ADR cells were seeded into 
12‑well plates and treated with different concentrations 
of quercetin and ADR, as indicated, for 48 h. The apop-
totic morphology of the cells was evaluated by staining 
with hematoxylin and eosin and visualizing under a light 
microscope (Leica Microsystems, Wetzlar, Germany; 
magnification, x200). The cells undergoing apoptosis were 
assessed using an Annexin V‑fluorescein isothiocyanate/
propidium iodide (PI) apoptosis detection kit according to 
the manufacturer's instructions (Becton‑Dickinson, Franklin 
Lakes, NJ, USA). The number of apoptotic cells were quanti-
fied using a flow cytometer (FACSCalibur; BD Biosciences, 
San Jose, CA, USA) and analyzed using CellQuest software 
(BD Biosciences).

Determination of mitochondrial membrane potential. 
Changes in mitochondrial transmembrane potential were 
measured following staining with rhodamine‑123. The 
cells were incubated with the indicated doses of quercetin 
(100 µg/ml), ADR (12 µg/ml) and quercetin (100 µg/ml) with 
ADR (12 µg/ml) for 48 h. Rhodamine‑123 (2 µl; 100 µg/ml) 
was added 1 h prior to termination of the experiment and the 
cells were collected and washed in PBS. The fluorescence 
intensity was then analyzed using a FACSCalibur flow 
cytometer (Becton‑Dickinson).

Western blot analysis. For the western blot analysis of 
the total cell lysates, the cells were harvested and washed 

with ice‑cold PBS. The protein concentration in the lysates 
was measured using a bicinchoninic acid protein assay kit 
(Thermo Fisher Scientific) according to the manufacturer's 
instructions. Samples of cell lysate (50 µg/lane) were sepa-
rated using 10% SDS‑PAGE and were then transferred onto 
polyvinylidene difluoride membranes (Millipore, Billerica, 
MA, USA). The membranes were incubated overnight 
at 4˚C with the following antibodies: B‑cell lymphoma 
(Bcl)‑2‑interacting mediator of cell death [(BIM; cat. no. 
2933, clone C34C5, rabbit monoclonal antibody (mAb)], 
Bcl‑2‑associated death promoter (BAD; cat. no. 9239, clone 
D24A9, rabbit mAb), Bcl‑2‑associated X protein (BAX; cat. 
no. 5023, clone D2E11, rabbit mAb), Bcl‑extra (xL; cat. no. 
2764, clone 54H6, rabbit mAb), Bcl‑2 (cat. no. 2827, clone 
50E3, rabbit mAb), c‑Jun N‑terminal kinase (JNK; cat. no. 
9258, clone 56G8, rabbit mAb),), phosphorylated (p‑)JNK 
(Thr183/Tyr185; cat. no. 4668, clone 81E11, rabbit mAb), 
p38 mitogen‑activated protein kinase (MAPK; cat. no. 9212, 
clone, rabbit mAb), p‑p38  MAPK (Thr180/Thr182; cat. 
no. 4631, clone 12F3, rabbit mAb), extracellular‑regulated 
kinase (ERK)1/2 (cat. no. 4695, clone 137F5, rabbit mAb), 
p‑ERK1/2 (cat. no. 4376, clone 20G11, rabbit mAb), caspase‑3 
(cat. no. 96686, clone 3G2, mouse mAb), caspase‑8 (cat. 
no. 9746, clone 1C12, mouse mAb) and caspase‑9 (cat. no. 
9508, clone C9, mouse mAb) (all 1:1,000; all obtained from 
Cell Signaling Technology, Inc., Danvers, MA, USA). The 
membranes were washed three times with tris‑buffered saline 
with Tween 20 and incubated for 1 h at room temperature 
with the appropriate secondary polyclonal anti-rabbit IgG 
HRP-linked antibody (1:3,000; cat.no. 7074; Cell Signaling 
Technology, Inc.). Immunoreactive bands were then detected 
using an enhanced chemiluminescence kit a ChemiGenius 
bioimaging system (Syngene, Frederick, MD, USA). Western 
blots were quantified by calculating the gray ratio of target 
protein:β‑actin.

