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A B S T R A C T 

Increasing drug efflux pumps (P-gp) on the cell membrane due to the overexpression of MDR1 gene in 

tumor cells is the main mechanism of multidrug resistance of cancer cells. P-gp belongs to the ATP-binding 

cassette family and functions as a transmembrane efflux pump that translocates chemotherapy drugs from 

an intracellular to an extracellular domain; thus, it is impossible to achieve efficient drug accumulation in 

tumor cells. Tetrandrine (TTD) has been shown in both in vitro and in animal experiments to reverse MDR 

by reducing the expression of MDR1 mRNA and P-gp. However, the effect of administration of TTD one 

week before chemotherapy is not ideal in the current clinical trials. In view of the previous in vitro and 

animal experiments have confirmed the effect of TTD in reversing the drug resistance of leukemia, this 

study returned to the cell experiment, selected K562 and K562/ADM cell lines as the research object, 

through different ADM combined with TTD administration sequences, to detect the inhibitory effect of 

different administration sequences on cell proliferation and whether it affected the intracellular ADM 

concentration, P- gp ATPase activity, MDR1 mRNA and P-gp expression levels, comparing the effect of 

TTD combined with ADM different administration sequences on the reversal of MDR in K562/ADM cells. 

We found that TTD can significantly antagonize P-gp-mediated ADM resistance by competitively binding 

P-gp and down-regulating P-gp expression and we, therefore, conclude that the co-administration of TTD, 

as a drug resistance reversal agent with ADM may be a better administration in the clinic. 

 

                                                                                     © 2020 Baoan Chen. Hosting by Science Repository.  

Introduction 

 

In the type of leukemia, Acute myeloid leukemia (AML) predominantly 

affects the elderly, with a median age of 69 years at the time of diagnosis. 

For decades, chemotherapy has been the most basic treatment for AML, 

especially the main treatment for elderly patients. However, elderly 

patients have not responded well to chemotherapy, with a long-term 

survival rate of only 5%~15% and median overall survival <1 year [1, 

2]. Multidrug resistance (MDR) is considered to be the most important 

and common cause of cancer chemotherapy failure [3]. Therefore, the 

key to improve the clinical therapeutic effect of tumor is to overcome 

MDR. 

 

Previous studies have shown that the main mechanism of MDR is closely 

related to the overexpression of transmembrane proteins. ATP-binding 

cassette (ABC) transporters are ATP-dependent efflux pumps on cell 

membranes that transfer substrates from an intracellular to an 

extracellular domain, directly reducing intracellular drug concentration 

and leading to drug resistance [4]. The p-glycoprotein (P-gp) is the first 

ABC transporter in human mammals to be identified and is composed of 

1,280 amino acids that contain two homologous parts, each consisting of 

a Transmembrane domain (TMD) and a Nucleotide binding domain 

(NBD). TMDs are responsible for binding and transporting substrates, 

and NBDs have ATP binding sites and ATPase activity and can provide 

energy through ATP hydrolysis. P-gp-mediated drug resistance is mainly 

determined by P-gp adenosine triphosphatase (ATPase) activity and 
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drug-induced ATP hydrolysis by transport [5-7]. P-gp is widely 

expressed in over 400 cancers and its expression level is positively 

correlated with the degree of drug resistance of cancer cells. Up to now, 

more than 300 compounds have been identified as potential substrates of 

P-gp [8]. 

 

As a calcium channel blocker, TTD has been shown in both in vitro and 

in vivo experiments to reverse MDR by reducing the expression of 

MDR1 mRNA and P-gp, increasing intracellular drug concentration and 

enhancing the toxic effect of Adriamycin (ADM) on drug-resistant 

leukemia cells [9-12]. 

 

However, the effect of administration of TTD one week before 

chemotherapy is not ideal in the current clinical trials. In view of the 

previous in vitro and animal experiments have confirmed the effect of 

TTD in reversing the drug resistance of leukemia, we consider whether 

the drug delivery method in our clinical trials is responsible for the poor 

efficacy. This study returned to the cell experiment, selected K562 and 

K562/ADM cell lines as the research object, through different ADM 

combined with TTD administration sequences, to detect the inhibitory 

effect of different administration sequences on cell proliferation and 

whether it affected the intracellular ADM concentration, P-gp ATPase 

activity, MDR1 mRNA and P-gp expression levels, comparing the effect 

of TTD combined with ADM different administration sequences on the 

reversal of MDR in K562/ADM cells, provides a theoretical basis for the 

clinical formulation of a reasonable administration sequence. 

