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Abstract. The present study aimed to investigate the reversal 
effect of resveratrol on the phenomenon of multidrug resistance 
in U2OS/adriamycin (ADR) cells and to clarify the molecular 
mechanisms. To examine the cell survival and half‑inhibitory 
concentration (IC50) of ADR in U2OS and U2OS/ADR 
cells, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay was used. The accumulation of ADR in U2OS 
and U2OS/ADR cells was investigated by flow cytometry. 
Reverse transcription‑quantitative polymerase chain reaction 
and western blot analysis were used to detect the expression 
of multidrug resistance protein 1 (MDR1), P‑glycoprotein 
(P‑gp), p65 and p38. Compared with U2OS cells, the IC50 

value of ADR was significantly increased in U2OS/ADR 
cells, which exhibited high levels of MDR1/P‑gp. However, 
resveratrol could drastically reduce the IC50 value of ADR and 
the expression of MDR1/P‑gp, and increased the accumula-
tion of ADR in U2OS/ADR cells. In addition, the expression 
levels of p38 (phosphorylated) and p65 (acetylated and total) 
in U2OS/ADR cells were also significantly suppressed by 
resveratrol. These results suggested that the nuclear factor 
(NF)‑κB and p38 mitogen-activated protein kinase (MAPK) 
signaling pathways are correlated with ADR‑induced drug 
resistance in U2OS/ADR cells. Furthermore, resveratrol could 
downregulate the expression of MDR1/P‑gp and reverse the 
drug resistance phenomenon in U2OS/ADR cells partly at 
least by suppressing the activation of the NF‑κB and p38 
MAPK signaling pathways.

Introduction

Osteosarcoma, a high‑grade malignant tumor associated 
with a 5‑year survival rate of 37% (1), is the most frequent 
primary bone tumor, and occurs mainly in children and 
adolescents (2,3). It is a highly malignant tumor that is often 
transferred via the blood stream to the lung, liver and other vital 
organs. The majority of current protocols for the treatment of 
osteosarcoma include a period of preoperative (neoadjuvant) 
chemotherapy (4). Chemotherapy drugs, including adriamycin 
(ADR), methotrexate and cyclophosphamide, are also applied 
in patients with osteosarcoma to further kill osteosarcoma cells 
following amputation surgery (1-3). However, upon long‑term 
exposure of the tumor cells to chemotherapy drugs, the surface 
of the tumor cells may overexpress P‑glycoprotein (P‑gp), an 
adenosine triphosphate‑dependent drug efflux pump encoded 
by the multidrug resistance protein 1 (MDR1) gene (5,6). Over-
expressed P‑gp can mediate the efflux of a large number of 
intracellular chemotherapy drugs, thus leading to a significant 
reduction in the intracellular drug concentration (7,8), which 
causes drug resistance of tumor cells. Therefore, a reduction in 
the efflux of chemotherapy drugs can increase the concentra-
tion of chemotherapeutic agents in tumor cells and reverse the 
phenomenon of tumor drug resistance by inhibiting the func-
tion of P‑gp or reducing P‑gp expression (9‑11).

It is well known that P‑gp expression is closely associ-
ated with the nuclear factor (NF)‑κB signaling pathway (12), 
the mitogen‑activated protein kinase (MAPK) signaling 
pathway  (13), cylooxygenases‑2  (14) and phosphoinositide 
3‑kinase (15). NF‑κB can bind to the NF‑κB binding sites in 
the MDR1 promoter region, which results in the activation 
of the transcription of the MDR1 gene (16). In addition, p38 
MAPK may regulate P‑gp expression through the activation 
of NF‑κB expression (17). Thereby, the NF‑κB and MAPK 
signaling pathways play significant roles in the molecular 
mechanisms of P‑gp‑mediated multidrug resistance.

Resveratrol (trans‑3,4,5‑trihydroxystilbene) is a plant 
polyphenol present in grapes, peanuts and various other plants, 
and has potent effects in reversing multidrug resistance (18). 
Quan et al has reported that resveratrol successfully reversed 
multidrug resistance in KBv200 cells by downregulation 
of MDR1/P‑gp  (19). However, the reversal mechanism of 
multidrug resistance is still unknown. The present study 
aimed to investigate whether resveratrol could reverse the 
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phenomenon of multidrug resistance in U2OS/ADR cells, an 
ADR‑resistant human osteosarcoma cell line, and to investi-
gate the molecular mechanisms.

