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Purpose. Naringenin has shown paradoxical results to modulate the function of multidrug resistanceassociated proteins (MRPs). The aim of this study is to interpret whether naringenin can reverse intrinsic
and/or acquired resistance of cancer cells to chemotherapeutic agents.
Methods. The effects of naringenin on the uptake, retention and cytotoxicity of doxorubicin were
investigated in A549, MCF-7, HepG2 and MCF-7/DOX cells. Cellular efﬂux pathways modulated by
naringenin were assessed with their speciﬁc substrates and inhibitors. The improved antitumor activity of
doxorubicin in combination with naringenin was also investigated in vivo.
Results. The IC50 values of doxorubicin in combination with naringenin in A549 and MCF-7 cells were
approximately 2-fold lower than that of doxorubicin alone. The increased sensitivity to doxorubicin by
naringenin in HepG2 and MCF-7/DOX cells was not observed. Naringenin increased the cellular
doxorubicin accumulation through inhibiting doxorubicin efﬂux in the cells expressing MRPs but not Pgp. In contrast to doxorubicin alone, doxorubicin in combination with naringenin enhanced antitumor
activity in vivo with low systemic toxicity.
Conclusion. Naringenin enhances antitumor effect of doxorubicin by selective modulating drug efﬂux
pathways. Naringenin will be a useful adjunct to improve the effectiveness of chemotherapeutic agents in
treatment of human cancers.
KEY WORDS: doxorubicin; drug efﬂux pumps; multidrug resistance; naringenin.

INTRODUCTION
Chemotherapeutic strategies for cancer commonly require the combination of agents. However, intrinsic and
acquired resistance to chemotherapeutic agents and toxicity
to normal cells are the major causes of treatment failure in
most solid tumors (1). Tumor cells overexpressing multidrug
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export pumps, which are members of the family of ATPbinding cassette (ABC) transport proteins, such as P-glycoprotein (P-gp), multidrug resistance-associated proteins
(MRP1 and MRP2) and the breast cancer resistance protein
(BCRP), may contribute to their resistance to chemotherapeutic agents (2–6). Many efforts have been made to search
for modulators to reverse P-gp and MRPs related multidrug
resistance (7–10). However, tumor cells often response poorly
to anticancer drugs at the beginning of treatment, thus
exhibiting the intrinsic resistant phenotype (11–14). Nonsmall cell lung cancer (NSCLC) overexpressing the MRP1
and MRP3 proteins tends to be intrinsically resistant to
chemotherapy (11). The expression of MDR proteins in
malignant glioma patients has been investigated. The data
suggest that glioma chemoresistance is mostly intrinsic, while
no information is strictly affordable about acquired resistance
after drug exposure (12,13). MRP2 and MRP3 but not MRP1
were found to contribute to the intrinsic multidrug resistance
in the frequent primary cancer of the liver (14). Therefore, it
is necessary to investigate the mechanism of the intrinsic drug
resistance and to develop the agents for reversing intrinsic
drug resistance for cancer therapy.
Doxorubicin is one of the most frequently used anticancer agents in the treatment of human malignancies. However,
the therapeutic use of doxorubicin is limited by its severe
cumulative dose-related cardiotoxicity and resistance (15,16).
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Naringenin Selectively Inhibits MRPs
To overcome such problems, strategies must be devised for its
better cancer cell killing and reduction of systemic toxicity.
Flavonoids have recently been found to have the
inhibitory function of ABC transporters, including P-gp
(17,18), MRPs and BCRP (19,20). Collected data demonstrate that the combinations of doxorubicin with ﬂavonoids
can enhance the sensitivity of tumor cells to doxorubicin (21)
and reduce its cardiac toxicity (22,23). Naringenin (4′,5,7trihydroxyﬂavanone),as one of the natural predominant
ﬂavonoids in citrus fruits, has been shown to inhibit the
efﬂux of mitoxantrone, which is a substrate of BCRP (24).
Other studies have suggested that naringenin has no inhibitory effect on P-gp-mediated efﬂux (25) and only low MRP1
and MRP2 inhibitory activity (20) due to its lack of 2,3double bond in the C ring. Therefore, the mechanism of
naringenin enhancing chemosensitivity remains unclear. Since
distribution of transporters varies widely among cancer types,
there is an effort to try to understand whether naringenin can
reverse intrinsic and/or acquired resistance to chemotherapeutic drugs. Here we demonstrate that naringenin increases
doxorubicin uptake and retention in the tumor cell lines
expressing MRPs but not P-gp. These data indicate that
naringenin may be useful to prevent or to reduce the
development of the chemoresistance phenotype in nonexpressing P-gp cancer cells by inhibiting MRPs activity.
MATERIALS AND METHODS
Chemical and Reagents
Naringenin (Nar) was purchased from Shanxi Huike
Botanical Development Co. (China). 5-carboxyﬂurescein
diacetate (5-CFDA), Rhodamine 123 (Rho123) and verapamil (Vrp) were obtained from Sigma-Aldrich Co. MK571 was
from Calbiochem (USA). Doxorubicin (DOX) was provided
by HaiZheng Co. (China). Fluorescein isothiocyanate
(FITC)-conjugated human anti-P-gp (17F9) was obtained
from BD Biosciences. Naringenin and 5-CFDA were stored
as a stock solution in dimethyl sulfoxide (DMSO) and used
after diluting with medium for each assay.
Cell Lines
A549 (human non-small cell lung carcinoma, NSCLC)
and HepG2 (human hepatocellular carcinoma, HCC) cells
were purchased from American Type Culture Collection
(ATCC; Manassas, VA). MCF-7 (human breast carcinoma)
and MCF-7/DOX cells were provided by the Academy of
Military Medical Sciences. MCF-7 cells, expressing MRP1,
MRP2 but not MDR1, were treated with increasing doses of
doxorubicin, and they became chemoresistant in association
with MDR1 expression induction. Compared to MCF-7 cells,
multidrug resistance-1 gene (MDR1)/P-gp was overexpressed
in MCF-7/DOX cells. The accumulation of doxorubicin in
MCF-7/DOX cells was only 16.7% of that in wild type MCF-7
cells. Cell culture medium and fetal bovine serum were
purchased from Invitrogen (Carlsbad, CA). Culture ﬂasks
and dishes were from Corning (Corning, NY). Cells were
cultured in RPMI 1640 or DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum, penicillin
(100 U/ml), and streptomycin (100 U/ml).