 

Materials and Methods  

 

I Materials 

 

The drug-sensitive human chronic myeloid leukemia cell line K562 was 

kept by our laboratory, and its drug-resistant variant K562/ADM (ADM-

resistant K562 cells) was obtained from the Institute of Hematology of 

Chinese Academy of Medical Sciences (Tianjin, China). ADM standards 

were purchased from APExBIO (USA). CCK-8 kit (Cell Counting Kit) 

was purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). TTD 

was purchased from Pharmaceutical Factory (Jinhua, Zhejiang). 

Dithiothreitol, egtazic acid, anthocyanin, MgATP and Trizol were 

purchased from Sigma (USA). Rabbit anti-human P-gp was purchased 

from ABclonal Biotechnology Co., Ltd. Western blot primary antibody 

dilution, RIPA lysate and 5X SDS-PAGE protein loading buffer were 

purchased from Biyuntian Biotechnology Company (Jiangsu, China). 

Oligo dT and primers were purchased from Shanghai Shenggong Co., 

Ltd. SYBR Master Mixture was purchased from QIAGEN company 

(USA). M-MLV, dNTPs and Rnase Inhibitor were purchased from 

Promega company. qPCR Primer Set was purchased from Guangzhou 

Ruibo Company. Primer (R&F) was purchased from Shanghai Jikai 

Company. F-4600 Fluorescence spectrophotometer is the Hitachi brand.  

 

The horizontal electrophoresis tank is the product of Beijing Liuyi 

Scientific Instrument Factory. The vertical electrophoresis tank is the 

product of BIO-RAD (USA).The semi-dry transfer tank is the product of 

Pharmacia Biotech. Multifunctional fluorescence quantitative 

microplate reader is the product of Bio-TEK company (USA). The real-

time fluorescence quantitative PCR instrument is the product of Agilent, 

and the RNA/DNA quantifier is the product of Pharmacia Biotech Gene 

Quant II. 

 

II Reagent and Solution Preparation 

 

ADM solution was prepared in ultra-pure water with a concentration of 

200 µg/mL, protected from light and stored at −20 °C for later use. TTD 

was dissolved in DMSO in a concentration of 3 mmol/L and stored as 

stock. Cell lysates (0.3 mol/L HCl: 50% Ethanol 1: 1) was used as 

previously reported. Pyrolysis liquid (Tris-HCl (10 mmol/L, pH7.8), 

KCl (10 mmol/L), MgCl2 (2 mmol/L), Dithiothreitol (1 mmol/L), egtazic 

acid (1 mmol/L)) was used for detecting ATPase activity. Reagent for 

Phosphate determination (3 mol/L sulphuric acid: 2.5% ammonium 

molybdate: 10% ascorbic acid: water=1:1:1:2) was stored in a 

refrigerator at 4 °C. 

 

III Cell Culture 

 

K562 cells were cultured in RPMI 1640 medium containing 10% FBS, 

and K562/ADM cells were cultured in 37°C, 5% CO2 incubator with 

RMPI 1640 medium containing 10% FBS and ADM final concentration 

of 1 μg/mL. Change the fluid once a day and passaged every 2-3 days. 

 

IV The Sensitivity of Cells to Drugs was Observed by CCK-8 

Method 

 

ADM, TTD, or a combination of ADM and TTD were added to the cells 

in the logarithmic growth phase. The maximum concentration of ADM 

was l0 μg/mL for K562 cells and 100 μg/mL for K562/ADM cells. The 

cells were diluted with different concentrations with 3 multiple pores for 

each concentration. The untreated cells were used as the control group 

and inoculated in a 96-well plate, and each well contains 200μL of 1x105 

cell suspension. The cells were incubated at 37℃ in an incubator with 

5% CO2 for 48 h and centrifuged at 2500 rpm for 5min in a flat plate 

centrifuge, discarded the supernatant. Cell culture medium containing 

10% FBS RPMI1640: CCK-8 solution 10:1 was used to prepare the 

reaction solution. 100 μL reaction solution was added to each well. The 

cell culture was continued at 37 ℃ in an incubator containing 5% CO2 

for 3h and then removed, determining the absorbance at the wavelength 

of 490 nm on a microplate reader (OD490). 

