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Abstract. Multidrug resistance (MDR) remains a formidable 
challenge in the use of chemotherapy and represents a powerful 
obstacle to the treatment of leukemia. ATP-binding cassette 
subfamily B member 1 (ABCB1) is a recognized factor which 
causes MDR and is closely related to poor outcome and 
relapse in leukemia. Ongoing research concerning the strategy 
for inhibiting the abnormally high activity of the ABCB1 
transporter is critically needed. In the present study, we sought 
to elucidate the interaction between ABCB1 transporter and 
butorphanol. Our results showed that butorphanol significantly 
antagonized ABCB1-mediated drug efflux and increased the 
intracellular drug concentration by inhibiting the transport 
activity of ABCB1 in leukemia cells. Mechanistic investiga-
tions demonstrated that butorphanol did not alter the protein 
expression or localization of ABCB1 in HL60/VCR and 
K562/ADR cells. Furthermore, homology modeling indicated 
that butorphanol could fit into the large drug-binding cavity 
of ABCB1 and form a binding conformation. In conclusion, 
butorphanol reversed the ABCB1-mediated MDR in leukemia 
cells by directly suppressing the efflux activity of ABCB1.

Introduction

The optimal use of chemotherapeutics, which allows patients to 
achieve a completely hematologic remission, is an effective and 

crucial strategy for leukemia patients (1). However, only 40% 
of patients achieve a 5-year survival (2), since most patients 
relapse quickly after withdrawal of anticancer drugs. What is 
worse, advanced stage patients frequently develop resistance 
to drugs while receiving treatment. Intrinsic and acquired 
multidrug resistance (MDR) is a phenomenon whereby tumor 
cells are resistant to structurally and mechanistically distinct 
classes of compounds. MDR remains a major impediment 
to the decrease in relapse rates in leukemia patients (3). At 
present, one of the most recognized mechanisms of MDR is 
overexpression of ATP-binding cassette (ABC) transporters 
which reduce intracellular drug concentrations leading to 
cancer cell resistance. Among the ABC family proteins, 
ABC subfamily B member 1 (ABCB1) is closely associated 
with recurrence and a poor therapeutic response in leukemia 
patients (4).

ABCB1 (also named P-glycoprotein or MDR1), which 
is a 170-kDa transporter, consists of two nucleotide binding 
domains (NBDs) and two transmembrane domains (TMDs) (5). 
Leukemia cells often express a high level of ABCB1 and 
more than 50% of conventional chemotherapeutics undergo 
ABCB1-mediated efflux (6). Accordingly, ABCB1 is regarded 
as an indicator of malignancy. Interfering with the activity 
of ABCB1 may effectively circumvent ABCB1-mediated 
drug resistance and improve the clinical efficacy of leukemia 
chemotherapy (7). Currently, numerous studies have sought to 
identify and develop effective and safe inhibitors of the ABCB1 
transporter. Unfortunately, most studies have not confirmed 
sufficient efficacy or have been terminated due to the non-
specific toxicity associated with conventional chemotherapy 
drugs (8). The preliminary findings have aroused intensive 
interest to tackle these hurdles. Exploring natural ingredients 
or identifying potential sensitizers from a list of approved 
drugs in the clinic provide a promising approach for the 
development of ABCB1-modulating compounds. Butorphanol 
belongs to a prototypically mixed agonist-antagonist opioid 
analgesic with a weakly competitive µ-receptor agonist and 
strong κ-receptor agonist. Because of its compounded agonist-
antagonist functions, butorphanol owns less incidences of 
respiratory depression and pruritus but more balance anes-
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thesia. At present, butorphanol has been frequently applied in 
postoperative analgesia, labor analgesia and cancer analgesia, 
including malignant leukemia (9-11).

In the present study, we demonstrated that butorphanol, at a 
clinically used dose, obviously increased the chemosensitivity 
of drug-resistant leukemia cells to conventional anticancer 
drugs by directly inhibiting the efflux activity of ABCB1.

