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A B S T R A C T   

The objective was to investigate the effect of 4-hydroxybenzoic acid (4-HBA) and 4-hydroxy-3-methoxybenzoic 
acid (Vanillic acid, VA) on p-glycoprotein (P-gp) activity in multidrug-resistant K562/Dox cancer cells. The 
cytotoxic and co-treatment with pirarubicin (Pira) were analyzed using a resazurin assay. A noninvasive func
tional spectrofluorometric technique was used to determine the kinetics of Pira uptake in living multidrug- 
resistant K562/Dox cancer cells. The three biological endpoints for determination of cellular energetic state 
included the activity of mitochondria, mitochondrial membrane potential (ΔΨm), and ATP levels. The results 
revealed that 4-HBA (10 mM) and VA (5 and 10 mM) statistically decreased cell viability in K562 and multidrug- 
resistant K562/Dox cancer cells. In ways consistent with that result, 4-HBA and VA (0.01, 0.1, 1, and 10 mM) 
could statistically decrease the IC50 of Pira in K562 and multidrug-resistant K562/Dox cancer cells at 48 and 72 
h. The overall intracellular Pira concentration increased in 4-HBA- and VA-treated multidrug-resistant K562/Dox 
cancer cells when compared to control. The ratio of ka

i /ka
0 in 4-HBA- and VA-treated multidrug-resistant K562/ 

Dox cancer cells was significantly decreased when 4-HBA and VA concentration increased. The activity of 
mitochondria, ΔΨm, and ATP levels significantly reduced in multidrug-resistant K562/Dox cancer cells incu
bated with 0.01, 0.1, 1, and 10 mM 4-HBA and VA at all harvest time points. In conclusion, 4-HBA and VA were 
able to bring about cell death in multidrug-resistant K562/Dox cancer cell at high concentrations. The 4-HBA and 
VA could modify P-gp function via an impaired cellular energetic state, resulting in increased in intracellular 
drug concentration in multidrug-resistant K562/Dox cancer cells.   

1. Introduction 

Multidrug resistance is a key stumbling block to chemotherapy-based 
cancer treatment, and is frequently associated with P-gp expression in 
the plasma membrane which contains ATP-dependent transporters that 
effluxes anticancer drug out of cells, diminishing intracellular drug 
levels thereby allowing cancer cells to survive [1]. There are diverse 
pharmacological agents that inhibit the P-gp function. For example, 

verapamil, cyclosporine A, quinidine, tamoxifen, and toremifene can all 
have this effect. These compounds are limited due to their toxicity 
because the required dose to inhibit P-gp is in high serum concentrations 
[2]. Consequentially, P-gp modulators with less undesirable side effects 
are needed. 

Natural products such as flavonoids have been reported to modulate 
P-gp and demonstrate anticancer activities in cancer cells [3–5]. These 
flavonoids include the following: Quercetin was discovered to inhibit 
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P-gp function; this causes an enhancement in the intracellular concen
tration of doxorubicin and rhodamine 123 [6]. Similarly, Kaempferol 
also inhibited the efflux of rhodamine 123 and vinblastine in KB-V1 cells 
whenever P-gp was strongly expressed [7]. Apigenin could enhance the 
potential of doxorubicin in MES-SA/Dx5 cells that have overexpressed 
P-gp [8]. 

In addition, phenolic acids such as gallic acid, ellagic acid, and 
protocatechuic acid are also natural products which have been reported 
to enhance the efficacy of anticancer activities in various cancer cells 
[9–11]. However, few reports studied the effect of phenolic acids on the 
function of P-gp in multidrug resistant cells. Teng YN. et al. [12] 
examined the effects of caffeic acid and its mechanisms on P-gp. These 
authors showed that caffeic acid could uncompetitively and competi
tively inhibit rhodamine 123 and doxorubicin efflux, respectively. In 
addition, Muthusamy G. et al. [13] studied the effect of ferulic acid on 
P-gp-mediated drugs resistance in multidrug resistant cell lines. These 
authors found that ferulic acid inhibited P-gp function in drug resistant 
cell lines. 