915
Cell Growth Inhibition Assay
A549, HepG2, MCF-7 and MCF-7/DOX cells were
plated at a density of 5×103 cells per well in 100 μl RPMI
1640 or DMEM medium in 96-well plates and grown for 24 h,
respectively. Cells were exposed to a series of concentrations
of doxorubicin combined with naringenin or with verapamil
for 48 h, and the viability of cells was measured using the
methylthiazoletetrazolium (MTT) method, as previously
described (26). Brieﬂy, 100 μl methylthiazoletetrazolium
solution (0.5 mg/ml in phosphate-buffered saline [PBS]) was
added to each well. The plates were incubated for 4 h at 37°C.
After incubation, 100 μl of DMSO (Sigma) was added to each
well for 10 min at room temperature. Absorbance was
measured at 570 nm using a plate reader (Thermo,
Erlangen, Germany). The mean percentage of cell survival
relative to that of untreated cells was estimated from data of
three individual experiments. The concentration of DOX at
which cell killing was 50% was calculated by curve ﬁtting
using SPSS software (version 12.0, SPSS, Chicago, IL).
Apoptosis Evaluation
Annexin V-PI staining and DNA ladder analysis were
used to examine the apoptosis of A549 cells. 2×105 cells were
plated in 6-well plates and exposed to 100 μM naringenin,
0.52 μM DOX or DOX combined with naringenin for 48 h.
Propidium iodide (PI) and FITC-conjugated Annexin V
double-stained kit (Jingmei Biotech, China) were used to
stain the cells according to the manufacture’s instructions and
analyzed by ﬂow cytometry. We deﬁned the cells with
Annexin V-FITC positive and PI negative as the early
apoptotic cells and the cells with both Annexin V-FITC and
PI positive as the apoptotic cells. Total apoptotic cells were
the sum of the early apoptotic cells and the apoptotic cells.
The cells treated as described above, were also collected to
analyze DNA fragments, and the DNA ladder was visualized
as described previously (27).
Quantification of Intracellular Doxorubicin
To measure the intracellular amount of doxorubicin
quantitatively, A549, HepG2, MCF-7 and MCF-7/DOX cells
were cultured on 6-well plates for 24 h to achieve approximately 80% conﬂuence. DOX alone, DOX combined with
naringenin or verapamil or MK571 (DOX concentration:
6.9 μM; Naringenin concentration: 100 μM; verapamil concentration: 10 μM; MK571 concentration: 50 μM) were then
added to designated wells. After incubation for 2 h, the
culture medium containing DOX was discarded and the cells
were washed with PBS. Fresh medium with 0.1% DMSO (as
the control), naringenin or verapamil was then added to the
wells. After incubation for another 2 h, the cells were
collected for measurement of doxorubicin ﬂuorescence.
To further clarify whether naringenin can affect the
uptake and efﬂux of doxorubicin, A549 cells were cultured on
6-well plates for 24 h to achieve approximately 80%
conﬂuence. For detection of DOX uptake, DOX (1.7 μM)
or DOX combined with 100 μM naringenin were added to
cells. After incubation for different times (0, 0.5, 1, 2, 4, 8 and
12 h), the culture medium was discarded, and then cells were

Zhang et al.