Determination of the expression of P‑gp using flow cyto‑
metric analysis. The cells were seeded into a 12‑well plate 
at a density of 2x105/ml and treated with either quercetin 
(100 µg/ml), ADR (12 µg/ml) or quercetin (100 µg/ml) with 
ADR (12 µg/ml). The cells were then collected, washed in 
PBS and fixed using 70% cold ethanol following incubation 
with mouse‑anti‑human P‑gp monoclonal antibody (cat.
no 340555). Goat‑anti‑mouse polyclonal fluorescent antibody 
(cat.no 20010; Biotium, Inc., Hayward, CA, USA) was used 
as a secondary antibody and flow cytometry was performed 
to measure the fluorescence intensity (Becton‑Dickinson).

Statistical analysis. For statistical analysis, all the data are 
expressed as the means ± standard deviation of at least trip-
licate determinations and statistical analysis was performed 
using SPSS software (SPSS, Inc., St. Louis, MO, USA). 
Comparison between groups was made using analysis of 
variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Quercetubg and ADR inhibit leukemia cell proliferation. 
The cytotoxicity of quercetin and ADR in the K562/ADR 
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human leukemia cell line was assessed using a CCK‑8 assay. 
The IC50 values of quercetin alone were 100.14±4.13 µg/ml 
in the K562/ADR cells following 48 h of treatment (Fig. 1A). 
The IC50 and IC20 values of ADR along were 42.86±3.31 and 
11.91±0.73 µg/ml in the K562/ADR cells following 48 h treat-
ment, respectively  (Fig.  1B). The CCK‑8 assay revealed 
that quercetin treatment caused concentration‑dependent 
inhibition of cell proliferation (Fig. 1C). In addition, the 
combination of quercetin and ADR synergistically inhib-
ited cell proliferation (Fig. 1D). Together, these findings 
demonstrated that treatment of the K562/ADR cells with a 
combination of quercetin and ADR potentiated the cytotox-
icity.

Quercetin and ADR synergistically promote cell apoptosis. 
Treatment of K562/ADR human leukemia cells for the indi-
cated periods of time with either quercetin and ADR alone or 
in combination caused nuclear condensation, fragmentation 
of nuclei and formation of scattered apoptotic bodies, while 
no clear change in morphology was observed in the nuclei 
of untreated cells (Fig. 2A). In addition, flow cytometric 
analysis demonstrated that quercetin promoted cell apoptosis 
in a concentration‑ and time‑dependent manner (Fig. 2B). 
Furthermore, a synergistic effect on apoptosis was observed 
following combination treatment with ADR and quercetin at 
different concentrations (Fig. 2C).

Loss of mitochondrial membrane potential is induced by 
quercetin and ADR. Mitochondrial damage to cells results 
in perturbation of mitochondrial membrane potential (16). 
The present study analyzed the loss in mitochondrial poten-
tial in the K562/ADR cells using rhodamine‑123 dye. The 
results demonstrated that 24  h quercetin treatment, at a 

concentration of 100 µg/ml, resulted in a significant increase 
in Rh123 fluorescence intensity. The combination of quercetin 
and ADR further increased the number of Rh123 positive 
cells. Additionally, a more marked Rh123 positive cell rate 
was observed following treatment with quercetin alone 
(46.60±1.13%) and in combination with ADR (56.08±0.99%) 
after 48 h. Collectively, these results demonstrated that drug 
combination induced a loss of mitochondrial membrane 
potential in a synergistic manner (Fig. 3).

Induction of apoptosis signaling cascade by quercetin and 
ADR. Apoptosis can be triggered by extrinsic or intrinsic 
pathways. The extrinsic pathway involves the cleavage of 
caspase‑8, while the intrinsic apoptotic pathway involves the 
activation of procaspase‑9 (17). Western blot analysis was 
performed to detect changes in the expression of proteins 
involved in the apoptotic signaling pathway. The results 
demonstrated that quercetin and ADR induced the protein 
expression of a series of caspases, including caspase‑8, 
‑9 and ‑3 (Fig. 4A). The effect of these compounds on the 
expression of mitochondrial‑dependent apoptotic proteins 
in the K562/ADR cells was also examined. Quercetin and 
ADR significantly decreased the expression of anti‑apoptotic 
proteins Bcl‑2 and Bcl‑xL and increased the expression of 
pro‑apoptotic proteins Bim, Bad and Bax in the K562/ADR 
cells (Fig. 4B). Taken together, these findings suggested that 
quercetin and ADR promoted cell apoptosis by the extrinsic 
and intrinsic pathways.