The 4-HBA and VA are members of polyphenols and phenolic acid 
derivatives. These compounds have been used in research area such as 
antioxidant activities and anti-inflammatory activities [14–18]. Even 
though they are less toxic compounds, they have anticancer activities in 
higher concentration [19–21]. Because of having anticancer activities 
based on previous studies, we would like to study whether these com
pounds can affect mitochondria function and P-gp function by impairing 
cellular energetic state. The current studies focused on 4-HBA and VA on 
the function of P-gp in multidrug resistant cancer cells due to their po
tential on anticancer activities in cancer cells [19,21,22]. Fig. 1 illus
trates the chemical structures of 4-HBA and VA. Here, we report that 
4-HBA and VA could regulate P-gp function in multidrug resistant can
cer cells via cellular energetic damage, resulting in an increase in anti
cancer drug intracellular concentration. 

2. Materials and methods 

2.1. Chemicals 

4-hydroxybenzoic acid (4-HBA), 4-hydroxy-3-methoxybenzoic acid 
(Vanillic acid, VA), Pirarubicin (Pira), Rhodamine B (Rho B), 3-(4, 5- 
dimethylthiazol-2-yl) 2, 5-diphenyltetrazoliumbromide (MTT), and 
Resazurin were acquired from Sigma-Aldrich (St Louis, MO, USA). 

2.2. Cancer cell lines 

The cancer cell lines were multidrug-resistant K562/Dox (Overex
pressed P-gp) cells and K562 cells lines. These cells were routinely 
cultured in a RPMI-1640 medium supplemented with 1 % penicillin/ 
streptomycin and 10 % heat-inactivated fetal bovine serum in a cell 
culture incubator. 

2.3. Cytotoxic and co-treatment assays 

The cytotoxic and co-treatment assays were determined by using the 
resazurin assay in accordance with procedures obtained from prior re
ports [23,24]. In brief, for cytotoxic assay, 5 × 104 cells/mL were 
treated with several doses of 4-HBA, VA, or Pira in a completed 
RPMI-1640 medium. For co-treatment assay, 5 × 104 cells/mL were 
treated with different Pira concentrations ranging from 10 to 5000 nM 
and fixed concentration of 4-HBA or VA (0.01, 0.1, 1, and 10 mM) in 
completed RPMI-1640 medium. 

These treated cells were housed in a cell culture incubator. After
ward, the treated cells were given 100 µL of 0.1 mg/mL resazurin at 48 
and 72 h later. A spectrofluorometer (Perkin Elmer LS55) was used to 
measure the emission of fluorescence at 590 nm (excited at 570 nm) 
after 4 h of incubation with resazurin. 

The % cell viability was determined by the fluorescence emission 
intensity of treated cells at 590 nm divided by those of non-treated cells, 
and then in multiplies of one hundred. The Pira concentrations required 
to inhibit 50 % of cell viability (IC50) was obtained by plotting the % cell 
viability versus the Pira concentration. IC50 was measured at 48 and 
72 h. In addition, the efficacy of 4-HBA and VA in increasing the efficacy 
of Pira on multidrug-resistant K562/Dox cancer cells was calculated as 
follows;. 

α = [IC50(R)-IC50(RD)]/[IC50(R)-IC50(S)]. 
Where; IC50(R) and IC50(RD) was concentration of Pira that inhibits 

50 % of multidrug-resistant K562/Dox cancer cell viability in the 
absence and presence of 4-HBA or VA, respectively. 

IC50(S) was the concentration of Pira that inhibits 50 % of K562 
cancer cell viability. 

2.4. Determination of Pira uptake in living multidrug-resistant K562/Dox 
cancer cells 

The kinetics of Pira uptake in living multidrug-resistant cancer cells 
was determined using a noninvasive functional spectrofluorometric 
(Perkin Elmer LS55) technique done according to directions mentioned 
in previous reports [25,26]. Briefly, 2 × 106 cells/mL were treated with 
4-HBA or VA in a HEPES-Na+ buffer, pH 7.25 at the temperature of 37 ◦C 
for 5 min and then it was followed by the addition of a 1 μM Pira con
centration. The fluorescence emission intensity of Pira at 590 nm was 
functionally recorded when excited at 480 nm. Then, at the steady state, 
5 µL of 4 % Triton X-100 solution was added to the cells, resulting in the 
state of equilibrium. 