Materials and methods

Chemicals. Resveratrol of >99% purity was purchased from 
Dalian Meilun Biotech Co., Ltd. (Dalian, China). ADR was 
purchased from Shenzhen Main Luck Pharmaceuticals, Inc. 
(Shenzhen, China), while 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) was obtained from USB 
Corporation (Cleveland, OH, USA). Anti‑p38 (phosphorylated 
and total; catalog nos. sc-7972 and sc-7973, respectively) 
and anti‑p65 (total; catalog no. sc-8008) antibodies were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA). Anti-p65 (acetylate; catalog no. A16567) was 
purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). Antibodies against β‑actin (catalog no. ab8226) 
and MDR1 (catalog no. ab3366) were purchased from Abcam 
(Cambridge, MA, USA). High glucose Dulbecco's modified 
Eagle (DMEM) medium and fetal bovine serum (FBS) were 
provided by Gibco (Thermo Fisher Scientific, Inc.). All other 
analytical grade chemicals used in the present study were 
readily available from commercial sources.

Cell culture. U2OS cells were purchased from Nanjing KeyGen 
Biotech Co., Ltd. (Nanjing, China) and were cultured in high 
glucose DMEM supplemented with 10% FBS, 100 U/ml peni-
cillin and 100 µg/ml streptomycin. Upon culture of U2OS cells 
in DMEM with 0.01, 0.04, 0.1, 0.4, 1.0 and 4.0 µg/ml ADR for 
6 months, U2OS/ADR cells were successfully induced. Then, 
U2OS/ADR cells steadily grew in high DMEM containing 
ADR (4.0 µg/ml). All cells were kept in an incubator at 37˚C 
with 95% humidity and 5% CO2.

Cytotoxicity assay and multidrug resistance reversal assay. 
Chemosensitivity in vitro was measured by means of MTT 
colorimetric assay performed in 96‑well plates. U2OS and 
U2OS/ADR cells (1x104 cells/ml) were inoculated into each 
well with 90 µl culture medium. Following overnight incuba-
tion, various concentrations of ADR (10 µl) with or without 
resveratrol were added to the cultures. Upon incubation for 
48 h, 10 µl of MTT reagent [5 mg/ml in phosphate‑buffered 
saline (PBS)] was added to each well, and left to incubate for 
an additional 4 h. A 100 µl aliquot of sodium dodecyl sulfate 
(SDS)‑isobutanol‑HCl solution (5% isobutanol, 10% SDS and 
12 µM HCl) was added and left to incubate overnight. Relative 
cell viability was obtained on a microplate reader (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) with a 570‑nm filter.

Reverse transcription‑quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was extracted using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. RNA pellets were resuspended 
in diethyl pyrocarbonate‑treated deionized water. RNA 
samples were analyzed by 15% agarose gel electrophoresis, 
and integrity was examined by visualization of intact 18S 
and 28S ribosomal RNA under ultraviolet light. Total RNA 
(1 µg) was used to prepare complementary (c)DNA by RT 
using a PrimeScript™ RT Reagent kit (Takara Biotechnology 

Co., Ltd., Dalian, China). The primer sequences were as 
follows: MDR1, forward (F) 5'‑GGA​GCC​TAC​TTG​GTG​
GCA​CATAA‑3' and reverse (R) 5'‑TGG​CAT​AGT​CAG​GAG​
CAA​ATG​AAC‑3' (20); and β‑actin, F 5'‑ATT​GAA​CAC​GGC​
ATT​GTCAC‑3' and R 5'‑CAT​CGG​AAC​CGC​TCA​TTG‑3'. 
The cDNA was amplified using SYBR® Premix Ex Taq kit 
(Takara Biotechnology Co., Ltd.) in a Mx3000P instrument 
(Agilent Technologies, Inc., Santa Clara, CA, USA). The PCR 
conditions were as follows: 1 cycle of denaturation at 95˚C 
for 30 sec, followed by 40 cycles of denaturation at 95˚C for 
5 sec and annealing at 60˚C for 34 sec. The PCR products 
were analyzed using the ΔΔCq method by ABI PRISM® 7500 
Real‑Time PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), and compared to the housekeeping gene 
β‑actin (20).

