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Abstract. Multidrug resistance (MDR) to chemotherapeutic 
drugs is the main cause of chemotherapy failure in cancer treat-
ment, and it generally results from expression of ATP-dependent 
efflux pump P-glycoprotein (P-gp). MDR reversal agents 
typically act by inhibiting the drug efflux activity of P-gp, 
thereby increasing intracellular drug levels. PY35 is a novel 
5-substituted tetrandrine (Tet) derivative (CN Application 
No. 201210238709.6). The present study was performed to 
investigate the ability of PY35 to reverse P-gp-mediated MDR 
and its mechanism in resistant K562/Adriamycin  (ADM), 
MCF-7/ADM cells and their sensitive cell lines K562 and 
MCF-7. The ability of PY35 to reverse drug resistance was 
evaluated by MTT assay. The results showed that PY35 can 
reverse MDR more effectively than the drug prototype‑Tet. 
The P-gp function was assessed by the Rhodamine 123 (Rho-
123; a P-gp substrate) uptake assay with flow cytometry (FCM) 
and laser scanning confocal microscopes (LSCM); it showed 
that the MDR cells pumped Rho-123 out the cells, while 
their sensitive cells scarcely showed efflux. The presence of 
PY35 efficiently decreased the efflux of the Rho-123, showing 
that PY35 can reverse P-gp-mediated MDR by increasing 
the intracellular concentration of Rho-123. The intracellular 
accumulation of ADM was analyzed by FCM and showed 
that the coadministration of PY35 and ADM had clearer 
accumulation than the treatment of Tet and ADM, and was 
also more evident than treatment with only ADM. The effect 
of PY35 on the expression of P-gp was assessed by western 
blotting. The results indicated that PY35 does not inhibit the 
expression level of the P-gp. This study indicated that PY35 
can effectively reverse P-gp-mediated MDR, not by inhibiting 
the expression of P-gp, but by the coadministration of PY35 

and ADM that could increase the intracellular accumulation 
of drugs. Thus, PY35 may be a potential inhibitor to overcome 
drug resistance.

Introduction

Chemotherapy is one of the principal modes of treatment for 
cancer, but the effectiveness of chemotherapy is limited by 
multidrug resistance (MDR) (1), which generally results from 
the expression of P-glycoprotein (P-gp), the ATP-dependent 
efflux pump. MDR reversal agents typically act by inhibiting 
the drug efflux activity of P-gp, thereby increasing intracel-
lular drug levels. P-gp belongs to a family of ATP-binding 
cassette (ABC) transporters that have been grouped into seven 
subfamilies, designated ABCA-ABCG (2,3). ABCB1 encodes 
P-gp or MDR1, a 170-kDa glycoprotein widely expressed in 
plasma cell membranes of healthy human tissues and multi-
drug-resistant tumors (2,3). It has been demonstrated that there 
is a minimum of four drug binding sites on P-gp. These sites 
can be divided into two categories: transport sites, at which 
translocation of drug across the cellular membrane can occur, 
and regulatory sites, which modify P-gp function. In addition, 
some agents can inhibit P-gp activity by decreasing intracel-
lular ATP supply and inhibiting P-gp ATPase activity (4,5). 
To overcome the clinical problem of P-gp-mediated MDR, 
several generations pharmacological inhibitors of P-gp have 
been developed (6). The first-generation inhibitors such as 
verapamil (the calcium channel blockers) and the immu-
nosuppressant cyclosporin, reverse MDR by functioning 
as competitive substrates of P-gp (7), but they display low 
binding affinity to P-gp, thus precluding further investigation 
after phase I clinical trials (8). The second-generation agents 
are analogues of the first generation drugs (e.g. dexverapamil, 
valspodar and cinchonine) with supposedly higher selectivity 
and activity; however, there are several factors that limit their 
clinical use (9), including that they are often inhibitors of other 
ABC transporters as well (10-12). Another factor is that they 
may be substrates of cytochrome P-450 (CYP), resulting in 
pharmacokinetic interactions with increased host toxicity 
from cytotoxic drug overexposure (13-16). The third-gener-
ation agents are potentially able to overcome the limitations 
of previous generation compounds (8,10,17-19); they are not 
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substrates of P-gp, they act through noncompetitive inhibition 
of the pump, and bind with high affinity to it (20,21). Several 
P-gp inhibitors have been tested in controlled clinical trials; 
however, due to the cytotoxicity, no satisfactory results have 
thus far been obtained (3,22).