916
collected for detection of DOX ﬂuorescence. For detection of
DOX efﬂux, DOX (6.9 μM) was added to designated wells.
After incubation for 2 h, the culture medium containing DOX
was discarded and the cells were washed with PBS. Fresh
medium with 100 μM naringenin was then added to the wells.
After incubation for different times (0, 1, 2, 4, 8 h), the cells
were collected for measurement of DOX ﬂuorescence using
ﬂow cytometry (FACSCalibur, BD, San Jose, CA), excitation
was with the 488 nm line of an argon laser, and emission
ﬂuorescence between 564 and 606 nm was measured. For all
experiments in which the intracellular DOX was quantiﬁed
using ﬂow cytometry, at least 10,000 cells were measured
from each sample.
Reverse Transcription-PCR
To compare the mRNA expression of the multidrug
resistant genes in different types of cancer cells, total RNAs
were isolated from A549, HepG2, MCF-7 and MCF-7/DOX
cells using TRIzol (Invitrogen, USA). To address the effect of
naringenin or verapamil on the mRNA expression of the
multi-drug resistant genes, RNAs were also isolated from the
four types of cells treated with naringenin (100 and 200 μM)
or verapamil (10 and 20 μM), respectively. The mRNAs were
reversely transcribed to cDNAs by M-MLV reverse transcriptase (Invitrogen). Primers for human MDR1: 5′AAAGCTGTC AAGGAAGCCAA-3′ and 5′-TGACTC
CATCATCGAAACCA-3′, MRP1: 5′-ATGTCACGTG
GAATACCAGC-3′ and 5′-GAAGACTGAACTCCC
TTCCT-3′, MRP2: 5′-ACAGAGGCTGGTGGCAACC-3′
and 5′-ACCATTACCTTGTCACTGTCCATGA-3′, MRP3:
5′-GGACCCTGCGCATGAACCTG-3′ and 5′-AGGCA
AGTCCAGCATCTCTGG-3′, MRP4: 5′-GGATCCAAGAA
CTGATGAGTTAAT-3′ and 5′-TCACAGTGCTGTCTCG
AAAATAG-3′, MRP5: 5′-GCTGTTCAGTGGCACTGT
CAG-3′ and 5′-TCAGCCCTTGACAGCGACCTT-3′,
MRP6: 5′-CACTGCGCTCCAGGATCAGC-3′ and 5′CAGACCAGGCCTGACTCCTG-3′ were used. The primers for β-Actin were sense primer 5′-CATGTACGTTGC
TATCCAGGC-3′ and antisense primer 5′-CTCCTTAATG
TCACGCACGAT-3′. After initial denaturation at 95°C for
5 min, PCR was performed for 30 cycles (30 s at 94°C, 30 s at
annealing temperature and 40 s at 72°C) using Taq polymerase (TaKaRa, Japan). Reaction products (20 μl per lane)
were electrophoresed in 1% agarose, stained with ethidium
bromide and photographed.
P-gp Immunoassay
P-gp expression in the four types of cancer cells was
examined by ﬂow cytometry. Brieﬂy, 1×106 A549, HepG2,
MCF-7 and MCF-7/DOX cells were treated with trypsin,
respectively, and then washed and resuspended in 100 μl
staining buffer (2% fetal calf serum and 0.1% NaN3 in PBS,
pH7.4). 20 μl FITC conjugated mouse anti-human
monoclonal antibody 17F9, which recognizes an external
epitope of P-gp, was added and incubated for 30 min in the
dark at 4°C. Cells were washed and immediately analyzed
using ﬂow cytometry with an excitation of 488 nm and
emission collected through a 530/515 band pass ﬁlter for
FITC (FL1-H). Analysis was performed using the Cellquest