Western blotting. Upon incubation with or without resveratrol 
solutions for 48 h, U2OS and U2OS/ADR cells were collected 
and washed with PBS. Proteins were extracted using a total 
protein extraction kit (Nanjing KeyGen Biotech Co., Ltd.), 
according to the manufacturer's protocol. The proteins were 
separated by centrifugation at 12,000 x g for 30 min. Protein 
concentrations were measured using a bicinchoninic acid 
protein assay kit (Nanjing KeyGen Biotech Co., Ltd.). Proteins 
(60 µg) were resuspended in electrophoresis sample buffer 
containing β‑mercaptoethanol and subjected to 10% SDS‑poly-
acrylamide gel electrophoresis. Proteins were transferred 
onto a polyvinylidene difluoride membrane (EMD Millipore, 
Billerica, MA, USA), and then membranes were blocked using 
5% non‑fat milk in Tris‑buffered saline with 0.1% Tween 20 
(TBST) for 2 h at 37˚C. β‑actin served as a loading control. 
Membranes were incubated overnight at 4˚C with a 1:1,500 
dilution of polyclonal antibodies against MDR1 and β‑actin 
(Abcam), and with a 1:500 dilution of monoclonal antibodies 
against p38 (phosphorylated and total) and p65 (acetylated and 
total) (Santa Cruz Biotechnology, Inc.). Upon incubation with 
the primary antibody, membranes were rinsed three times with 
TBST and incubated for 2 h at 37˚C with a 1:1,500 dilution 
of anti‑mouse horseradish peroxidase‑conjugated secondary 
antibody (catalog no. sc-8008; Invitrogen, Thermo Fisher 
Scientific, Inc.). According to the manufacturer's protocol, 
membranes were exposed to Enhanced Chemilumines-
cence Plus reagent from Beyotime Institute of Biotechnology 
(Haimen, China), following extensive washing with TBST. 
The emitted light was documented with a BioSpectrum 410 
multispectral imaging system with a Chemi HR 410 camera 
(UVP, LLC, Upland, CA, USA). Protein bands were visualized 
and photographed under transmitted ultraviolet light. Images 
were used for semiquantitative measurements based on band 
densitometry.

Accumulation of ADR. U2OS and U2OS/ADR cells 
(5x105  cells/ml) were seeded in 6‑well plates. Following 
incubation in DMEM containing resveratrol (100 µM) at 37˚C 
for 48 h, U2OS and U2OS/ADR cells were incubated with 
10 µM ADR for 1 h at 37˚C, and then washed three times 
with ice‑cold PBS. The fluorescence intensity of intracellular 
ADR was determined by flow cytometry with an excitation 
wavelength of 488 nm and an emission wavelength of 575 nm 
(BD Biosciences, Franklin Lakes, NJ, USA) (21).
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Small interfering (si)RNA transfection. According to the 
manufacturer's protocol, U2OS/ADR cells (5x105 cells/ml) 
were seeded in 6‑well plates and transfected with specific 
siRNAs against p65 and p38 (Shanghai GenePharma Co., 
Ltd., Shanghai, China) at a concentration of 100 nM using 
LipofectamineTM 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells transfected with control siRNA were 
pooled and used as a negative control. The sequences of 
the siRNA targeting human p65 were: Sense, 5'‑GAU​UGA​
GGA​GAA​ACG​UAAA‑3' and antisense, 5'‑UUU​ACG​UUU​
CUC​CUC​AAUC‑3'  (22). The siRNA sequences used to 

target human p38 (23) were: Sense, 5'‑CCC​UGU​AAA​GCU​
UUC​AGAA‑3' and antisense, 5'‑UUC​UGA​AAG​CUU​UAC​
AGGG‑3'. The transfected cells were incubated at 37˚C in 
serum‑free DMEM. After transfection for 6 h, cells were 
cultured in DMEM with 10% FBS. After growing for addi-
tional 48 h, cells were collected for western blot analysis to 
determine the levels of the indicated proteins.