Many studies have focused on the Chinese traditional 
medicine Tetrandrine (Tet), a bis-benzylisoquinoline alkaloid 
derived from the Chinese medicinal herb Stephania tetrandra 
(23). It is a voltage-activated, L-type Ca2+ channel with its 
binding site at the benzothiazepine receptor on the α1-subunit 
and it also blocks the voltage-dependent T-type Ca2+ channel 
(24). Tet has been used in the treatment of hypertension, cardiac 
arrhythmia and angina pectoris in China since the 1950s (24). 
A previous study showed that Tet can reverse P-gp-mediated 
MDR effectively in vitro and in vivo (25). A series of new 
bisbenzylisoquinoline alkaloids is partially synthesized from 
Tet, and evaluated for their ability to reverse P-gp-mediated 
MDR in cancer. PY35 is a novel 5-substituted Tet derivative, 
synthesized by us. In the current study, the reversal activity 
of PY35 on MDR was examined, and it showed that PY35 
reverses the P-gp‑mediated MDR in cancer cells, increases 
the accumulation of cytotoxic agents in multidrug-resistant 
MCF-7/ADM and K562/ADM cells, but it has no effect on 
P-gp expression. Therefore, the combination of PY35 with a 
cytotoxic agent may help overcome MDR in the clinic.

Materials and methods

Chemicals and reagents. Adriamycin (ADM), trypsin-EDTA 
solution, fetal bovine serum  (FBS), MTT (tetrazolium), 
Rhodamine-123 (Rho-123), DAPI, P-gp and GAPDH mouse 
anti-human monoclonal antibody and HRP-linked secondary 
antibody were obtained from Sigma Chemical (St. Louis, MO, 
USA). RPMI-1640 was purchased from Gibco-BRL. 
Tetrandrine (Tet) was a gift from Dr Jiekai Cheng, and PY35 
with a purity of >98% was synthesized by our lab. Both were 
evaluated by chromatography, HRMS-ESI  (Figs. 1  and 2, 
Table Ⅰ) and NMR.

Cell culture. Drug sensitive human breast carcinoma and MCF-7 
and human leukemia cell line K562 and their MDR sublines 
MCF-7/ADM and K562/ADM were cultured in RPMI‑1640 
medium with 10% newborn bovine serum, 100 U/ml penicillin, 
and 100 µg/ml streptomycin at 37˚C in a humidified atmo-
sphere of 5% CO2. To maintain MDR phenotype, MCF-7/ADM 
and K562/ADM cells were cultured in the medium containing 
1 µg/ml ADM at least 1 week before the experiments.

MTT cytotoxicity assay. The cytotoxicity of PY35 was measured 
by the MTT assay. Tumor cells were seeded in 96-well plates 
in 100 µl medium per well and attached overnight. A series of 
concentrations of PY35 were added to each well and incubated 
for 2 days at 37˚C, then the 100 µl of MTT were added to each 
well after removing the culture medium and then incubated 
for an additional 4 h. The formed formazan was dissolved in 
150 µl DMSO after removing the culture medium. The plates 
were shaken for 5 min and the optical density was measured 
by the microplate reader (Tecan M1000) at a wavelength of 
570 nm. The IC50 values were calculated by Graphpad Prism 
6.0 software. According to the results of the cytotoxicity assay, 

cytotoxic concentrations of PY35 were selected to determine 
the reverse MDR effect. The reversal activity of PY35 on drug 
resistance is expressed as the fold reversal calculated according 
to the following equation: RVF=IC50 anticancer drug alone/
IC50 anticancer drug + inhibitor. Tet was used as a control.

Rho‑123 uptake assays. The assay was performed according 
to a previous method (26). For the Rho-123 uptake assay, 
cells were incubated with 5 µM Rho-123, in the presence or 
absence of PY35, at 37˚C for 1 h. The cells were observed 
under a laser scanning confocal microscope (LSCM, Zeiss 

Figure 1. The molecular structure of Tet and PY35.

Figure 2. The MS Spectrum of Tet and PY35.
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LSM 710, Germany) and analyzed with flow cytometry (FCM) 
(FACSAria; BD Biosciences, Franklin Lakes, NJ, USA).

Intracellular accumulation of ADM. Intracellular accumula-
tion of ADM was detected by FCM. The K562/ADM and 
MCF-7/ADM cells were treated as previously described. After 
being cultured for 48 h, cells were washed three times with 
phosphate-buffered saline (PBS) and then suspended with 
500 µl of PBS. Thereafter, each sample was measured by FCM 
at excitation/emission wavelengths of 488/575 nm. The mean 
fluorescence intensity (MFI) of ADM was calculated as MFI 
treated group/MFI control group.

Western blotting. Following drug treatment, cells were washed 
three times with ice-cold PBS, and total cells were lysed, total 
protein was collected and was separated by SDS-PAGE and 
transferred to polyvinylidine difluoride membranes. After 
blocking in 5% non-fat milk in Tris-buffered saline with 0.1% 
Tween-20 (pH 7.6), mouse anti-human P-gp monoclonal anti-
body and mouse anti-human GAPDH monoclonal antibody 
were used as primary antibodies and HRP-linked secondary 
antibody were used to detect P-gp protein.