The parameters of Pira uptake in living multidrug-resistant K562/ 
Dox cancer cells were calculated; ka was the active P-gp-mediated efflux 
coefficient for Pira, and Cn was the overall intracellular Pira concen
tration. In addition, the ratio of ka

i to ka
0 could represent the potentiality 

of 4-HBA and VA to inhibit the P-gp function, ka
i and ka

0 were the P-gp- 
mediated active efflux of Pira in the presence and absence of 4-HBA or 
VA, respectively. 

2.5. Determination of cellular energetic state 

The three biological endpoints for determination of cellular energetic 
state included activity of mitochondria, ΔΨm, and ATP levels. 

2.5.1. Determination of activity of mitochondria 
The assay was used to evaluate the mitochondrial activity based on 

directions indicated in a previous report [27]. Briefly, 5 × 105 cell/mL 
were treated with 0.01, 0.1, 1, and 10 mM 4-HBA or VA in a completed 
RPMI-1640 medium in a cell culture incubator for 5, 10, 30, 60, 120, and 
240 min. The cells were then treated with 1 mM MTT. After 20 min, 
insoluble formazan was obtained and then was dissolved by DMSO. A 
spectrophotometer (Spectrophotometer, Shimadzu) was used to eval
uate the absorbance (Abs.) at 560 nm. The absorption at 560 nm change 
indicates the activity of mitochondria. The % Abs. at 560 nm change in Fig. 1. Chemical structure of 4-HBA (A) and VA (B).  
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treated cells was calculated and compared to non-treated cells. 

2.5.2. Determination of ΔΨm 
A non-invasive functional spectrofluorometric approach was used to 

determine the ΔΨm based on previous reports [25,27,28]. Briefly, 
2 × 106 cells/mL were treated with 0.01, 0.1, 1, and 10 mM 4-HBA or 
VA for 5, 10, 30, 60, 120, and 240 min in HEPES-Na+ buffer, pH 7.25 at 
a temperature of 37 ◦C and then this was followed by an addition of 
40 nM concentration of Rho B. The fluorescence emission intensity of 

Rho B at 582 nm was recorded as a function of time when excited at 
553 nm. After 20 min, 200 µM MTT was added to the cells, leading to a 
constant decline in Rho B fluorescence. The following equation was used 
to calculate ΔΨm;. 

ΔΨm = − 61.51 logVi - 258.46, mV. 
Where; Vi was the initial rate of decrease in Rho B fluorescence, (dF/ 

dt) × (CT/F0), nM/s (dF/dt was slope of the tangent to the curve F = f(t) 
after the addition of MTT. 

CT was Rho B concentration. 

Fig. 2. Effect of 4-HBA, VA and Pira on cell viability of K562 and multidrug-resistant K562/Dox cancer cells. * Significant difference at p < 0.05 when compared to 
control. n = 4. 
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F0 was Rho B fluorescent intensity. 

2.5.3. Determination of ATP in cells 
The cellular ATP was measured in ways consistent with previous 

reports [27]. Briefly, 2 × 106 cells/mL were treated with 0.01, 0.1, 1, 
and 10 mM 4-HBA or VA for 30, 60, 120, 240 min in a HEPES-Na+

buffer, having a pH of 7.25 at a temperature of 37 ◦C. Cellular ATP 
samples were extracted by a single-step using boiling water (60 ◦C). 
Thin layer chromatography (TLC silica gel 60 F254, Merck, Germany) 
was used to purify the extracted ATP samples. The acetic acid: butanol: 
distilled water (1:4:5, v/v) solution was used as mobile phase. ATP 
standard was used as a reference. At fluorescence emission ranges of 
390–500 nm (Excited at 360 nm), purified ATP samples were recorded. 
The % ATP change in treated cells was calculated as that compared to 
non-treated cells. 