(Becton Dickinson Immunocytometry Systems) computer
programs.
Activities of P-gp and MRPs
To detect P-gp and MRPs like transport functions, 5CFDA, a ﬂuorescent substrate for MRPs (28), and Rho123, a
ﬂuorescent substrate for P-gp (29), were used to treat the
cells with or without 100 μM naringenin or 10 μM verapamil
or 50 μM MK571. The four types of cells were cultured in 6well plates for 24 h to achieve approximately 80% conﬂuence,
and then 5-CFDA or Rho123 were added to designated wells
at ﬁnal concentration of 4 or 0.6 μM, respectively. After
incubation for 30 min, the cells were washed with PBS. Fresh
medium containing 0.1% DMSO as the control, naringenin or
verapamil or MK571 containing medium was then added to
the wells at ﬁnal concentration of 100 or 10 or 50 μM,
respectively. After 1 h incubation, the cells were collected,
and then the intracellular ﬂuorescence intensity derived from
5-CFDA or Rho123 was measured by ﬂow cytometry.
Transfection of siRNAs
Double-stranded siRNAs speciﬁc to MRP1 and MDR1
were designed and synthesized by GenePharma Company
(Shanghai, China) according to literatures (30,31), mock
nontargeting siRNA (sense strand 5′-GAUACGAAUUGACACCGUA) was as negative control. Transfection with
Lipofectamine2000 (Invitrogen) was carried out as directed
by the manufacturer guideline. MCF-7 and MCF-7/DOX cells
(3 × 10 5/well) were plated in 6-well plates. They were
transfected at 30–40% conﬂuence. The ﬁnal concentration
of siRNA was 100 nM. The MRP1-targeted siRNA were
transfected into MCF-7 cells to modulate MRP1 expression
and MDR1-targeted siRNA was transfected into MCF-7/
DOX cells to modulate P-gp expression. Transfection was
performed in DMEM without serum or antibiotics in a ﬁnal
volume of 2 ml. After 5 h incubation at 37°C, removed the old
medium, and the completed DMEM with FBS and antibiotics
were added. The cells were incubated for 48 h to detect their
mRNA expression and for 72 h to measure the drug efﬂux.
In vivo Tumor Study
C57Bl/6 female mice (6–8 weeks old) were from the
Institute of Materia Medica, Chinese Academy of Medical
Sciences. All animal procedures were performed following
the protocol approved by the Institutional Animal Care and
Use Committee at the Institute of Biophysics, Chinese
Academy of Sciences. The mice were injected subcutaneously
in the right ﬂank with 0.2 ml of cell suspension containing 3×
105 Lewis lung carcinoma (LLC) cells. Mice (ten in each
group) received 5 mg/kg of doxorubicin for three times at
day 7, day 14, and day 21, or received a combination of 5 mg/kg
of doxorubicin for three times with orally administrated
naringenin at a dose of 50 mg/kg daily for 3 weeks following
injection of doxorubicin, or received only orally administrated
naringenin at a dose of 50 mg/kg daily for 3 weeks, when tumor
volume reaches about 40 mm3 7 days after tumor cells
inoculation. The control mice were injected intravenously with
10 ml/kg of saline buffer. The body weight, tumor length and
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width were measured trice weekly in a blinded manner, and
tumor volume was calculated as the length×width2 ×0.5.
Statistics
Data and results are reported as means ±SE unless noted
otherwise. The differences in the mean values among
different groups were carried out by a one-way analysis of
variance (ANOVA) followed with a post-hoc test (Dunnett’s
multiple comparison test). The differences of the variables
between groups were performed with the Student’s t-test
using SPSS 11.0 program. P values less than 0.05 were
considered to be statistically signiﬁcant.
RESULTS
Naringenin Enhances Selectively Doxorubicin-Induced
Cancer Cell Growth Inhibition
To test whether naringenin enhances selectively cytotoxicity of doxorubicin in different types of cancer cells, four
types of cancer cells from lung, liver, or breast both wild type
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and acquired resistance to doxorubicin were treated with
doxorubicin alone or doxorubicin in combination with
naringenin (100 μM) or verapamil (10 μM). Verapamil, a
well known substrate of P-gp, was used here as a positive
control for inhibiting activity of P-gp. The cell viability was
determined by MTT assay, and the effects of doxorubicin and
doxorubicin combined with naringenin or verapamil on the
growth of different types of cancer cells were shown in
Fig. 1A-D. The proliferation of all four types of cells was not
affected by treatment with 100 μM naringenin for 48 h.
However, this concentration of naringenin offered the
improved sensitivity of A549 and MCF-7 cells to doxorubicin.
For A549 cells treated with doxorubicin alone or in combination of naringenin, the IC50 values were 0.65 and 0.29 μM,
respectively. For MCF-7 cells, a similar result to that of A549
cells was observed; the IC50 values of doxorubicin and its
combination with naringenin were 1.06 and 0.53 μM, respectively. The improved sensitivity of HepG2 and MCF-7/DOX
cells to doxorubicin by naringenin was not observed (Fig. 1B
and D). However, compared with doxorubicin alone (IC50
values for HepG2 and MCF-7/DOX cells were 0.80 and
2.03 μM, respectively), the growth of cells treated with