Effect of quercetin and ADR on the MAPK/ERK/JNK 
signaling pathway. To further characterize the mechanisms 
involved in the pro‑apoptotic or proliferation‑inhibiting 
actions of quercetin and ADR, the present study analyzed 

Figure 1. Cytotoxic effect of Que and ADR on leukemia K562/ADR cells. A cell counting kit‑8 assay was used to measure the cytotoxicity of (A and C) Que 
and (B and D) ADR at different concentrations. Data are expressed as the mean ± standard deviation. Each experiment was repeated at least three times. 
Que, quercetin; ADR, adriamycin; IC50, half maximal inhibitory concentration; IC20, maximal inhibitory concentration for 20%.
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the effect on the main signaling pathways associated with 
proliferation and the regulation of apoptosis. Western blot 
analysis was performed to investigate the effect of these 
compounds on the MAPK/ERK/JNK signaling pathway. The 
results demonstrated that quercetin and ADR upregulated the 
content of p‑JNK and p‑p38 MAPK and downregulated the 
expression of p‑ERK (Fig. 5). These results indicated that 

the quercetin and ADR‑induced cell apoptosis was associ-
ated with MAPK/ERK/JNK signaling regulation in the 
K562/ADR cells.

Effect of quercetin and ADR on the expression of P‑gp. In 
order to examine the reversal effect of quercetin, flow cyto-
metric analysis was performed to measure the expression of 

Figure 2. Effect of Que and ADR on K562/ADR cell apoptosis. (A) Changes in cell morphology were observed following treatment with Que or ADR alone 
or in combination. Flow cytometry was used to analyze the apoptotic rate of the cells following administration with either (B) Que or (C) ADR alone or in 
combination at different concentrations. *P<0.05 and **P<0.01, vs. (B) the control or (C) ADR group. #P<0.05 and ##P<0.01, compared with treatment with 
previous concentration of Que at the same time point. ^P<0.05 and ̂ ^P<0.01, ADR (in combination with Que) compared with Que at the same concentration and 
same time point. Data are expressed as the mean ± standard deviation. Each experiment was repeated at least three times. Que, quercetin; ADR, adriamycin; 
CON, control; IC50, half maximal inhibitory concentration; IC20, maximal inhibitory concentration for 20%.

  A

  B   C
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Figure 4. Induction of the apoptotic signaling cascade by Que and ADR. Western blot analysis was performed to determine the expression of (A) caspase‑8, ‑9 and ‑3 
and (B) B‑cell lymphoma‑2 family members 24 and 48 h following treatment with either ADR and Que alone or in combination. Results are representative of 
three separate experiments. β‑actinwas used as a protein loading control. Que, quercetin (100µ/ml); ADR, adriamycin (IC20; 12µ/ml); Bcl, B‑cell lymphoma; BIM. 
Bcl‑2‑interacting mediator of cell death; BAD, Bcl‑2‑associated death promoter; BAX, Bcl‑2‑associated X protein; Bcl‑xL, Bcl‑2‑extra large.

Figure 3. Loss of mitochondrial potential induced by Que and ADR. (A) Following Rh123/PI double staining, flow cytometry was performed to determine 
changes in mitochondrial membrane potential in the K562/ADR cells treated with Que or ADR, either alone or in combination. (B) Data are expressed as the 
mean ± standard deviation. **P<0.01, compared with the control group. Each experiment was repeated at least three times. Que, quercetin(100µg/ml); ADR, 
adriamecin (IC20; 12µg/ml); CON, control; Rh, rhodamine; PI, propidium iodide.
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Figure 6. Effect of Que and ADR on the expression of P‑gp. (A) Flow cytometry was used to determine the expression of P‑gp in the K562/ADR cells prior to 
and following treatment with Que and ADR at (B) 24 h and (C) 48 h. Que, quercetin; ADR, adriamycin; P‑gp, P‑glycoprotein; FL2‑H, fluorescence intensity 
in the FL2 channel; MFIR, mean fluorescence intensity ratio.

Figure 5. Effect of Que and ADR on the MAPK/ERK/JNK signaling pathway. Western blot analysis was performed to determine the expression of p‑JNK, 
p‑p38 MAPK and p‑ERK1/2 at 24 and 48 h following treatment with the indicated drugs. Results are representative of three separate experiments. β‑actin was 
used as a protein loading control. Que, quercetin; ADR, adriamycin; MAPK, mitogen‑activated protein kinase; ERK, extracellular signal‑regulated kinase; JNK, 
c‑Jun‑N‑terminal kinase; p‑, phosphorylated.