2.6. Statistical analysis 

The analysis on experiment results was done as mean ± standard 
error of the mean (S.E.). To evaluate the statistical differences between 
control and treated samples, the student’s t-test and analysis of variance 
(ANOVA) methods were employed. A p-value less than 0.05 was 
considered statistically significant. 

3. Results 

3.1. Effect of 4-HBA, VA, and Pira on cell viability 

Fig. 2 shows the effects of 4-HBA, VA, and Pira on cell viability of 
K562 and multidrug-resistant K562/Dox cancer cells. At 48 h, 4-HBA 
did not exhibit any effect on the cell viability of K562 cancer cells, 
whereas 10 mM 4-HBA statistically reduced the cell viability of 
multidrug-resistant K562/Dox cancer cells to 75 %. At 72 h, 10 mM 4- 
HBA statistically decreased cell viability of K562 and multidrug- 
resistant K562/Dox cancer cells to 90 % and 70 %, respectively. 

VA (5 and 10 mM) statistically decreased cell viability of K562 
cancer cells to 79 % and 70 % at 48 h and 81 % and 57 % at 72 h, 
respectively. Similarly, 5 and 10 mM VA statistically decreased cell 
viability of multidrug-resistant K562/Dox cancer cells to 75 % and 53 % 
at 48 h and 70 % and 40 % at 72 h, respectively. 

Pira (range 50–5000 nM) statistically reduced cell viability of K562 
cancer cells while 250− 5000 nM Pira statistically reduced cell viability 
of multidrug-resistant K562/Dox cancer cells at 48 and 72 h. Such 
decrements were in a dose dependent manner. 

3.2. Effect of co-treatment of 4-HBA and VA with Pira on cell viability 

Table 1 shows the effect of co-treatment of 4-HBA and VA with Pira 
on cell viability of K562 and multidrug-resistant K562/Dox cancer cells. 
4-HBA (0.01, 0.1, 1, and 10 mM) could statistically decrease the IC50 of 
Pira in K562 and multidrug-resistant K562/Dox cancer cells at 48 and 
72 h. Similarly, VA (0.01, 0.1, 1, and 10 mM) could statistically decrease 
the IC50 of Pira in K562 and multidrug-resistant K562/Dox cancer cells 
at 48 and 72 h. 

The efficacy (α) of 4-HBA and VA in reversing multidrug resistance 
phenomena and/or re-sensitizing the multidrug-resistant K562/Dox 
cancer cells to Pira are indicated in Fig. 3. The α values of 0.01, 0.1, 1, 
and 10 mM 4-HBA and VA were higher than 1 at 48 and 72 h, resulting 
in the IC50(RD) < IC50(S). This data demonstrated that 4-HBA and VA 
could be re-sensitizing the multidrug-resistant K562/Dox cancer cells to 
Pira. 

3.3. Effect of 4-HBA and VA on Pira uptake in living multidrug-resistant 
K562/Dox cancer cells 

Fig. 4(A) and (B) show the effect of 4-HBA on Pira uptake in living 

multidrug-resistant K562/Dox cancer cells. The overall intracellular Pira 
concentration (Cn) increased in 4-HBA-treated multidrug-resistant 
K562/Dox cancer cells compared to control. The ratio of ka

i /ka
0 values 

in 4-HBA-treated multidrug-resistant K562/Dox significantly decreased 
when a 4-HBA concentration increased. 

Fig. 4(C) and (D) show the effect of VA on Pira uptake in living 
multidrug-resistant K562/Dox cancer cells. Cn increased in VA-treated 
multidrug-resistant K562/Dox cancer cells when compared to control. 
Moreover, 0.1 and 1 mM VA could significantly increase Cn in treated 
multidrug-resistant K562/Dox cells. Furthermore, VA could signifi
cantly decrease ka

i /ka
0 values in treated multidrug-resistant K562/Dox 

cells. 
Fig. 4(E) and (F) show the effect of verapamil on Pira uptake in living 

multidrug-resistant K562/Dox cancer cells. Cn significantly increased in 
multidrug-resistant K562/Dox cancer cells treated with verapamil in a 
concentration dependent manner. The ratio of ka

i /ka
0 values also signif

icantly decreased in multidrug-resistant K562/Dox cancer cells when 
concentration of verapamil increased. 