Statistical analysis. Statistical analysis was performed using 
SPSS version 11.0 software (SPSS, Inc., Chicago, IL, USA). 

Figure 1. Characterization of U2OS and U2OS/ADR cells. (A) Effects of ADR on the viability of U2OS and U2OS/ADR cells. (B) Expression of MDR1 
messenger RNA by reverse transcription‑quantitative polymerase chain reaction analysis in U2OS and U2OS/ADR cells. (C) P‑gp expression was detected in 
U2OS and U2OS/ADR cells by western blotting. MDR1/P‑gp expression was normalized to β‑actin level. Data are expressed as the mean ± standard deviation. 
(**P<0.01 vs. U2OS cells group; n=6). ADR, adriamycin; P-gp, P-glycoprotein; mRNA, messenger RNA; MDR1, multidrug resistance protein 1.

Figure 2. Effects of resveratrol on the survival of U2OS/adriamycin cells. 
Data are expressed as the mean ± standard deviation (n=6). ADR, adriamycin.

  A

  B   C

Figure 3. Resveratrol increased the sensitivity of U2OS/ADR cells to ADR. 
Data are expressed as the mean ± standard deviation (*P<0.05; **P<0.01 vs. 
control group; n=6). ADR, adriamycin.
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Group data were expressed as the mean ± standard deviation. 
Statistically significant differences of data from two sets were 
compared using one‑way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Multidrug resistance of U2OS/ADR cells. In order to verify the 
drug resistance of U2OS/ADR cells, MTT assay was applied 
to analyze the cell viability, once U2OS and U2OS/ADR cells 
had been incubated with various concentrations of ADR. ADR 
exerted cytotoxicity against U2OS and U2OS/ADR cells with 
IC50 values of 2.7±0.4 and 31.7±2.9 µM, respectively (Fig. 1A). 
These results indicated that there was a remarkable drug resis-
tance to ADR in U2OS/ADR cells.

In addition, the messenger (m)RNA expression of MDR1 
in U2OS/ADR cells was ~14.7 times higher than that in U2OS 
cells (Fig. 1B). Compared with U2OS cells, the protein expres-
sion of P‑gp in U2OS/ADR cells was notably upregulated 
(~8.94‑fold) (Fig. 1C). These findings demonstrated that the 
phenomenon of drug resistance was at least partly associated 
with the overexpression of P‑gp in U2OS/ADR cells.

Reversal effect of resveratrol on U2OS/ADR cells. The effect 
of resveratrol on U2OS/ADR cells growth was determined 

with MTT assay. The results demonstrated that concentrations 
of resveratrol ranging from 10 to 100 µmol/l did not exert 
inhibitory effects on the growth of U2OS/ADR cells, since 
the cell survival rate was >90% (Fig. 2). However, higher 
concentrations of resveratrol (200‑400  µmol/l) exhibited 
significant anti‑proliferative effects on these cells (P<0.01; 
Fig. 2). Therefore, 100 µmol/l was selected as the concentra-
tion of resveratrol required to reverse multidrug resistance in 
U2OS/ADR cells.

After being incubated with resveratrol (100 µmol/l) for 
48  h, U2OS/ADR cells displayed increased sensitivity to 
ADR (Fig. 3). The IC50 value of ADR in U2OS/ADR cells was 
reduced to 4.7±0.5 µM by resveratrol (100 µmol/l). This result 
indicated that resveratrol could reverse the drug resistance of 
U2OS/ADR cells towards ADR.