 

Calculation of the growth inhibition rate of cells: growth inhibition rate 

(%) = [(control hole absorbance - experiment hole absorbance)/(control 

hole absorbance - blank hole absorbance)]× 100%. IC50 was calculated 

by GraphPad Prism 8 according to the growth inhibition rate. 

 

Reversal ratio = IC50 of resistant strain/IC50 after addition of the 

reversal agent. The experiment was repeated 3 times, 3 multiple holes 

were set for each time, and the average value was taken as the final result.  

 

V Fluorescence Spectrophotometer Determine ADM 

Concentration 

 

Take the ADM reserve solution and prepare a series of ADM standard 

solutions (10, 5, 2.5, 0.5, and 0.05 μg/mL). In the quantitative analysis 

mode, set the excitation wavelength λex = 469 nm and the emission 

wavelength λem = 593 nm. Measure the fluorescence intensity of these 
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series of concentrations separately, make a linear relationship curve 

between concentration and fluorescence intensity, and get the linear 

equation and linear coefficient. The cells in the logarithmic growth phase 

were inoculated into a 12-well plate, the number of cells in each well 

was 1x105/mL, and drugs were added in groups. The ADM 

concentrations were 10 and 20 μg/mL, respectively. Cells of each group 

were placed in a 37°C, 5% CO2 incubator for the corresponding time, 

washed with PBS for 3 times, centrifuged, counted, and resuspended 

with precooled 0.3mol /L HCl∶50% ethanol (1:1) 1 mL. Overnight at 20 

℃. The supernatant was collected by centrifugation, and the 

fluorescence value at excitation wavelength λex = 469 nm and emission 

wavelength λem = 593 nm was measured with a fluorescence 

spectrophotometer, and the fluorescence value was substituted into the 

linear equation to obtain the intracellular ADM concentration. 

 

VI ATPase Activity Experiment 

 

After incubating the cells in different groups for a corresponding period 

of time, extract the protein as following steps: centrifuge at 1000rpm, 

5min, at 4℃, add lysis buffer at the ratio of 2×107 cells to 1mL lysis 

buffer, swelling at 4℃ for 20 min, and broken the cells by ultrasonic 

waves (ice bath, power 200W, ultrasonic 3s/ time, interval 10s, repeat 

for 30 times). Centrifuge at 100000rpm for 1h, take precipitation, add 

lysis buffer containing 0.25mmol/L sucrose, and set aside [13, 14]. The 

standard curve of fetal bovine serum protein was drawn using bovine 

serum protein as the standard, the protein concentration was measured 

by the Bradford method, and the standard curve of phosphorus was 

drawn [13, 14]. Collected the extracted protein 20μg and put it into 

culture medium (the effect of Strophanthin G, egtazic acid and sodium 

azide is to clear the activity of Na+-K+ -ATPase, Ca2+-ATPase, and 

Mitochondrial ATPase, respectively), MgATP was added to start the 

reaction, followed by the fixed-phosphorus reagent. After 30min, OD 

value was measured at 660nm, and a blank group without protein was 

used as a control group to remove the influence of MgATP [15]. 

 

VII MDR1 mRNA Levels were Measured by qPCR 

 

PCR primer sequences are given in (Table 1). Cells of each group were 

cultured for the corresponding time at 37 C in a 5% CO2 incubator. Then 

RNA was extracted with TRIzol reagent, and cDNA was obtained by 

reverse transcription. PCR conditions were as described in (Table 2). 

 

Table 1: PCR primer sequence. 

Primer 
 Sequence (5‘-3‘) Amplified fragment size 

MDR1 
upstream： TGGTTTGATGTGCACGATGTTGGG 

436bp 
downstream： AGATCAGCAGGAAAGCAGCACCTA 

GAPDH 
upstream： TGACTTCAACAGCGACACCCA 

121bp 
downstream： CACCCTGTTGCTGTAGCCAAA 

 

Table 2: PCR reaction conditions. 