The results suggested that 4-HBA, VA, and verapamil could modify P- 
gp-mediated Pira transport into the multidrug-resistant K562/Dox can
cer cells. However, 4-HBA and VA weakly exhibited the modification of 
P-gp function when compared to verapamil. 

3.4. Effect of 4-HBA and VA on cellular energetic state in multidrug- 
resistant K562/Dox cancer cells 

3.4.1. Effect on activity of mitochondria 
The activity of mitochondria in multidrug-resistant K562/Dox cancer 

cells was observed for the occurrence of insoluble formazan production. 
The Abs. at 560 nm was used to determine the formazan. The alteration 
of Abs. at 560 nm was referred to as mitochondrial activity. Fig. 5 (A) 
and (B) show % Abs. at 560 nm change of incubated multidrug-resistant 
K562/Dox cancer cells, compared with control cells at 5, 10, 30, 60, 120, 
and 240 min. At all harvest time points, the Abs. at 560 nm in multidrug- 
resistant K562/Dox cancer cells incubated with 0.01, 0.1, 1, and 10 mM 
4-HBA had significantly decreased. Similarly, 0.01, 0.1, 1, and 
10 mM VA could significantly decrease Abs. at 560 nm in multidrug- 
resistant K562/Dox cancer cells at all harvest time points. These re
sults suggested that 4-HBA and VA had an effect on mitochondrial ac
tivity in multidrug-resistant K562/Dox cancer cells. 

Table 1 
Pattern of cytotoxicity of Pira, Pira/4-HBA and Pira/VA on K562 and multidrug- 
resistant K562/Dox cancer cells. n = 4.  

Drugs IC50, nM 

K562 Multidrug-resistant K562/ 
Dox 

48 h 72 h 48 h 72 h 

Pira 427.8 
± 58.4 

302.4 
± 47.0 

728.3 
± 90.5 

511.2 
± 47.0 

Pira + 0.01 mM 4- 
HBA 

192.5 
± 25.2* 

126.3 
± 16.0* 

221.3 
± 68.0* 

227.5 
± 23.3* 

Pira + 0.1 mM 4- 
HBA 

181.3 
± 20.6* 

141.3 
± 16.1* 

237.5 
± 73.8* 

182.5 
± 18.8* 

Pira + 1 mM 4-HBA 178.8 
± 27.0* 

133.8 
± 21.2* 

164.5 
± 36.7* 

126.3 
± 22.9* 

Pira + 10 mM 4-HBA 170.0 
± 25.2* 

132.5 
± 25.4* 

82.5 
± 12.3* 

83.8 
± 14.2* 

Pira + 0.01 mM VA 212.5 
± 37.6* 

123.8 
± 15.5* 

290.0 
± 53.2* 

206.3 
± 42.1* 

Pira + 0.1 mM VA 210.0 
± 20.9* 

140.0 
± 18.3* 

297.5 
± 47.2* 

185.0 
± 9.8* 

Pira + 1 mM VA 143.8 
± 34.5* 

128.8 
± 25.5* 

120.0 
± 20.8* 

147.0 
± 44.8* 

Pira + 10 mM VA 162.5 
± 34.2* 

86.3 
± 29.0* 

125.0 
± 9.8* 

121.0 
± 9.3* 

Note: IC50 are the Pira concentrations required to inhibit 50 % of cell viability. * 
Significantly different at p < 0.05 when compared to control. 

O. Myint et al.                                                                                                                                                                                                                                   



Toxicology Reports 9 (2022) 1443–1451

1447

3.4.2. Effect on ΔΨm 
Fig. 5(C) and (D) shows % ΔΨm change of incubated multidrug- 

resistant K562/Dox cancer cells, compared with control cells at 5, 10, 
30, 60, 120, and 240 min. The % ΔΨm was significantly reduced in 
multidrug-resistant K562/Dox cancer cells incubated with 0.01, 0.1, 1, 
and 10 mM 4-HBA at all harvest time points. Similarly, 0.01, 0.1, 1, and 
10 mM VA could significantly decrease % ΔΨm in multidrug-resistant 
K562/Dox cancer cells at all harvest time points. These results sug
gested that 4-HBA and VA had an effect on ΔΨm in multidrug-resistant 
K562/Dox cancer cells. 