Materials and methods

Chemicals and reagents. Butorphanol was purchased from 
Jiangsu Hengrui Pharmaceutical Co. (Jiangsu, China). Doxo
rubicin (DOX), verapamil (VRP), cisplatin, vincristine (VCR) 
and other chemicals were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). Monoclonal antibodies against ABCB1 
(sc-55510) were obtained from Santa Cruz Biotechnology,  
Inc. (Santa Cruz, CA, USA). 1-(4,5-Dimethylthiazol-2-yl)-3,5-
diphenylformazan (MTT) was purchased from Zhongshan 
Golden Bridge Biotechmology (Beijing, China).

Cell lines and cell culture. HL60 and HL60/VCR cell lines 
were purchased from the Institute of Hematology, the Chinese 
Academy of Medical Sciences (Tianjin, China). K562 and 
K562/ADR cell lines were purchased from the International 
Medical Center of the First Central Hospital of Tianjin 
(Tianjin, China). HL60/VCR and K562/ADR cells were 
vincristine- and adriamycin-selected ABCB1-overexpressing 
cells, respectively (12). All of the cell lines were maintained 
in Dulbecco's modified Eagle's medium (DMEM) and 
RPMI-1640 medium with 10% fetal bovine serum (FBS) and 
1% antibiotic solution (penicillin-streptomycin) at 37˚C in a 
humidified atmosphere of 5% CO2 (11). All cells were grown 
in drug-free culture medium for 2 weeks before the assay.

Cytotoxicity assay. The aim of the MTT assay was to evaluate 
the sensitivity of leukemia cells to the drugs. Cells were seeded 
in 96-well plates and allowed to attach overnight. Afterwards, 
the cells were preincubated with or without butorphanol and 
verapamil for 1 h, and then various concentrations of chemo-
therapeutic drugs were added into the designated wells. After 
68 h, MTT was added into the wells for an additional 4-h 
incubation after which the yellow-colored MTT changed into 
dark-blue formazan crystals (13). Subsequently, the medium 
was discarded, and 120 µl of dimethylsulfoxide (DMSO) was 
added to each well. The absorbance was determined at 655 nm 
using a Model 550 microplate reader (Bio-Rad, Hercules, CA, 
USA). The concentration required to inhibit cell growth by 
50% (IC50) was calculated from survival curves using the Bliss 
methods (14). The resistance-fold was calculated by dividing 
the IC50 value for the MDR cells with or without inhibitor by 
that of the parental cells without inhibitor.

DOX accumulation. The intracellular DOX accumulation 
in the ABCB1-overexpressing cells (HL60/VCR) and their 
parental sensitive cells (HL60) was examined by flow 
cytometry. The logarithmically growing cells were treated 
with 1, 2 and 4 µM butorphanol and 5 µM verapamil at 37˚C for 
3 h (15). Then DOX (terminal concentration 10 µM) was added 
to the designated wells followed by incubation for 30 min and 
3 h, respectively. The cells were then collected, centrifuged 

and washed twice with cold phosphate-buffered saline (PBS). 
Cells were resuspended in 400 ml PBS and then analyzed by 
flow cytometry (Cytomics FC 500; Beckman Coulter, USA). 
Verapamil, which is known as an ABCB1 inhibitor, was used 
as a positive control. The relative values were calculated by 
dividing the fluoresence intensity of each measurement by that 
of the negative-control cells (16,17).

Western blotting. Cell extracts were collected in cell lysis 
buffer for 20 min on ice, and then the cells were centrifuged 
at 12,000 rpm at 48˚C for 15 min. Equal amounts of proteins 
were resolved by SDS-PAGE and transferred onto nitrocel-
lulose membranes. Following blocking in 5% non-fat milk 
in Tris-buffered saline and Tween-20 (TBST) buffer for 2 h 
at room temperature, the cells were incubated with appro-
priately diluted primary antibodies overnight at 4˚C  (18). 
The membranes were then washed thrice with TBST buffer 
and incubated with HRP-conjugated secondary antibody at 
a 1:5,000 dilution for 2 h at room temperature. After being 
washed thrice with TBST buffer, the protein antibody complex 
was visualized using the enhanced Phototope™-HRP detec-
tion kit (Cell Signaling, USA) and exposed to a Kodak medical 
X-ray processor (Carestream Health, USA). The expression of 
GAPDH was used as a loading control. The protein expression 
level was quantified using gray value analysis software (17).