Procedure Temperature (℃) Time Cycle (s) 

Pre-denaturation 95 30s 1 

Denaturation 95 5s }45 
Annealing 60 30s 

Dissolution curve analysis 55-95 

  

 

VIII P-gp Levels were Determined by Western Blots [16] 

 

Total protein was extracted using a protein lysis buffer and quantified 

using a BCA protein assay kit (Beyotime Co. Ltd., CCK-8). SDS–

polyacrylamide gel electrophoresis and immunoblot analyses were 

performed according to standard protocols. Following the separation of 

proteins by SDS-PAGE, the proteins were transferred onto PVDF 

membranes and further incubated with monoclonal antibodies. TBB5 

was used as a normalizing loading control. Western blot images were 

captured with a LI-COR C-Digit scanner and protein band intensities 

were measured and analysed using the LI-COR Image Studio Digits v3.1 

software. 

 

IX Statistical Analysis 

 

Results are presented as mean plus or minus standard deviation (SD). 

Data analyses were performed with SPSS statistical software (SPSS, 

Chicago, IL). The differences between groups were analysed by the 

Student t-test or analysis of variance (one-way ANOVA), and P < 0.05 

was considered to be of statistical significance. GraphPad Prism Version 

8.0 (GraphPad Software) was used to create a histogram. Western Blot 

results were performed by using ImageJ software, K562 sensitive cells 

were used as controls, P-gp /TBB5 gray values were calculated, and 

three experiments were normalized. 

 

Results 

 

I The Sensitivity of Cells to Drugs was Observed by CCK-8 

Method 

 

We first evaluated the effect of ADM on K562 and K562/ADM 

proliferation. The proliferation of K562 and K562/ADM cells were both 

inhibited by ADM: different inhibitory effects were shown when cells 

were treated with different concentrations of ADM for 48 h (P<0.05). 

The IC50 values were calculated by using GraphPad Prism v8.0 software 

were (1.06±0.10) and (44.95±5.61) μg/mL, respectively (Figure 1) and 

the cell inhibition rate increased with ADM concentration. The drug 

resistance index of K562/ADM cells was 42.41. We then evaluated the 

effect of TTD on K562 and K562/ADM proliferation. TTD had no 

cytotoxic effect on K562 cells and K562/ADM cells at lower doses (1.5, 

1.0, 0.5 and 0.25 μmol/L), and the inhibition rate was less than 10%. We 

chose the concentration of 1.0 μmol/L for TTD as a combined dose to 

reverse cell resistance. The inhibitory rates of different TTD 

concentrations on K562 and K562/ADM cells are shown in (Table 3). 
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Figure 1: Effects of ADM concentration on proliferation of K562 cells 

and K562/ADM cells. A) Effects of different ADM concentrations on 

K562 cell proliferation, B) Effects of different ADM concentrations on 

K562/ADM cell proliferation. Compared with the blank control group, 

different ADM concentration groups, P<0.05. 

Table 3: Inhibitory rate of different TTD concentrations on K562 and 

K562/ADM cells(X±SD). 

Concentration (μmol/L) K562 K562/ADM 

0.25 0.70±0.40 0.52±0.32 

0.50 1.44±0.62 1.20±0.77 
1.00 2.68±2.76 1.62±1.67 

1.50 8.01±4.19 3.82±2.55 

2.00 23.48±3.25 10.25±3.22 
3.00 41.73±4.86 23.43±2.30 

Note: Compared with the blank control group, different TTD 

concentration groups, P<0.05. 

 

There was no significant difference in the effect of the proliferation of 

K562 cells between the TTD combined with ADM and the ADM group 

(P>0.05), while the effect on K562/ADM cell proliferation was 

significantly greater than that of ADM alone group, and the difference 

was statistically significant (P<0.05). When K562 and K562/ADM cells 

were treated with 1μmol/L TTD combined with ADM for 48 h, the IC50 

values were (0.96±0.06) and (12.06±1.27) μg/mL respectively (Figure 

1), and the relative drug resistance index were 0.91 and 11.38. The 

relative drug resistance index of K562/ADM cells was reduced by 2.73 

times compared with ADM alone, as shown in (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Effects of TTD combined with ADM on proliferation of K562 and K562/ADM cells. 

A) Effects of TTD combined with ADM on K562 cell proliferation. Compared with the single-use ADM group, P>0.05. B) Effects of TTD combined with 

ADM on K562/ADM cell proliferation. Compared with the single-use ADM group, P<0.05. C) Effects of TTD combined with ADM on IC50 of K562 and 

K562/ADM cells. 