Accumulation of ADR in U2OS and U2OS/ADR cells. Due to 
the autofluorescence capacity of ADR, fluorescence intensity 
was used as an indicator of ADR intracellular accumulation. 
After U2OS and U2OS/ADR cells had been pre‑incubated 
with 100 µM resveratrol for 48 h, cells were incubated with 
10 µM ADR for 1 h, and flow cytometry was then performed 
to detect the fluorescence intensity of ADR in the cells. The 
mean fluorescence intensity of ADR in U2OS/ADR cells 
was 58.1% lower than that in U2OS cells (Fig. 4). However, 

Figure 4. Resveratrol increased the accumulation of ADR in U2OS/ADR cells. (A) U2OS control cells. (B) U2OS/ADR control cells. Untreated (C) U2OS and  
(D) U2OS/ADR cells were incubated with 10 µM ADR for 1 h. (E) U2OS/ADR cells were treated with 100 µM resveratrol for 48 h and then incubated with 
10 µM ADR for 1 h. (F) Following incubation with 10 µM ADR for 1 h at 37˚C, the mean ADR fluorescence intensity comparison in U2OS, U2OS/ADR and 
U2OS/ADR cells treated with 100 µM resveratrol for 48 h was evaluated. Data are expressed as the mean ± standard deviation (**P<0.01 vs. untreated U2OS 
cells group; ##P<0.01 vs. untreated U2OS/ADR cells group; n=6). ADR, adriamycin.

  F  E  D

  C  B  A
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the intracellular accumulation of ADR in U2OS/ADR cells 
was significantly increased by resveratrol (P<0.01), and 
the fluorescence intensity of ADR in resveratrol‑treated 
U2OS/ADR cells increased by 1.99‑fold compared with 
untreated U2OS/ADR cells (P<0.01; Fig. 4). These findings 
indicated that resveratrol could significantly increase the 
intracellular accumulation of ADR in U2OS/ADR cells.

Resveratrol decreases the expression of MDR1/P‑gp in 
U2OS/ADR cells. In the reversal experiment, resveratrol 
could reverse the drug resistance of U2OS/ADR cells towards 
ADR. To explore the molecular mechanisms, the expression 
levels of MDR1/P‑gp were detected by RT‑qPCR and western 
blotting. After incubation with resveratrol (100 µmol/l) for 
24, 48 and 72 h, the mRNA expression level of MDR1 in 
U2OS/ADR cells decreased to 32.8, 11.1 and 9.1%, respec-
tively, in comparison with untreated U2OS/ADR cells 
(Fig. 5A). In addition, compared with untreated U2OS/ADR 
cells, treatment with 25, 50 and 100 µmol/l of resveratrol 
for 48 h led to a reduction in the mRNA expression level 
of MDR1 (40.0, 23.4 and 9.2%, respectively) in U2OS/ADR 
cells (Fig. 5B). The protein expression of P‑gp was consistent 
with the results of RT‑qPCR (Fig. 5C and D). The findings 
indicated that resveratrol could downregulate the mRNA and 
protein expression of MDR1/P‑gp.

Resveratrol decreases the expression of p38 and p65 in 
U2OS/ADR cells. In order to investigate whether the downreg-
ulation of the expression of P‑gp by resveratrol in U2OS/ADR 
cells was associated with p38 and p65, the expression levels of 
p38 and p65 in U2OS/ADR cells were investigated. Although 
the results of western blotting analysis demonstrated that the 
expression levels of total p38 were not changed, the expression 
levels of p38 (phosphorylated) and p65 (acetylated and total) in 
U2OS/ADR cells were significantly suppressed in comparison 
with untreated U2OS/ADR cells after 48‑h incubation with 25, 
50 and 100 µmol/l of resveratrol (Fig. 6). These results indi-
cated that resveratrol downregulated the expression of P‑gp at 
least partly by suppressing the activation of the NF‑κB and 
p38 MAPK signaling pathways in U2OS/ADR cells.

p38 and p65 regulate the expression of P‑gp in U2OS/ADR 
cells. In order to explore whether p38 and p65 could regulate 
the expression of P‑gp in U2OS/ADR cells, siRNAs specific for 
p38 and p65 were applied to knock down p38 and p65, respec-
tively. U2OS/ADR cells were transfected with siRNA for p38 or 
p65, and the protein level of p38 (phosphorylated and total) or 
p65 (acetylated and total) was significantly reduced (Fig. 7). In 
addition, the protein level of P‑gp was also significantly reduced 
(Fig. 7). These findings revealed that the expression of P‑gp was 
at least partly associated with p38 and p65 in U2OS/ADR cells.