Immunofluorescence staining. For immunocytochemical 
analysis, the cells were seeded in 24-well plates, and butor-
phanol at 4 µM was added to the wells after overnight culture. 
After 72 h of incubation, the cells were washed with PBS 
and fixed with 4% paraformaldehyde for 15  min at room 
temperature and then rinsed with PBS three times (19). The 
cells were treated with a monoclonal antibody against ABCB1 
(1:500) (Sigma Chemical Co.) and incubated overnight. Alexa 
Fluor 488 goat anti-mouse IgG was added and cultured for 1 h. 
Immunofluorescence images were captured with an inverted 
microscope (Olympus IX70; Olympus, Center Valley, PA, 
USA) with IX-FLA fluorescence and a CCD camera (20).

Docking simulation. All docking calculations were performed 
using the ‘Extra Precision’ (XP) mode of Glide program 
v5.5 (Schrödinger, Inc., New York, NY, USA, 2009) and the 
default parameters. The top scoring pose-ABCB1 complex 
was then subjected to energy minimization using MacroModel 
program v9.7 using the OPLS-AA force field and used for 
graphical analysis. All computations were carried out on a 
Dell Precision 470n dual processor with Linux OS (Red Hat 
Enterprise WS 4.0) (21).

Statistical analysis. All experiments were repeated at least 
three times, and the Student's t-test was used to determine 
differences. Statistical significance was determined at p<0.05.

Results

Reversal effects of butorphanol on ABCB1-overexpressing 
leukemia cells. In order to investigate the reversal effects of 
butorphanol, we initially evaluated its cytotoxicity. The results 
are shown in Fig. 1A and B. The intrinsic cytotoxic effect of 
butorphanol on various cell lines was examined by MTT assay. 
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Notably, the results showed that butorphanol at 4 µM had no 
obviously cytotoxic effect on all cell lines used in the assay, 
and >85% cells survived. The IC50 values were 1.76±0.09, 
1.64±0.1, 1.89±0.14 and 1.43±0.09 µmol/l for the K562, K562/
ADR, HL60 and HL60/VCR cell lines, respectively. Thus, 
butorphanol at 4 µM was chosen as the maximum working 
concentration for further reversal assay.

Based on the above concentration, the IC50 values of 
DOX, VCR and cisplatin in resistant cells (HL60/VCR and 
K562/ADR) and sensitive cells (HL60 and K562) without 
or combined with different concentrations of butorphanol, 
respectively, are provided in Tables I and II. Butorphanol, at 
4 µM, obviously decreased the IC50 values of ABCB1 substrates 
DOX and VCR in the ABCB1-overexpressing HL60/VCR and 
K562/ADR cells, while butorphanol did not change the IC50 
values of these chemotherapeutic drugs in the parental HL60 
and K562 cells. Meanwhile, the reversal effects were similar 
to verapamil at 5 µM which is a well-known ABCB1 inhibitor. 
Yet, butorphanol did not affect the IC50 values of cisplatin 
in both the sensitive and resistant cells. Cisplatin is not a 
substrate of ABCB1. These results showed that butorphanol at 
4 µM was able to reverse resistance to DOX and VCR in the 
HL60/VCR and K562/ADR cells. Yet, in the parental HL60 

and K562 cells, the IC50 values of DOX and VCR were not 
significantly different in the presence or absence of buotor-
phanol. Thus, our results suggest that butorphanol sensitizes 
ABCB1-overexpressing cells to chemotherapeutic agents 
which are ABCB1 substrates.

Increased DOX accumulation by butorphanol in the 
HL60/VCR cells. To explore the potential mechanism of 
butorphanol in HL60/VCR and K562/ADR cells, we exam-
ined the intracellular accumulation levels of DOX in the 
HL60/VCR cells and counterpart HL60 cells, respectively. 
As shown in Fig. 2A and B, in the absence of butorphanol, 
the fluorescence of DOX was lower in the resistant cells than 
that in the sensitive cells. Yet, combined with 1, 2 or 4 µM 
butorphanol, accumulation levels of DOX in the HL60/VCR 
cells was obviously increased by 2.3-, 3.47- and 5.91-fold, 
respectively. The intracellular accumulation effect of DOX 
with 4 µM of butorphanol was similar to that with 5 µM 
of verapamil. However, neither butorphanol nor verapamil 
affected the intracellular levels of DOX in the HL60 cells. 
These results indicated that butorphanol increased the intra-
cellular accumulation of DOX in the HL60/VCR cells in a 
concentration-dependent manner.