 

II Determination of ADM Concentrati1on Using Fluorescence 

Spectrophotometer 

 

The standard ADM concentration-fluorescence intensity curve was 

obtained by preparing a series of ADM solutions with different 

concentrations and measuring their fluorescence intensities. The linear 

relationship between ADM concentration and fluorescence intensity was 

good in the range of 0.05-10 μg/mL. The linear equation was Y= 224.83x 

+ 98.257, R2 = 0.9982.  

 

ADM concentrations were determined to be (1.23±0.06) μg/mL, 

(1.57±0.02) μg/mL, (0.21±0.04) μg/mL, and (0.29±0.05) μg/mL when 

10 and 20 μg/mL ADM were applied to K562 and K562/ADM cells for 

2h, respectively, and the intracellular ADM concentration of 

K562/ADM was 17.07±0.05% and 18.47±0.03% of K562 cells 

respectively. 

Then the TTD and ADM were combined to act on K562/ADM cells in 

different combined administration methods, and the fluorescence 

intensity was measured after 48 h later. The results showed that both the 

TTD and ADM co-administration group and the group in which ADM 

was added 48 h later than TTD could increase the ADM accumulation in 

K562/ADM cells, and the effect of the co-administration group was 

more obvious. The mean ADM concentrations in K562/ADM cells were 

59.84± 0.06%, 46.00± 0.05%, 74.41±0.03% and 53.04±0.03% of K562 

cells in TTD and ADM co-administration group and the group in which 

ADM was added 48 h later than TTD. ADM concentration in 

K562/ADM cells in the group in which ADM was added before TTD 

showed no significant increase (P>0.05). The results are shown in (Table 

4 & Figure 3). 
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Table 4: Intracellular ADM concentration in K562 and K562/ADM cells 

under different administration methods of ADM+TTD (X±SD). 

Group ADM (μg/mL) 

10 20 

K562 1.23±0.06 1.57±0.02 

K562/ADM 0.21±0.04a 0.29±0.05a 

K562/ADM+AT 0.73±0.02ab 1.17±0.03ab 

K562/ADM+A+T 0.28±0.05ac 0.39±0.03ac 

K562/ADM+T+A 0.56±0.03abc 0.83±0.05abc 

Note：Group: K562: K562 cells were treated with ADM for 2 h; 

K562/ADM: K562/ADM cells were treated with ADM for 2 h; 

K562/ADM+AT: ADM and TTD were simultaneously applied to 

K562/ADM cells for 48h; K562/ADM+A+T: K562/ADM cells, first 

added ADM for 48 h, then added TTD for 48 h; K562/ADM+T+A: 

K562/ADM cells, first added TTD for 48 h, then added ADM for 48 h. 

Compared with group K562，ap<0.05；Compared with group 

K562/ADM，bp<0.05；Compared with K562/ADM+AT group in the 

combination administration group，cp<0.05. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Intracellular ADM concentration in K562 and K562/ADM 

cells under different administration methods of ADM+TTD. 

Group: K562: K562 cells were treated with ADM for 2 h; K562/ADM: 

K562/ADM cells were treated with ADM for 2 h; K562/ADM+AT: 

ADM and TTD were simultaneously applied to K562/ADM cells for 

48h; K562/ADM+A+T: K562/ADM cells, first added ADM for 48 h, 

then added TTD for 48 h; K562/ADM+T+A: K562/ADM cells, first 

added TTD for 48 h, then added ADM for 48 h. 

 

III ATPase Activity Experiment 

 

TTD increases the intracellular accumulation of ADM in K562/ADM 

cells, indicative for P-gp efflux pump inhibition. Efflux one molecular 

substrate by P-gp requires hydrolysis one molecular ATP to provide 

energy. Therefore, the state of P-gp efflux drugs can be evaluated by the 

hydrolysis rate of ATP. K562 and K562/ADM cells were treated with 

TTD and ADM for the corresponding time, the OD value at 660nm of 

each group was determined by ultraviolet spectrophotometer by the 

inorganic phosphorus release method. The amount of 1 nmol inorganic 

phosphorus produced by 1mg protein decomposition ATP per min and 

was specified as a unit of ATPase activity. The ATPase activity in drug 

resistant K562/ADM cells was higher than that in sensitive K562 cells 

and could be increased by 20 μg/mL ADM. And the ATPase activity in 

K562/ADM cells was significantly increased by TTD of 1 μmol/L 

compared with 20 μg/mL ADM. In the combination group, the increase 

of the ATPase activity was considerably more pronounced in the TTD 

and ADM co-administration group compared with the single-ADM 

group, and there was no significant difference between the group in 

which ADM was added before TTD and single-ADM group, (P>0.05) 

shown in (Figure 4). 