Statistical analysis. Data are expressed as the means ± SD. 
Statistical analysis of the data was performed using the 
Student's t-test. P<0.05 was considered statistically significant.

Results

Evaluation of the cytotoxic effect of PY35. As shown in Fig. 3, 
>90% cells survived at the concentrations of 0.625 µg/ml 
PY35 on these cell lines. Based on the results of the cytotox-

Table I. The HRMS data of Tet and PY35.

		  Expected	 Found at	 Isotope diff.	 Error
Compound name	 Formula	 m/z	 m/z	 (%)	 (ppm)

Tet	 C38H42N2O6	 623.3116	 623.3113	 4.4 	 -0.4
PY35	 C43H45N3O6	 700.3381	 700.3383	 1.5	 0.2

Figure 3. The cytotoxicity of PY35 to tumor cell lines K562 (A), K562/ADM (B), MCF-7 (C) and MCF-7/ADM (D) assessed by the MTT assay. Cells were 
treated with different concentrations of PY35 for 48 h. 

Table II. Effect of PY35 on the cytotoxicity of ADM (expressed 
as IC50 values).

	 Cell lines
	 --------------------------------------------------------------------------------------
	 K562/ADM	 MCF-7/ADM
	 ---------------------------------------	 -----------------------------------------
Groups	 IC50 (µg/ml)	 RVF	 IC50 (µg/ml)	 RVF

ADM	 68.12±0.62		  112.72±1.81
ADM+Tet	 13.00±0.86a	 5.24	 4.92±0.45c	 22.91
ADM+PY35	 2.34±0.53b	 29.14	 2.98±0.47c	 37.83

Tumor cells were treated with graded concentrations of ADM in the 
absence or presence of PY35. After 48 h of continuous drug expo-
sure, the cell survival rate was measured by MTT assay. The data 
presented are the mean ± SD. IC50 values from at least three indepen-
dent experiments. RVF = IC50 anticancer drug alone/IC50 anticancer 
drug  +  inhibitor. aP<0.05, bP<0.01 vs. K562/ADM+ADM; cP<0.05 
vs. MCF-7/ADM+ADM, n=3.
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icity assay above, we used 0.625 µg/ml PY35 to evaluate the 
reversal activity.

PY35 reverses MDR. The IC50 of ADM for K562, K562/ADM, 
MCF-7 and MCF-7/ADM cells were 0.45, 68.12, 4.50 and 
112.72 µg/ml respectively. The multiple of drug resistance was 
149.95 and 25.05. After the K562/ADM cells and MCF-7/ADM 
cells were treated with PY35 alone or in combination, IC50 
was 2.34 and 2.98 µg/ml, respectively. The reversal multiples 
were 29.14 and 37.83, respectively. Between the single agent 
treatment groups and the combined treatment groups, the 
differences were statistically significant (P<0.05) (Table II).

Rho‑123 uptake assays. The intracellular uptake of the fluo-
rescent dye Rho-123 was evaluated in two MDR cell lines and 
their sensitive counterparts by using FCM and LSCM. After 
incubation with Rho-123 for 1 h, the addition of PY35 led 
to significantly increased intracellular Rho-123 levels in the 

Figure 4. MCF-7 and MCF-7/ADM cells were incubated with 5 µM Rho‑123 
in the absence or presence of PY35. The cells were observed under the LSCM. 
PY35 had an evident effect on the Rho-123 uptake in MCF-7/ADM cells, but 
it had no evident effect in MCF-7 cells. 

Figure 5. Uptake of Rho-123 in multidrug-resistant MCF-7/ADM cells and 
their sensitive parent MCF-7 cell lines analyzed by FCM. PY35 had an evi-
dent effect on the Rho-123 uptake in MCF-7/ADM cells, but it had no evident 
effect in MCF-7 cells.
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resistant but not sensitive cells. The results indicated that the 
amount of Rho-123 accumulation in cells treated with PY35 
plus Rho-123 was significantly higher than that in cells treated 
with Rho-123 alone and control cells (Figs. 4-7).

Effect of PY35 on cellular accumulation of ADM. The MFI 
of ADM in K562/ADM cells and MCF-7/ADM cells incu-
bated with ADM, ADM+PY35 respectively were 13.86±1.21, 
146.78±10.25, 12.35±1.58, and 67.34±5.34, respectively. 
Compared with the ADM group, the ADM+PY35 group 
significantly enhanced the intracellular ADM accumulation 
(Fig. 8).