Fig. 1. Naringenin enhances the cytotoxicity induced by doxorubicin in vitro. The effect of
naringenin (100 μM Nar) on the cytotoxicity of doxorubicin in A549 (A), HepG2 (B),
MCF-7 (C) and MCF-7/DOX (D) cells, verapamil (10 μM Vrp) as positive control. The
percentage of viable cells was quantiﬁed using the methylthiazoletetrazolium method. Each
concentration was replicated three times. Points, mean n=3; bars, SE.
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doxorubicin combined with verapamil was signiﬁcantly
inhibited (IC50 values for HepG2 and MCF-7/DOX cells
were 0.41 and 0.67 μM, respectively). A549 and MCF-7 cells
were also treated with doxorubicin in combination with
verapamil, each IC50 value was to be the same as the cells
treated with doxorubicin alone (Fig. 1A and C). These results
indicate that naringenin has a selectivity to enhance cancer
cell growth inhibition induced by doxorubicin, which is cancer
cell type-dependent. Naringenin offers the improved sensitivity of cancer cells to doxorubicin that is very different from
verapamil.
To examine whether naringenin enhanced cytotoxicity of
doxorubicin to cancer cells was mediated through increased
apoptosis, annexin V/PI staining and DNA ladder analysis
were used to detect the apoptosis in A549 cells. From the
statistical analysis of cytometry data, we found that doxorubicin combined with 100 μM naringenin induced more
apoptotic cells (32.74±1.56%, p<0.01) than doxorubicin
alone (19.65±1.25%, Fig. 2A and B). In addition, a similar
result was observed by DNA ladder analysis (Fig. 2C).
Naringenin Inhibits Efﬂux of Doxorubicin and Enhances
Uptake of Doxorubicin
To address whether the improved sensitivity of cancer
cells to doxorubicin by naringenin might be associated with
the accumulation of drug in the cells, the cellular accumulation of doxorubicin was evaluated in the presence or absence
of naringenin by ﬂow cytometric analysis. Intracellular
accumulation of doxorubicin was increased in the presence
of naringenin in A549 and MCF-7 cells but not in HepG2 and
MCF-7/DOX cells, compared with that in the absence of
naringenin. In A549 and MCF-7 cells, the presence of
naringenin increased doxorubicin accumulation by 69% and
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65%. In contrast, cells treated with doxorubicin in combination with verapamil showed that the intracellular accumulation of doxorubicin was increased in HepG2 and MCF-7/
DOX cells but not in A549 and MCF-7 cells compared with
doxorubicin alone (Fig. 3A and B). The results indicate that
the improved sensitivity of cancer cells to doxorubicin can be
achieved by increasing its cellular level in the different cancer
cell types.
To further address whether the increased cellular accumulation of doxorubicin by naringenin might be mediated by
inhibiting drug efﬂux, the cellular accumulation of doxorubicin was measured by ﬂow cytometric analysis in two
separated experiments. One is that A549 cells continuously
treated with doxorubicin in the presence or absence of
naringenin for different time intervals. Second is that A549
cells exposed to doxorubicin for 2 h prior to treatment with
naringenin for different time intervals, seeing methods for
detail. As shown in Fig. 3C, compared to the treatment with
doxorubicin alone, the uptake of doxorubicin was increased
in a time-dependent manner when cells treated with doxorubicin in combination with naringenin. Fig. 3D showed that the
efﬂux of doxorubicin from the cells was less in the presence of
naringenin than in the absence of naringenin. Taken together,
these results suggest that naringenin increases the cellular
accumulation of doxorubicin through inhibiting doxorubicin
efﬂux.
Naringenin Has no Effect on Expression of mdr1 and mrps
In the present study, we found that naringenin had a
selectivity to enhance cancer cell growth inhibition induced
by doxorubicin in a pattern of cancer cell type-dependent.
Naringenin has shown to inhibit the efﬂux of mitoxantrone
(24) and to have no effect on P-gp mediated efﬂux (25). We

Fig. 2. Naringenin enhances the apoptosis induced by doxorubicin in A549 cells. A doxorubicin-induced apoptosis in the presence or absence
of naringenin was determined by ﬂow cytometry in A549 cells after 48 h treatment. B apoptosis estimated by ﬂow cytometry assay in A549
cells after 48 h treatment with naringenin (100 μM Nar), doxorubicin (0.52 μM DOX), or their combination (0.52 μM DOX+100 μM Nar) (n=
4). Columns, mean; Bars, SE. Combination induces a signiﬁcant increase of apoptosis compared with other treatments (**P<0.01). C DNA
ladder analysis of DNA fragments from A549 cells after 48 h treatment with doxorubicin, naringenin or their combination.

Naringenin Selectively Inhibits MRPs
ﬁrst examined the mRNA expression of MDR1, MRP1,
MRP2,MRP3,MRP4, MRP5 and MRP6 using RT-PCR. The
amount of mRNA for each targeted gene was normalized to
the mRNA level of β-actin gene. The mRNA levels of MRP1,
MRP2 were higher than other MRPs and had no difference in
the four types of cancer cells. However, a high mRNA
expression of MDR1/P-gp was detected in HepG2 and MCF7/DOX cells, the mRNA expression of MDR1/P-gp in A549
and MCF-7 cells was not detected (Fig. 4A). To further
conﬁrm the expression of P-gp, the cells were stained with
anti-P-gp antibody. The expression level of P-gp was very low
in A549 and MCF-7 cells, which even could not been stained
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by FITC-P-gp antibody. However, the FITC ﬂuorescence
intensity of P-gp in HepG2 and MCF-7/DOX cells was 3-fold
and 8-fold higher, respectively, than their basic ﬂuorescence
intensity of cells (Fig. 4B and C).
Next, we examined whether naringenin affected the
expression of MDR1, MRP1 and MRP2. A549, MCF-7,
HepG2 and MCF-7/DOX cells were treated with naringenin
(100 and 200 μM), verapamil (10 and 20 μM) as a control.
The mRNA expressions of MDR1, MRP1 and MRP2 were
analyzed by RT-PCR. As shown in Fig. 4D, the effect of
naringenin on the mRNA expression of MDR1, MRP1 and
MRP2 in all four cell lines was not observed, and similar