Figure 5. Effects of resveratrol on MDR1/P‑gp expression in U2OS/adriamycin cells. Cells were incubated with (A) 100 µM resveratrol for 0‑72 h or (B) with 
various concentrations of resveratrol for 48 h. MDR1 messenger RNA expression was analyzed by reverse transcription‑quantitative polymerase chain reac-
tion. Cells were incubated with (C) 100 µM resveratrol for 0‑72 h or (D) with various concentrations of resveratrol for 48 h. P‑gp expression was analyzed by 
western blotting and normalized to β‑actin level. Data are expressed as the mean ± standard deviation (**P<0.01 vs. untreated U2OS cells group; n=6). P-gp, 
P-glycoprotein; mRNA, messenger RNA; MDR1, multidrug resistance protein 1.
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Figure 7. P‑gp protein expression was regulated by NF‑κB p65 and p38 MAPK. (A) The protein levels of p65 (acetylated and total), P‑gp and β‑actin were 
determined using western blotting, following the knockdown of NF‑κB p65 in U2OS/ADR cells using siRNA. (B) The protein levels of p38 (phosphorylated 
and total), P‑gp and β‑actin were determined using western blotting, following the knockdown of p38 MAPK in U2OS/ADR cells using siRNA. Data are 
expressed as the mean ± standard deviation (**P<0.01, expression of acetylated p65 and phosphorylated p38 in treated U2OS cells vs. untreated cells; ##P<0.01,  
expression of total p65 and p38 in treated U2OS cells vs. untreated cells; n=6). siRNA, small interfering RNA; P-gp, P-glycoprotein; NF‑κB, nuclear factor‑κB; 
MAPK, mitogen-activated protein kinase; ADR, adriamycin. 

  B

  A

Figure 6. Resveratrol downregulated the expression of P‑glycoprotein by inhibiting the nuclear factor‑κB p65 and p38 mitogen-activated protein kinase 
signaling pathways. The protein levels of p65 (acetylated and total), p38 (phosphorylated and total) and β‑actin in U2OS/adriamycin cells incubated without or 
with resveratrol (100 µM) for 48 h were determined using western blotting. The expression level of p65 (acetylated and total) was normalized to that of β‑actin. 
Phosphorylated p38 expression was normalized to p38 level. Data are expressed as the mean ± standard deviation (**P<0.01, expression of acetylated p65 and 
phosphorylated p38 in treated U2OS cells vs. untreated cells; ##P<0.01, expression of total p65 in treated U2OS cells vs. untreated cells; n=6).
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Discussion

Natural medicines have been widely used for anti‑oxidative 
stress, anti‑inflammation and reversal of multidrug resis-
tance of tumor cells in recent years (15,19). Resveratrol has 
an excellent effect on anti‑oxidative stress and anti‑inflam-
mation (24‑26), and it has the potential to ameliorate local 
inflammation by suppressing tumor necrosis factor‑α‑induced 
interleukin‑8 release (19,24-26). In addition, resveratrol can 
effectively inhibit NF‑κB and MAPK pathways  (27‑29). 
It is widely reported that the NF‑κB and MAPK signaling 
pathways play a major role in the molecular mechanisms 
of P‑gp‑mediated multidrug resistance, and overexpression 
of P‑gp is one of the important causes of multidrug resis-
tance of tumor cells  (12,13). Therefore, the present study 
investigated whether resveratrol could significantly reduce 
the levels of P‑gp expression and reverse the drug resistance 
of U2OS/ADR cells by inhibiting the NF‑κB and MAPK 
signaling pathways.

In order to verify the drug resistance of U2OS/ADR cells, 
the viabilities of U2OS and U2OS/ADR cells incubated with 
various concentrations of ADR were analyzed by MTT assay. 
The results indicated that the IC50 of U2OS/ADR cells was 
increased by 11.7‑fold (Fig. 1A). Overexpression of P‑gp has 
been reported as one of the important causes of multidrug 
resistance; thus, the expression of MDR1/P‑gp was examined 
by RT‑qPCR and western blotting. Compared with U2OS 
cells, the expression levels of MDR1/P‑gp were significantly 
increased in U2OS/ADR cells (Fig. 1B and C). These results 
suggested that U2OS/ADR cells had a remarkable drug 
resistance to ADR and that overexpression of P‑gp was an 
important cause of multidrug resistance in U2OS/ADR cells.