Table I. Effect of butorphanol on reversing ABCB1-mediated 
MDR to doxorubicin (DOX), verapamil, cisplatin and vin-
cristine (VCR) in the sensitive (K562) and drug-resistant 
(K562/ADR) cells.

	 IC50 ± SDa (µM) (resistance fold)
	 -------------------------------------------------------------------------------------
Treatment	 K562	 K562/ADR

DOX	 0.154±0.015 (1.00)b	 7.412±0.117 (48.13)
  +Butor 1 (µM)	 0.149±0.008 (0.97)	 3.32±0.094 (21.58)c

  +Butor 2	 0.155±0.014 (1.01)	 2.32±0.037 (15.04)c

  +Butor 4	 0.146±0.001 (0.95)	 1.482±0.021 (9.63)c

  +Verapamil 5	 0.153±0.011 (0.99)	 1.457±0.018 (9.42)c

VCR	 0.030±0.002 (1.00)b	 3.252±0.381 (108.4)
  +Butor 1 (µM)	 0.029±0.001 (0.98)	 1.47±0.172 (49.03)c

  +Butor 2	 0.029±0.001 (0.98)	 1.08±0.105 (36.00)c

  +Butor 4	 0.031±0.002 (1.03)	 0.62±0.081 (20.68)c

  +Verapamil 5	 0.029±0.001 (0.97)	 0.61±0.085 (20.08)c

Cisplatin	 1.63±0.174 (1.00)b	 2.35±0.481 (1.43)
  +Butor 1 (µM)	 1.52±0.165 (0.93)	 2.40±0.427 (1.47)
  +Butor 2	 1.63±0.152 (1.00)	 2.34±0.445 (1.44)
  +Butor 4	 1.60±0.149 (0.98)	 2.27±0.385 (1.39)
  +Verapamil 5	 1.55±0.161 (0.95)	 2.28±0.392 (1.30)

aIC50 values are represented as mean  ±  SD of three independent 
experiments performed in triplicate. bThe fold reversal of MDR 
(values given in parentheses) was calculated by dividing the IC50 
values of substrate in drug-resistant cells in the absence or presence 
of inhibitor or K562 cells with inhibitor, by the IC50 value of K562 
cells without inhibitor. cp<0.01, significantly different from values 
obtained in the absence of inhibitor. ABCB1, ATP-binding cassette 
subfamily  B member  1; MDR, multidrug resistance; SD, standard 
deviation; Butor, butorphanol.

Table II. Effect of butorphanol on reversing ABCB1-mediated 
MDR to doxorubicin (DOX), verapamil, cisplatin and vincris-
tine (VCR) in the sensitive (HL60) and drug-resistant (HL60/
VCR) cells.

	 IC50 ± SDa (µM) (resistance folds)
	 -------------------------------------------------------------------------------------
Treatment	 HL60	 HL60/VCR

DOX	 67±11.0 (1.00)b	 2,532.6±151 (37.8)
  +Butor 1 (µM)	 65±9.0 (0.97)	 1,326.6±232 (19.8)c

  +Butor 2	 69±10.0 (1.03)	 703.2±33.5 (10.5)c

  +Butor 4	 60±8.0 (0.92)	 506.5±35.6 (7.56)c

  +Verapamil 5	 62±8.2 (0.93)	 482.4±22.57 (7.2)c

VCR	 2.7±0.8 (1.00)b	 63.8±8.5 (23.4)
  +Butor 1 (µM)	 2.58±0.75 (0.95)	 28.43±3.80 (10.53)c