Fig. 3. Naringenin increases the intracellular doxorubicin ﬂuorescence in A549 and MCF-7 cells but not in HepG2 and MCF-7/DOX cells. A
ﬂow cytometry analysis of the intracellular doxorubicin ﬂuorescence in A549, MCF-7, HepG2 and MCF-7/DOX cells after 2 h treatment of
doxorubicin in combination with naringenin or verapamil. B intracellular doxorubicin ﬂuorescence estimated by ﬂow cytometry assay in A549,
MCF-7, HepG2 and MCF-7/DOX cells after 2 h treatment of doxorubicin in combination with naringenin or verapamil (n=4). Columns, mean;
Bars, SE. Values signiﬁcantly different from control cells were marked (*P<0.05; **P<0.01). C intracellular doxorubicin ﬂuorescence
estimated by ﬂow cytometry assay in A549 cells after different hours (0, 0.5, 1, 2, 4, 8, 12 h) treatment of 1.7 μM doxorubicin in combination
with 100 μM naringenin (n=4). Points, mean; Bars, SE. Combination induces a signiﬁcant increase in intracellular ﬂuorescence compared with
doxorubicin alone (**P<0.01). D intracellular doxorubicin ﬂuorescence estimated by ﬂow cytometry assay in A549 cells. Cells were treated
with 6.9 μM doxorubicin for 2 h and then removed drug containing medium, the cells were incubated in the naringenin-containing fresh medium
for different times (n=4). Points, mean; Bars, SE. Naringenin increases signiﬁcantly the retention of intracellular ﬂuorescence (**P<0.01).
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result was found for verapamil treatment. Previous studies
have shown that verapamil can prevent the drug pump of Pgp by inhibiting its activity (32,33). Our results suggest that
naringenin enhances the cellular accumulation of doxorubicin
through modulating the function of MRPs but not their
expression levels.
Naringenin Modulates the Activity of MRPs but not P-gp
We determined the effect of naringenin on cellular
uptake of two ﬂuorescent substrates: Rho123 for P-gp and
5-CFDA for MRPs. Compared to the untreated and verapamil treated cells, naringenin signiﬁcantly enhanced the
uptake of 5-CFDA in all four cell lines (Fig. 5A and C).
Naringenin had no effect on Rho123 uptake in all four cell lines,
but verapamil signiﬁcantly increased the uptake of Rho123 in
HepG2 and MCF-7/DOX cells, which expressed the high level
of P-gp. Interestingly, verapamil stimulated a nonsigniﬁcant
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decrease in the uptake of Rho123 in A549 and MCF-7 cells
(Fig. 5B and D), which expressed very low level of P-gp
(Fig. 4A–C). We used MK571, an inhibitor of MRP1, to make
another comparison with naringenin (34). MK571 showed a
similar effect on modulation of drug efﬂux to naringenin.
MK571 increased the intracellular accumulation of doxorubicin
only in A549 and MCF-7 cells and the intracellular retention of
5-CFDA in all four cell lines, while, MK571 did not show any
effect on the intracellular retention of Rho123, indicating that
naringenin may play the same role like MK571 (Fig. 6). These
results indicate that naringenin selectively interacts with the
MRP transporters rather than P-gp.
Naringenin Increases Antitumor Effect of Doxorubicin
in vivo
To test the efﬁciency of doxorubicin combined with
naringenin on tumor growth in vivo, LLC subcutaneous model

Fig. 4. Naringenin does not affect the expression of MDR1, MRP1 and MRP2. A reverse transcription-PCR analyses of mRNA levels of
MDR1, MRP1, MRP2, MRP3, MRP4, MRP5 and MRP6 in A549, MCF-7, HepG2 and MCF-7/DOX cells. B ﬂow cytometry detection of P-gp
expression in A549, MCF-7, HepG2 and MCF-7/DOX cells. C P-gp expression estimated by ﬂow cytometry assay in A549, MCF-7, HepG2 and
MCF-7/DOX cells (n=3). Columns, mean; Bars, SE. D reverse transcription-PCR analyses of mRNA levels of MDR1, MRP1 and MRP2 in
A549, MCF-7, HepG2 and MCF-7/DOX cells after 12 h treatment with naringenin or verapamil.

Naringenin Selectively Inhibits MRPs
was used. As shown in Fig. 7 A, tumor growth in mice treated
with doxorubicin in combination with naringenin was dramatically decreased after oral administration of naringenin for
3 weeks, compared to mice treated doxorubicin alone.
Treatment with naringenin alone had no difference in delaying
tumor growth compared with untreated control mice. Moreover, as Fig. 7B shown, the mice that were given doxorubicin
alone showed a decrease in body weight. In contrast, mice
treated with the same dose of doxorubicin combined with
naringenin began to gain weight at the start of treatment and
attained body weight equal to that of control on day 35 (P>
0.05). The results demonstrate that naringenin might synergistically enhance the antitumor effect of doxorubicin.