PY35 does not affect P-gp expression. To further investigate 
the MDR reversal mechanism of PY35, we analyzed P-gp 
expression in K562/ADM and MCF-7/ADM cells after they 
were treated with PY35 by western blotting; the expression 
levels of P-gp were not affected by PY35 (Fig. 9A and B).

Figure 6. K562 and K562/ADM cells were incubated with 5 µM Rho-123 in 
the absence or presence of PY35. The cells were observed under the LSCM. 
PY35 had an evident effect on the Rho-123 uptake in K562/ADM cells, but it 
had no evident effect in K562 cells.

Figure 7. Uptake of Rho-123 in multidrug-resistant K562/ADM cells and 
their sensitive parent K562 cell lines analyzed by FCM. PY35 had an evident 
effect on the Rho-123 uptake in K562/ADM cells, but it had no evident effect 
in K562 cells. 
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Discussion

Multidrug resistance (MDR) remains a major impediment to 
successful chemotherapy. To overcome MDR, a wide series of 
compounds have been studied as P-gp inhibitors and some are 
undergoing clinical trials, although most have been stopped 
due to toxicity.

Tetrandrine  (Tet) is a benzylisoquinoline alkaloid and 
studies have shown that it has a reversal effect on P-gp-
mediated MDR (2,3). It is an extremely potent MDR inhibitor 
both in vitro and in vivo, without apparently enhancing the 
toxicity of the coadministered drugs (27). PY35 is a novel 
5-substituted Tet derivative and this study showed that its 
reversal activity was higher than the Tet; the reversal multiples 
of PY35 were 29.14 in K562/ADM and 37.83 in MCF-7/ADM, 

while the reversal multiples of Tet were 5.24 in K562/ADM 
and 22.91 in MCF-7/ADM respectively.

The P-gp functional activity was investigated with 
Rho-123. Rho-123 is a fluorescence substrate that is applied to 
investigate P-gp functional activity and is a sensitive measure 
of MDR (28). When P-gp functional activity decreased, the 
accumulation of the Rho-123 substrate within cells increased 
and vice versa. The intracellular uptake of the fluorescent dye 
Rho-123 was evaluated in two MDR cell lines and their sensi-
tive counterparts by using FCM and LSCM. After incubation 
with Rho-123 for 1 h, the presence of PY35 led to significantly 
increased intracellular Rho-123 levels in the resistant but not 
sensitive cells. This demonstrates that PY35 can reverse P-gp-
mediated MDR by increasing the intracellular concentration 
of Rho-123.

Figure 8. Intracellular accumulation of ADM in K562/ADM (A) and MCF-7/ADM (B) cells, incubated for 48 h by FCM assay. *P<0.05, **P<0.01, ***P<0.001 
vs. K562/ADM+ADM, MCF-7/ADM+ADM. 

Figure 9. The effect of PY35 on P-gp expression in (A) MCF-7/ADM cells and (B) K562/ADM cells. P-gp expression detected by western blotting. After K562/
ADM and MCF-7/ADM cells were exposed to PY35 for 48 h, the protein was extracted and analyzed by western blotting. The results showed PY35 did not 
affect the expression of P-gp in K562/ADM and MCF-7/ADM cells.
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In the present study, the ADM accumulation assay was 
used to evaluate the inhibitory effect of PY35 on P-gp in 
K562/ADM and MCF-7/ADM cell lines. The results showed 
that the accumulation in the cells treated with ADM and 
PY35 was significantly higher than in the cells treated with 
ADM alone. The ADM accumulation treated with PY35 was 
more compared to Tet, confirming that PY35 could effectively 
inhibit the drug efflux compared to Tet (Fig. 8).

P-gp expression and activity of P-gp were generally viewed 
as the functional difference between resistant cells and their 
sensitive parent cell lines. Western blot analysis showed that 
the expression levels of P-gp in resistant cells treated with Tet 
and PY35 had no statistical significance in terms of relative 
gray-scale value (Figs. 9). The expression levels of P-gp were 
not affected by the treatment with PY35.

In conclusion, in vitro findings indicated that the MDR 
reversal activity of PY35 was very high; it could reverse 
P-gp‑mediated MDR and the coadministration of PY35 and a 
cytotoxic agent could increase the intracellular accumulation 
of drugs. These findings confirm PY35 as a potential inhibitor 
to overcome MDR, exhibiting clinical benefits in cancer treat-
ment.

Our current hypothesis is that PY35 overcomes drug 
resistance by blocking the calcium channel, leading to 
the concentration of Ca2+ decreases in cells, then the ATP 
production declines, thus the ATP-dependent P-gp efflux 
less chemotherapeutic drugs. Further studies are required 
to confirm the relationship between these pharmaceutical 
actions, which merits further attention.
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