 

 

 

 

 

 

 

 

 

Figure 4: Effects of different administration methods of ADM+TTD on 

ATPase activity in K562 and K562/ADM cells. 

Note：Group: K562: K562 cell control group; K562/ADM: K562/ADM 

cell control group; K562/ADM+A: K562/ADM cells were treated with 

ADM for 48h; K562/ADM+A+T: K562/ADM cells, first added ADM 

for 48 h, then added TTD for 48 h; K562/ADM+T: K562/ADM cells 

were treated with TTD for 48h; K562/ADM+T+A: K562/ADM cells, 

first added TTD for 48 h, then added ADM for 48 h; K562/ADM+AT: 

ADM and TTD were simultaneously applied to K562/ADM cells for 

48h. Compared with group K562，ap<0.05；Compared with group 

K562/ADM，bp<0.05；Compared with group K562/ADM+A，
cp<0.05；Compared with K562/ADM+AT group in the combination 

administration group，dp<0.05. 

 

IV Effects of ADM and TTD on MDR1 mRNA Levels in K562 

and K562/ADM Cells 

 

Relative expression levels of target genes were determined by the 2-∆ ∆ Ct 

method where ∆ Ct= Ct value of target gene - Ct value of internal 

reference gene, −Δ Δ Ct=mean value of ∆ Ct of the control group- ∆ Ct 

value of each sample [17]. K562 sensitive cells were used as the control 

group to calculate the relative expression levels of MDR1 in K562/ADM 

cells and under different drug administration methods, as shown in 

(Figure 5). 

 

 

 

 

 

 

 

 

 

 

Figure 5: Effects of different administration methods of ADM+TTD on 

MDR1 mRNA expression levels in K562 and K562/ADM cells. 

Note: Group: K562: K562 cell control group; K562/ADM: K562/ADM 

cell control group; K562/ADM+A: K562/ADM cells were treated with 

ADM for 48h; K562/ADM+A+T: K562/ADM cells, first added ADM 

for 48 h, then added TTD for 48 h; K562/ADM+T: K562/ADM cells 

were treated with TTD for 48h; K562/ADM+T+A: K562/ADM cells, 

first added TTD for 48 h, then added ADM for 48 h; K562/ADM+AT: 

ADM and TTD were simultaneously applied to K562/ADM cells for 

48h.Compared with group K562，ap<0.05; Compared with group 

K562/ADM，bp<0.05; Compared with K562/ADM+AT group in the 

combination administration group，cp<0.05. 
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The expression level of MDRl mRNA in K562 cells was significantly 

lower than that in K562/ADM cells. ADM could increase the expression 

level of MDR1 mRNA while TTD could significantly reduce the 

expression level of MDR1 mRNA in K562/ADM cells. In the 

combination group, the decrease of the expression level of MDR1 

mRNA was considerably more pronounced in the TTD and ADM co-

administration group compared with the sequential administration 

group, and the difference was statistically significant, (P<0.05). 

 

V Effects of ADM and TTD on P-gp Levels in K562 and 

K562/ADM Cells 

 

Western Blot results are shown in (Figure 6). The experiment of WB was 

repeated three times and the results were normalized and the corrected 

P-gp /TBB5 gray values were calculated. In normalization, the K562 

group P-gp/TBB5 gray value of each experiment is used as the control 

group, and the gray value ratio is set to 1, the other groups take its gray 

ratio divided by the K562 group gray ratio as the corrected gray value 

ratio, and statistical analysis was carried out as in (Figure 7 & Table 5). 

 

 

 

 

 

 

 

 

Figure 6: Effects of different administration methods of ADM+TTD on 

the expression of P-gp in K562 and K562/ADM cells. 