DISCUSSION
To our knowledge, this is the ﬁrst time to demonstrate
that naringenin enhances the sensitivity of cancer cells to
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doxorubicin via selectively inhibiting the activity of MRPs
and in turn increasing the accumulation of drug in the tumor
cells, which express MRPs but not P-gp. Naringenin has a
little or no effect on the tumor cells with intrinsic and/or
acquired resistance to chemotherapeutic drugs by overexpressing P-gp. This is in agreement with the previous report
(35). Naringenin did not increase the uptake of Rho123 in all
four tumor cell lines that indicates that naringenin has no
inﬂuence on the transports of Rho123. However, naringenin
strikingly increased the accumulation of 5-CFDA in all four
tumor cell lines that implies some transporters of 5-CFDA,
presumably MRPs, that are known to be expressed in these
cells, were inhibited by naringenin (Fig. 5A and C). A low
MRP1 and MRP2 inhibitory activity of naringenin has been
reported (20). This difference from our ﬁnding might be
explained by that the cell lines and the naringenin concentration used in our study were different from theirs. Verapamil only increased the uptake of Rho123 in the cells
overexpressing P-gp, but did not effect on the uptake of

Fig. 5. Naringenin increases the retention of intracellular 5-CFDA. A ﬂow cytometry determination of 5-CFDA uptake in A549, MCF-7,
HepG2 and MCF-7/DOX cells after 1 h treatment with 100 μM naringenin or 10 μM verapamil. B ﬂow cytometry determination of Rho123
retention in A549, MCF-7, HepG2 and MCF-7/DOX cells after 1 h treatment with 100 μM naringenin or 10 μM verapamil. C intracellular 5CFDA ﬂuorescence estimated by ﬂow cytometry assay in A549, MCF-7, HepG2 and MCF-7/DOX cells after 1 h treatment with 100 μM
naringenin or 10 μM verapamil (n=4). Columns, mean; Bars, SE. D intracellular Rho123 ﬂuorescence estimated by ﬂow cytometry assay in
A549, MCF-7, HepG2 and MCF-7/DOX cells after 1 h treatment with 100 μM naringenin or 10 μM verapamil (n=4). Columns, mean; Bars,
SE. Values signiﬁcantly different from control cells were marked (*P<0.05; **P<0.01).
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Rho123 in the cells non-expressing P-gp. Verapamil did not
effect on the uptake of 5-CFDA in all four tumor cell lines.
Thus, verapamil deﬁnitely modulates P-gp’s function rather
than MRPs’ function. Naringenin and verapamil selectively
inhibit each substrate transport indicate that they modulate
separate the activity of multidrug resistance proteins.
To exclude the effect of naringenin on P-gp (MDR1),
MCF-7/Dox cells treated with siRNA of MDR1 (targeting
sequence: sense, 5′-GAAACCAACUGUCAGUGUA, 31)
to downregulate the expression of MDR1 gene and to
investigate efﬂux of doxorubicin mediated by this gene. The
expression of MDR1 mRNA was markedly reduced in the
cells treated with siRNA of MDR1 compared with untreated
cells or the cells treated with mock siRNA (sense 5′GAUACGAAUUGACACCGUA). The downregulation of

Zhang et al.
MDR1 signiﬁcantly increased the uptake of doxorubicin. The
increased uptake of doxorubicin in the combination of siRNA
with naringenin was much more than that of siRNA alone.
Furthermore, MCF-7 cells treated with siRNA of MRP1
(targeting sequence: sense, 5′-GAUGACACCUCUCAA
CAAAUU, 30) to downregulate the expression of MRP1
gene and to investigate efﬂux of doxorubicin mediated by the
gene. The expression of MRP1 mRNA was dramatically
decreased in the cells treated with siRNA of MRP1 compared
with untreated cells or the cells treated with mock siRNA.
The uptake of doxorubicin was signiﬁcantly increased by
downregulating MRP1. The combination of siRNA with
naringenin did not enhance the uptake of doxorubicin
compared with siRNA alone (Fig. 8). These results suggest
that naringenin enhances the intracellular accumulation of