  +Butor 2	 2.63±0.87 (0.97)	 19.44±2.65 (7.2)c

  +Butor 4	 2.85±0.61 (1.06)	 12.96±1.53 (4.8)c

  +Verapamil 5	 2.78±0.70 (1.03)	 10.55±2.19 (3.9)c

Cisplatin	 1,374±90.15 (1.00)b	 1,701±94.16 (1.23)
  +Butor 1 (µM)	 1,410±102.60 (1.02)	 1,649±92.54 (1.20)
  +Butor 2	 1,319±88.29 (0.96)	 1,662±92.30 (1.21)
  +Butor 4	 1,370±85.41 (1.00)	 1,648±90.75 (1.20)
  +Verapamil 5	 1,358±190.13 (0.99)	 1,607.6±90.57 (1.17)

aIC50 values are represented as mean  ±  SD of three independent 
experiments performed in triplicate. bThe fold reversal of MDR 
(values given in parentheses) was calculated by dividing the IC50 
values of substrate in drug-resistant cells in the absence or presence 
of inhibitor or HL60 cells with inhibitor, by the IC50 values of HL60 
cells without inhibitor. cp<0.01, significantly different from those 
obtained in the absence of inhibitor. ABCB1, ATP-binding cassette 
subfamily  B member  1; MDR, multidrug resistance; SD, standard 
deviations Butor, butorphanol.
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Effect of butorphanol on the expression levels and cellular 
localizations of ABCB1. To evaluate whether butorphanol 
alters the protein expression of ABCB1, we examined the 
protein levels of ABCB1 following treatment with butorphanol 
at 4 µM for 0, 24, 48 and 72 h in the HL60/VCR and K562/
ADR cells. The protein levels of ABCB1 were not significantly 
altered after incubation with butorphanol at 4 µM for up to 
72 h (Fig. 3A-D). In addition, we also tested the localization of 
ABCB1 in the HL60/VCR cells in the presence of butorphanol 
when treated with the drug for up to 72 h. There was no obvious 
modulation in regards to the surface localization of ABCB1 
between treatment with or without butorphanol in the HL60/
VCR cells (Fig. 3E). These results indicated that the reversal of 
ABCB1-mediated MDR by butorphanol was neither through 
altered expression nor translocation of ABCB1.

Model of molecular docking for butorphanol binding with 
ABCB1. To predict the binding conformation of the large cavity 
of the transmembrane region of ABCB1, we used a homology 
model of human ABCB1 to explore the potential binding 

mode with Glide docking software. There are three binding 
sites in the homology model of ABCB1: ABCB1-QZ59-RRR 
(site-1), ABCB1-QZ59-SSS (site-2) and ABCB1-verapamil 
(site-3). The binding energy data (Glide scores for butorphanol 
at site-1 to site-3) suggest that site-1 is the most suitable one. 
The predicted docking conformation of butorphanol with 
the large hydrophobic drug binding cavity (site-1) of human 
ABCB1 is shown in Fig. 4A and B. The 3.14-morphinan group 
is stabilized into a hydrophobic pocket formed by residues 
IIe340, Met68, Phe75, Tyr307, Phe339, IIe343, Phe951, Phe981 
and Val987. Moreover, the 17-cyclobutylmethyl formed 

Figure 1. Cytotoxicity assays of butorphanol in parental and drug-resistant cells. 
The cell cytotoxicity was measured by MTT assay as described in Materials 
and methods in (A) HL60 and ABCB1-overexpressing HL60/VCR cells and 
(B) K562 and ABCB1-overexpressing K562/ADR cells. Data are expressed as 
the mean ± standard deviation (SD) of triplicate independent determinations. 
Each experiment was repeated three times. ABCB1, ATP-binding cassette 
subfamily B member 1.

Figure 2. Effect of butorphanol on the accumulation of doxorubicin (DOX). 
(A and B) The accumulation of DOX in the HL60 and HL60/VCR cells 
was measured by flow cytometric analysis as described in Materials and 
methods. All experiments were repeated at least thrice. Data are represented 
as mean ± SD. *p<0.01. 
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hydrophobic bond interacted with the side chain of Phe339 
and was stabilized through hydrophobic contact with the side 
chain of Met64, Phe335 and Ile330.

Discussion

In the present study, we first demonstrated that butorphanol, 
a kind of opioid analgesics, owns potentially antineoplastic 
function via reversal of ABCB1-mediated MDR in leukemia 
cell lines.