1: K562, K562 cell control group; 2: K562/ADM, K562/ADM cell 

control group; 3: K562/ADM+A, K562/ADM cells were treated with 

ADM for 48h; 4: K562/ADM+A+T, K562/ADM cells, first added ADM 

for 48 h, then added TTD for 48 h; 5: K562/ADM+T, K562/ADM cells 

were treated with TTD for 48h; 6: K562/ADM+T+A, K562/ADM cells, 

first added TTD for 48 h, then added ADM for 48 h; 7: K562/ADM+AT, 

ADM and TTD were simultaneously applied to K562/ADM cells for 

48h. 

 

Table 5: The adjusted value of P-gp/TBB5 (X±SD). 

Group 1 2 3 4 5 6 7 

P-gp/TBB5 1 6.03±0.77a 6.33±0.66a 5.50±0.28a 2.96±0.99ab 5.44±1.54a 4.29±0.96ab 

Note：Group: 1: K562, K562 cell control group; 2: K562/ADM, K562/ADM cell control group; 3: K562/ADM+A, K562/ADM cells were treated with 

ADM for 48h; 4: K562/ADM+A+T, K562/ADM cells, first added ADM for 48 h, then added TTD for 48 h; 5:K562/ADM+T, K562/ADM cells were treated 

with TTD for 48h; 6:K562/ADM+T+A, K562/ADM cells, first added TTD for 48 h, then added ADM for 48 h; 7:K562/ADM+AT, ADM and TTD were 

simultaneously applied to K562/ADM cells for 48h. Compared with group K562, ap<0.05; Compared with group K562/ADM, bp<0.05. 

 

Western blot results for protein levels supported the mRNA results. P-

gp expression level in K562/ADM cells was higher than the K562-

control and was 6.03±0.77 times of it. TTD showed some inhibitory 

effects on P-gp expression in K562/ADM cells, and 1μmol/L TTD can 

reduce P-gp in K562/ADM cells to 2.96±0.99 times of K562 cells. In the 

combination group, the expression level of P-gp was decreased in the 

TTD and ADM co-administration group compared with the single-ADM 

group, and the sequential administration group had no effect on P-gp 

expression level in K562/ADM cells, (P>0.05).  

 

 

 

 

 

 

 

 

 

 

Figure 7: The adjusted value of P-gp/TBB5. 

Group: 1: K562, K562 cell control group; 2: K562/ADM, K562/ADM 

cell control group; 3: K562/ADM+A, K562/ADM cells were treated 

with ADM for 48h; 4: K562/ADM+A+T, K562/ADM cells, first added 

ADM for 48 h, then added TTD for 48 h; 5:K562/ADM+T, K562/ADM 

cells were treated with TTD for 48h; 6:K562/ADM+T+A, K562/ADM 

cells, first added TTD for 48 h, then added ADM for 48 h; 

7:K562/ADM+AT, ADM and TTD were simultaneously applied to 

K562/ADM cells for 48h. 

 

Discussion 

 

While traditional anti-tumor drugs have been in clinical use for several 

decades, especially in leukemia, chemotherapy is the most basic 

treatment scheme. However, due to the development of MDR in cancer 

cells, the efficacy of chemotherapy drugs is weakened, and it is difficult 

to achieve the expected effect, and the prognosis of tumor treatment is 

poor [18]. Increasing drug efflux pumps (P-gp) on the cell membrane 

due to the overexpression of MDR1 gene in tumor cells is the main 

mechanism of multidrug resistance of cancer cells. P-gp belongs to the 

ATP-binding cassette family and functions as a transmembrane efflux 

pump that translocates chemotherapy drugs from an intracellular to an 

extracellular domain, thus it is impossible to achieve efficient drug 

accumulation in tumor cells [19]. More than 300 compounds, including 

ADM, have been identified as potential substrates for P-gp, and it was 

found that MDR could be overcome by down-regulating P-gp expression 

or inhibiting P-gp efflux pump function [20]. 

 

Previous studies in our laboratory confirmed that P-gp was highly 

expressed in drug-resistant AML cells, and a variety of reversing agents 

including TTD were applied to study the effect of MDR reversal at the 

cellular and animal levels [11-12, 21, 22]. However, this study did not 

achieve the expected results after entering into clinical trials. Faced with 

unsatisfactory clinical trial results, we began to rethink the role of P-gp 

in MDR and how to deal with it. We believe that at this point, it is 

preferable to make further study how P-gp-mediated drug outflow leads 

to reduced drug accumulation in tumor cells and to return to the cellular 

level to explore how to better reverse P-gp-mediated drug resistance, 
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rather than to continue with more therapeutic clinical trials in AML 

patients. 