Fig. 6. MK571 increases the retention of intracellular 5-CFDA and intracellular doxorubicin ﬂuorescence. A ﬂow cytometry analysis of the
intracellular doxorubicin ﬂuorescence in A549, MCF-7, HepG2 and MCF-7/DOX cells after 2 h treatment of doxorubicin in combination with
50 μM MK571. B ﬂow cytometry determination of 5-CFDA retention in A549, MCF-7, HepG2 and MCF-7/DOX cells after 1 h treatment with 50 μM
MK571. C ﬂow cytometry determination of Rho123 retention in A549, MCF-7, HepG2 and MCF-7/DOX cells after 1 h treatment with 50 μM
MK571. D intracellular doxorubicin ﬂuorescence estimated by ﬂow cytometry assay (n=3). E intracellular 5-CFDA ﬂuorescence estimated by ﬂow
cytometry assay (n=3). F intracellular Rho123 ﬂuorescence estimated by ﬂow cytometry assay (n=3). Columns, mean; Bars, SE. Values signiﬁcantly
different from control cells were marked (**P<0.01).
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doxorubicin by modulating MRPs (MRP1) but not P-gp
(MDR1).
Naringenin, at a non-cytotoxic concentration, in combination with doxorubicin increased the cytotoxicity of doxorubicin to A549 and MCF-7 cells. The enhanced cellular
accumulation of doxorubicin by naringenin is in line with its
increased cytotoxicity. Moreover, verapamil also showed the
increased cytotoxicity of doxorubicin to HepG2 and MCF-7/
DOX cells by raising its cellular concentration. These results
suggest the high intracellular concentration of doxorubicin
attributes to the added cytotoxicity. Annexin V/PI staining
and DNA fragment analysis further conﬁrmed that naringenin increased the sensitivity of A549 cells to doxorubicininduced apoptosis. This enhancement of cytotoxicity by
naringenin was not restrict to doxorubicin, but also observed
in other cytotoxic drugs including vinorelbine and daunorubicin (data not shown).
Verapamil, a well known inhibitor of the P-glycoproteininduced MDR phenotype, has been used to modulate the
activity of P-gp and to reverse the multidrug resistance
(32,33). However, our study showed that verapamil was
ineffective in increasing cytotoxicity of doxorubicin in the
non-expressing P-glycoprotein cells such as A549 and MCF-7
cells (Fig. 1). Some cancer cell lines overexpressing MRPs
and/or breast cancer and lung cancer resistance proteins
contribute to the multidrug resistance phenotype (19,36,37).
The modulation of ABC protein-related transporters as the
part of initial therapy may prevent subsequent emergence of
drug resistance (38,39). Our ﬁndings showed that naringenin
modulated the function of MRPs and enhanced the cellular
accumulation of doxorubicin, thus in turn increased its
cytotoxicity to cancer cells. Naringenin may be useful to
prevent or to reduce the development of the chemoresistance
phenotype in the non-expressing P-gp cancer cells by inhibiting MRPs activity. In addition, we found that naringenin
induced tumor cell apoptosis and had an antiangiogenic effect
(40). These may be useful for clinical cancer therapy (41).
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The combination of doxorubicin with naringenin had
increased antitumor activity in subcutaneous LLC tumor
model compared with doxorubicin alone (Fig. 7A). Moreover, mice treated with this combination showed fewer signs
of toxicity than that treated with doxorubicin only (Fig. 7B).
These results indicate that naringenin might synergistically
enhance the antitumor activity of doxorubicin, through
modulating the activity of MRPs, inducing the apoptosis and
inhibiting the angiogenesis. It may contribute to reducing the
systemic toxicity of doxorubicin that naringenin can prevent
heart from doxorubicin-induced cardiac toxicity (42). Our
unpublished data also showed that naringenin could effectively inhibit tumor growth by regulating the microenvironment in tumors. Therefore, naringenin could be potentially
useful in combination with chemotherapeutic agents for the
treatment of cancers in the clinic.
CONCLUSIONS
Our results clearly showed that naringenin enhanced the
sensitivities of cancer cells to doxorubicin both in vitro and in
vivo. The combination of naringenin with chemotherapeutic
agents may serve as a new approach for the treatment of
human cancers, particularly in cancers having intrinsic drug
resistance modulated by MRPs. However, further in-depth
studies including clinical trials are needed to fully evaluate
the value of naringenin in combination with chemotherapeutic agents for the treatment of human cancers.
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Fig. 7. The antitumor effect of doxorubicin combined with naringenin in vivo. A tumor growth kinetics; the
mean calculated tumor volume was plotted with error bars for clarity. N=10 mice per group. Mice received
50 mg/kg naringenin daily for 3 weeks (hollow diamonds), 5 mg/kg doxorubicin at day 7, day 14 and day 21
(filled triangles), a combination of 50 mg/kg naringenin daily for 3 weeks and 5 mg/kg doxorubicin three
times (hollow triangles), or saline buffer as the control (filled diamonds). B mean body weight of mice
treated with above regiments. N=10 mice per group; Bars, SE. Values signiﬁcantly different from
doxorubicin treated group were marked (*P<0.05; **P<0.01).
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Fig. 8. Combination of naringenin with siRNA of MDR1 increases the intracellular doxorubicin
ﬂuorescence. A reverse transcription-PCR analyses of mRNA levels of MRP1 in MCF-7 cells after 48 h
treatment with 100 nM siRNA of MRP1. B ﬂow cytometry analysis of the intracellular doxorubicin
ﬂuorescence in MCF-7 cells after 72 h treatment with 100 μM naringenin and 100 nM siRNA of MRP1. C
intracellular doxorubicin ﬂuorescence estimated by ﬂow cytometry assay in MCF-7 cells (n=3). Columns, mean;
Bars, SE. D reverse transcription-PCR analyses of mRNA levels of MDR1 in MCF-7/DOX cells after 48 h
treatment with 100 nM siRNA of MDR1. E ﬂow cytometry analysis of the intracellular doxorubicin ﬂuorescence
in MCF-7/DOX cells after 72 h treatment with 100 μM naringenin and 100 nM siRNA of MDR1. F intracellular
doxorubicin ﬂuorescence estimated by ﬂow cytometry assay in MCF-7/DOX cells (n=3). Columns, mean; Bars,
SE. Signiﬁcantly different values were marked (**P<0.01).
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