Over the past three decades, obvious developments have 
been achieved in the treatment options for leukemia and 

improvements in the clinical effects of anticancer drugs 
have been noted. Following standard first-line treatment, 
adults with leukemia have a 60-90% chance of attaining a 
completely hematologic remission  (22). Unfortunately, the 
estimated 5-year survival of 40% is extremely low, since 
most patients subsequently suffer relapse after withdrawal 
of cytotoxic agents. Moreover, there is no effective therapy 
for patients with relapse  (23). MDR has been known as 
the mainly contributing factor to treatment failure, and its 
involvement has become a primary cause of mortality and 
a formidable impediment to achieving long-term remission 
in leukemia (24). The universally recognized mechanism of 

Figure 3. Butorphanol did not affect the protein expression level and localization of ABCB1 in the ABCB1-overexpression cells. (A and C) HL60/VCR cells 
were tested after treatment with butorphanol 4 µM for 0, 24, 48 and 72 h with western blotting, and (B and D) grayscale ratios of ABCB1 were analyzed 
with ImageJ. The grayscale ratios were proportional to ABCB1 protein levels. (E) Immunofluorescence staining was used to show the cellular localization of 
ABCB1 in the HL60/VCR cells after treatment with butorphanol for 72 h. ABCB1 staining is shown in red. Fluorescent DAPI (blue) was used to counterstain 
the nuclei. ABCB1, ATP-binding cassette subfamily B member 1.
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MDR may be the overexpression of ABC transporters which 
can weaken the cytotoxic effect of chemotherapeutic agents 
via transferring drugs to the cell exterior (25). A clinical meta-
analysis of 1,826 patients found that an increased ABCB1 level 
in leukemia patients confers a worse response to conventional 
anticancer drugs (26). Recent studies have also identified that 
leukemia cells with high levels of ABCB1 produce stubborn 
resistance to imatinib which represents a standard regimen for 

the first-line treatment of leukemia (27). Thus, ABCB1 may be 
a potential target for successful chemotherapy of leukemia and 
a combination of ABCB1 inhibitors together with the chemo-
therapeutic regimen may be an effective strategy.

Over the last decade, a large number of ABCB1 inhibitors 
have been developed and are categorized into three generations 
based on sequential refinements in pharmacodynamic proper-
ties (28). Yet, most are limited in regards to their application in 
the clinic due to serious side-effects and unexpected interaction 
affecting pharmacokinetics (29). Therefore, the development 
of safe and effective ABCB1 inhibitors to overcome MDR is 
critical. Identification of previously approved drugs for use as 
chemotherapeutic sensitizers is a more efficient method which 
has been discussed broadly.

In the present study, we demonstrated that butorphanol 
reversed ABCB1-mediated MDR in leukemia cell lines at 
clinical doses by promoting the penetration of chemothera-
peutic agents into tumor cells, increasing their bioavailability 
and achieving a better treatment outcome in leukemia cells. 
As a type of synthetic opioid, butorphanol is applied to 
alleviate moderate to serious pain, such as intraoperative, 
postoperative and malignant trauma pain (30). Butorphanol 
is used to produce an intrinsic function in the treatment of 
leukemia (31,32). Based on these finding, butorphanol has the 
ability to overcome MDR in parallel with the suppression of 
pain in leukemia patients.

To evaluate the sufficient concentration and cytotox-
icity of butorphanol, we identified the maximum reversing 
concentration of butorphanol for combination treatment with 
antineoplastic drugs by MTT assay (Fig. 1A and B) (33). The 
results of the MTT assay showed that butorphanol at 4 µM 
did not restrain the growth of the cells used in the present 
study. The results of colony formation assay were consistent 
with the MTT assay (data not shown). Thus, butorphanol itself 
had no cytotoxic effect on the leukemia cells. As shown in 
Tables I and II, butorphanol had no additive or synergistic 
antitumor effect in sensitive cells, but in the resistant cells, 
butorphanol markedly increased the sensitivity to DOX and 
VCR of the HL60/VCR and K562/ADR cells, respectively. 
Compared with the saline group, the resistance fold was effec-
tively reduced to 7.5-fold by 4 µM butorphanol; the resistance 
rate was decreased by 76.4% compared with the group without 
butorphanol. The reversal effect of butorphanol was achieved 
in a dose‑dependent manner.