To investigate the effect of resveratrol on the reversal of 
multidrug resistance, the inhibition rate of various concentra-
tions of resveratrol on U2OS/ADR cells was evaluated. The 
results indicated that concentrations of resveratrol ranging 
from 10 to 100 µmol/l had no inhibitory effects on the growth 
of U2OS/ADR cells (Fig. 2). Therefore, a concentration of 
resveratrol of 100 µmol/l was selected to reverse multidrug 
resistance in U2OS/ADR cells. After U2OS/ADR cells had 
been incubated with resveratrol for 48 h, the IC50 value of 
ADR that exerted cytotoxicity against U2OS/ADR cells was 
remarkably reduced, and the intracellular accumulation of 
ADR was significantly increased (Figs. 3 and 4). These results 
indicated that resveratrol can reverse the drug resistance of 
U2OS/ADR cells to ADR. To explore the reversal mechanism 
of drug resistance, the levels of MDR1/P‑gp expression were 
investigated. The results indicated that resveratrol could 
decrease the expression of MDR1/P‑gp in U2OS/ADR cells in 
a time‑ and concentration‑dependent manner (Fig. 5). There-
fore, resveratrol can reverse drug resistance partly at least by 
reducing the expression of MDR1/P‑gp in U2OS/ADR cells.

It was previously reported that resveratrol could inhibit 
cell growth and proliferation, and induce apoptosis and arrest 
in the G0/G1 phase of the cell cycle by reducing the activity 
of NF‑κB in tumor cells  (29,30). Furthermore, resveratrol 
could also effectively inhibit the activation of the p38 MAPK 
signaling pathway (27). Therefore, the present study focused 
on the effect of resveratrol on the regulation of the activation 
of the NF‑κB and p38 MAPK signaling pathways. It was 

observed that the expression of p65 (acetylated and total) and 
p38 (phosphorylated) was suppressed upon incubation with 
resveratrol (Fig. 6). The NF‑κB signaling pathway is highly 
correlated with P‑gp‑mediated drug resistance (16). When 
the NF‑κB signaling pathway was activated, the expression of 
MDR1 was dramatically upregulated (12). In addition, the p38 
MAPK signaling pathway is associated with multidrug resis-
tance events (17). In order to clearly verify the phenomenon of 
NF‑κB and MAPK signaling‑mediated multidrug resistance 
in U2OS/ADR cells, the expression of NF‑κB p65 subunit 
(acetylated and total), p38 (phosphorylated and total) and P‑gp 
were examined following siRNA knockdown of p65 or p38. 
The results revealed that the expression of p65 (acetylated and 
total) and p38 (phosphorylated and total) was significantly 
reduced (Fig. 7). Furthermore, the expression P‑gp was consis-
tent with that of p65 and p38 (Fig. 7). These results confirmed 
that resveratrol reverses P‑gp‑mediated multidrug resistance of 
U2OS/ADR cells by suppressing the activation of the NF‑κB 
and p38 MAPK signaling pathways.

Numerous studies have reported that p38 MAPK can acti-
vate NF‑κB expression (31), and thus regulate P‑gp expression. 
The present study could not clarify whether the expression of 
p65 was directly downregulated by resveratrol or was corre-
lated with resveratrol‑induced suppression of the p38 MAPK 
signaling pathway in U2OS/ADR cells. Mulakayala  et  al 
confirmed that resveratrol may prevent the translocation of 
NF‑κB by interacting with it, and may also prevent the binding 
of NF‑κB to DNA by interacting with the residues involved 
in DNA binding, according to the results of the analysis with 
AutoDock 4.2 software (32). The interaction of resveratrol and 
p38 MAPK would be investigated in further studies.

In conclusion, the NF‑κB and p38 MAPK signaling path-
ways are correlated with ADR‑induced drug resistance in 
U2OS/ADR cells. Furthermore, resveratrol can downregulate 
the expression of P‑gp and reverse the drug resistance of 
U2OS/ADR cells at least partly by suppressing the activation 
of the NF‑κB and p38 MAPK signaling pathways.
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