  A

  B

  C
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P‑gp in the K562/ADR cells. The results indicated that the mean 
fluorescence intensity ratio in the K562/ADR cells increased 
significantly (119.9) compared with that in the K562 cells (1.6). 
However, the expression of P‑gp was significantly reduced 
following 24 h treatment with either quercetin or ADR, either 
alone or in combination. The reversal effect on the expression of 
P‑gp was also observed following 48 h treatment (Fig. 6).

Discussion

The identification of drugs from medicinal plants has 
been important in the treatment of cancer. Quercetin is a 
naturally occurring flavonoid, which has antiproliferative, 
anti‑inflammatory and immunoregulatory activities (12,13). 
In the present study, the effect and associated mechanism 
of quercetin on K562/ADR human leukemic MDR cells 
was investigated. The CCK‑8 assay revealed that quercetin 
had a significant inhibitory effect on the K562/ADR cells 
in a concentration‑dependent manner. The combination of 
quercetin (100 µg/ml) and ADR (IC20; 12 µg/ml) resulted in 
potentiation of the cytotoxicity.

Apoptosis is a complex process, characterized by 
morphological and biochemical changes in the nucleus and 
the formation of apoptotic bodies (18,19). The present study 
observed that quercetin and ADR induced nuclear conden-
sation, fragmentation of nuclei and formation of scattered 
apoptotic bodies. Flow cytometric analysis also revealed that 
quercetin promoted cell apoptosis in a concentration‑ and 
time‑dependent manner and the synergistic effect on apop-
tosis was more marked following combination treatment with 
ADR and quercetin at different concentrations.

Apoptosis can be activated by extrinsic or intrinsic 
signaling pathways (20). The extrinsic pathway involves the 
cleavage of caspase‑8, while the intrinsic apoptotic pathway 
involves procaspase‑9, which triggers downstream mito-
chondrial pro‑apoptotic events. Following the activation of 
initiator caspases, procaspase‑3 becomes activated, which 
induces cell apoptosis (21,22). In the present study, quercetin 
and ADR induced the loss of mitochondrial membrane 
potential. Several studies have suggested that abrogation of 
mitochondrial membrane potential leads to the activation of 
caspases (23,24). As demonstrated in the present study, quer-
cetin and ADR led to the activation of a series of caspases, 
including caspase‑8,  ‑9 and  ‑3 in the K562/ADR cells. A 
marked reduction in the expression levels of anti‑apoptotic 
proteins Bcl‑2 and Bcl‑xL and increase in the expression 
levels of pro‑apoptotic proteins Bim, Bad and Bax were 
also observed in the K562/ADR cells. Taken together, these 
findings suggested that quercetin and ADR promoted cell 
apoptosis through extrinsic and intrinsic apoptotic pathways 
in the human leukemia K562/ADR cells.

It has been suggested that the apoptosis of tumor cells 
involves the activation of JNK and the inactivation of 
ERK (25). Various studies have demonstrated that activation 
of the JNK signaling pathway is important in regulation 
of the expression of pro‑apoptotic proteins  (26,27). The 
JNK downstream transcriptional factors phosphorylate the 
Bcl‑2 family members and are involved in various patho-
physiological processes, including embryonic development, 
immune regulation and tumorigenesis (28,29). The results 

of the present study revealed that quercetin combined with 
ADR increased the expression of p‑JNK and p‑p38 MAPK 
and decreased the expression of p‑ERK in a synergistic way, 
thereby promoting the apoptosis of K562/ADR cells.

Drug resistance in leukemia cells is associated with 
the increased expression of resistance proteins (30). P‑gp, 
encoded by the MDR 1 gene, is one of the MDR‑associated 
proteins (31). The present study found that quercetin combined 
with ADR markedly reduced the expression of P‑gp.

In conclusion, the findings of the present study suggested 
that the combination of quercetin and ADR in MCF‑7/ADR 
cells inhibited cell proliferation, promoted apoptosis via 
regulation in MAPK/ERK/JNK signaling and decreased 
the expression of P‑gp. Therefore, quercetin is of important 
clinical significance in the MDR of tumor therapy and may be 
developed into a new reversal agent for cancer chemotherapy.
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