 

We report that TTD has a significant reversal effect on P-gp -mediated 

MDR. First, we conducted CCK-8 experiments to investigate the 

proliferation inhibition of ADM and TTD and their combined use on 

K562 and K562/ADM cells, calculated the IC50 value, evaluated the 

cytotoxicity of TTD, and found out the non-toxic concentration for 

reverse study. According to CCK-8 results, 1μmol/L TTD was selected 

for reversal study. Our data showed that TTD significantly reduced the 

IC50 value of ADM on K562/ADM cells and significantly reversed the 

P-gp -mediated MDR. The decrease in IC50 value suggested that the use 

of TTD increased the intracellular ADM concentration. 

 

In order to know the effect of TTD on P-gp function, we conducted an 

intracellular drug concentration test. Our results indicate that TTD can 

significantly increase the intracellular accumulation of ADM in drug-

resistant cells, which may be due to the reduction of P-gp expression, or 

it may affect the function of P-gp-mediated drug efflux. In addition, the 

data shows that in different modes of administration, the simultaneous 

use of TTD and ADM can increase the intracellular drug accumulation 

to a greater extent compared with the sequential administration group, 

which suggests another possibility that TTD also serves as a substrate 

for P-gp and its affinity with P-gp is higher than ADM. By competitively 

binding P-gp with ADM, the efflux of ADM in cells is reduced. In order 

to verify that TTD reverses the P-gp-mediated MDR through 

competitive inhibition to increase the accumulation of drugs with lower 

P-gp affinity substrates, we conducted the ATPase activity experiment. 

 

It is well known that the P-gp transporter pumps the substrate by using 

the energy generated by the hydrolysis of ATP. We evaluated whether 

TTD would affect the ATPase activity of P-gp. The results showed that 

at this experimental concentration, 1 μmol/L TTD can increase the 

ATPase activity of K562/ADM cells to a greater extent compared with 

20 μg/mL ADM, indicating that TTD is more likely to stimulate ATP 

hydrolysis, and when TTD and ADM are used together, the ATPase 

activity is close to The ATPase activity of TTD alone. These data 

combined with intracellular drug concentration test experiments show 

that TTD may act as a substrate for P-gp through competitive inhibition, 

and when combined with ADM, the P-gp can preferentially excrete it to 

increase the intracellular ADM concentration. In the mechanism of TTD 

reversing drug resistance, competitive inhibition may also play an 

important role [23]. This also explains why the addition of TTD in 

clinical trials failed to improve the treatment effect of patients.  

 

In clinical trials, patients were given TTD for one week before 

chemotherapy, which perfectly withdrew this competitive inhibition. 

The intracellular ADM concentration detection experiment showed that 

addition of TTD and ADM sequentially was weaker than TTD and ADM 

co-administration group in increase intracellular ADM concentration, 

which also explained the problem. 

 

Since the reverse effect may also be caused by the downregulation of P-

gp expression, we then used qPCR and Western blot to investigate these 

possibilities. Our results show that 1 μmol/L TTD significantly down-

regulates the expression of MDR1 mRNA and P-gp levels in 

K562/ADM cells, which is consistent with previous studies [11, 12]. It 

is also worth noting that in the different combined administration 

methods, ADM and TTD co-administration groups had a more 

significant reduction in the expression of MDR1 mRNA and P-gp levels 

in K562/ADM cells than the sequential administration group, and the 

difference was statistically significant. This further suggests that 

concurrent administration of ADM and TTD can more effectively 

reverse drug resistance in tumor cells. We, therefore, conclude that the 

co-administration of TTD, as a drug resistance reversal agent in 

conjunction with ADM may be a better administration in the clinic. 

 

To sum up, our study shows that TTD can significantly antagonize P-gp-

mediated ADM resistance by competitively binding p-gp and down-

regulating P-gp expression. However, the role of this competitive 

inhibition of TTD in other chemotherapeutic drugs needs to be further 

studied. This effect will not exist when combined with chemotherapeutic 

drugs that are more likely to bind to P-gp, but this suggests that MDR 

reversal agents can be found in P-gp high-affinity substrates. 
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