The obvious results induced us to investigate the reversal 
mechanism of butorphanol in the leukemia cells. We tested 
the drug accumulation of DOX in the HL60/VCR cells. The 
result of flow cytometric analyses demonstrated that butor-
phanol significantly increased the intracellular accumulation 
of Dox (Fig. 2A and B). Similar effects were not found in the 
parental HL60 cells (15). These observations were consistent 
with previous studies (34). Some studies have identified that 
there are two main ways leading to the reversal of MDR, 
reducing ABCB1 expression or inhibiting the efflux function of 
ABCB1 (35). Therefore, we examined the ABCB1 expression 
by treating the ABCB-overexpressing cells with butorphanol 
at 4 µM for 24, 48 and 72 h, respectively. The results showed 
that butorphanol did not alter the ABCB1 protein expression 
in the HL60/VCR and K562/ADR cells (Fig. 3A-D). In addi-
tion, there was no alteration in ABCB1 protein expression in 

Figure 4. XP-Glide predicts the binding mode of butorphanol with homology 
modeled ABCB1. (A) Human ABCB1. (B) Binding mode of butorphanol 
within the drug binding site-1 of human ABCB1. Important amino acids 
are depicted as sticks with the atoms colored carbon-green, hydrogen-white, 
nitrogen-blue, oxygen-red and sulfur-yellow; carbon atoms are represented 
in green. The dotted red line indicates electrostatic interactions. The ABCB1 
model is represented as MacroModel surface based on residue charge 
(hydrophobic‑green). ABCB1, ATP-binding cassette subfamily B member 1.
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the plasma membranes of the HL60/VCR cells after treatment 
with butorphanol (Fig. 3E). A number of recent studies have 
corroborated that numerous ABC modulators directly inhibit 
the pump function of ABC transporters without changing 
their protein expression levels, such as motesanib  (36), 
AST1306  (37) and tivozanib  (38). Notably, Hamabe  et  al 
reported that morphine, fentanyl and methadone can increase 
ABCB1 ATPase activity, and their concentration-responses 
are bell-shaped (39). Gonzalez et al also demonstrated that 
the ATPase activity was obviously higher in cells with low 
concentration of morphine than cells with morphine toler-
ance  (40). As an analogue of morphine, the structure and 
function of butorphanol are similar to morphine; thus, it may 
also have similar effects. Butorphanol at low concentrations 
competitively binds to the sites of ABCB1, leaving few sites 
for transporter substrates. When its concentration is beyond 
a threshold, butorphanol directly inhibits ATPase activity (7). 
Thus, we conclude that butorphanol potentiated the sensitivity 
of anticancer agents in HL60/VCR and K562/ADR cells 
through directly inhibiting the efflux function of ABCB1.

To further understand the mechanisms underlying the 
ABCB1 inhibitor butorphanol, we tested the docking simula-
tion of butorphanol and ABCB1 (21). Through docking score, 
we identified the most appropriate binding site. Electrostatic 
interaction of NH may form correct and stable conformations 
in the hydrophobic pocket of ABCB1. Cyclobutylmethyl and 
morphinan provide the predominant pharmacophoric features 
for docking at the ABCB transporter. Considering the above 
findings, butorphanol may be a better candidate as an ABCB1 
inhibitor in leukemia cells via providing a more effective and 
suitable method to prevent and correct ABCB1-mediated 
MDR, simultaneously suppressing cancer-related pain and 
enhancing the quality of life of these patients.

In conclusion, the discovery of butorphanol offers a 
potential method of the pharmacologic downregulation of 
ABCB1-mediated MDR in HL60/VCR and K562/ADR cells 
in vitro. These results suggest that butorphanol may be a new 
candidate as an ABCB1 inhibitor and may be combined with 
conventional anticancer drugs to overcome MDR. Butorphanol 
may also simultaneously improve the pain threshold of patients.

However, before butorphanol can be administered to 
leukemia patients further investigations are needed. Yet, the 
present study provides an important clue to explore new func-
tions of drugs that have been previously used in the clinic.
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