3.4.3. Effect on ATP levels 
Fig. 5(E) and (F) show % ATP change of incubated multidrug- 

resistant K562/Dox cancer cells, compared with control cells at 5, 10, 
30, 60, 120, and 240 min. The % ATP was considerably reduced in 
multidrug-resistant K562/Dox cancer cells incubated with 0.01, 0.1, 1, 
and 10 mM 4-HBA at all harvest time points. Similarly, 0.01, 0.1, 1, and 
10 mM VA could significantly decrease % ATP in multidrug-resistant 
K562/Dox cancer cells at all harvest time points. These results sug
gested that 4-HBA and VA had an effect on ATP levels in multidrug- 
resistant K562/Dox cancer cells. 

4. Discussion 

There are several P-gp modulated compounds such as verapamil, 
CsA, SDZ PSC833, VX710, LY335979, and OC144-093 [29–33]. Wagh
ray and Zhang [34] have shown how to sensitize anticancer agents in 
multidrug-resistant cancer cells. Natural products, flavonoids, and 
phenolic acids have also been revealed to have anticancer activities in 
cancer cells [12,35,36]. 4-HBA, a phenolic acid, has been shown to 
enhance the sensitivity of cancer cells to anticancer agents. Wang XN. 
et al. [21] studied the 4-HBA to sensitize breast cancer cells to anticancer 
agent-induced anticancer effects. The authors found that 4-HBA could 
successfully reverse breast cancer resistance and induced the anticancer 
effect which was associated with homeodomain interacting protein 
kinase-2. In addition, VA exhibited anticancer effects on the inhibition of 
hypoxia-inducible factor-1 expression induced by hypoxia in colon 
cancer cells [19]. 

This current study investigated the anticancer activities of 4-HBA 
and VA in K562 and multidrug-resistant K562/Dox cancer cells and 
their potential to modify P-gp-mediated Pira transport in multidrug- 
resistant K562/Dox cancer cells which have an overexpression of P-gp. 
Both K562 and K562/Dox cancer cells are leukemia cell lines. These cells 
are widely used as a highly sensitive in vitro studies and mostly used in 
multidrug resistance studies. The K562 cell was used as drug sensitive 

phenotype where P-gp was not overexpressed in these cells and use as a 
control to compare the effectiveness of drugs. The K562/Dox was the P- 
gp overexpression drug resistant phenotype in which P-gp function 
could be detected by using P-gp inhibitors or modulators. The current 
results showed that Pira inhibited cell viability in a nanomolar range of 
concentration in ways that were consistent with other reports [37–39] 
while 4-HBA and VA inhibited cell viability in a millimolar range of 
concentration in both K562 and multidrug-resistant K562/Dox cancer 
cells. Moreover, VA could inhibit cell viability in both of these cancer 
cells more than 4-HBA. It could be suggested that 4-HBA and VA weakly 
exhibited anticancer activity in K562 and multidrug-resistant K562/Dox 
cancer cells, in comparison to Pira. Of note, 4-HBA and VA alone showed 
higher efficacy in multidrug-resistant K562/Dox than K562 cells. 

Pira is a well-known multidrug resistance compound [40]. 
Co-treatment using Pira with several concentrations of 4-HBA or VA 
could decrease the IC50 for both K562 and multidrug-resistant 
K562/Dox cancer cells. The efficacy (α) values of 4-HBA and VA were 
higher than 1. In another words, the co-treatment of Pira with 4-HBA 
and VA showed that the IC50 of multidrug-resistant K562/Dox cells 
was less than that of K562 cells. These results suggested that 4-HBA and 
VA could be re-sensitizing the multidrug-resistant K562/Dox cancer 
cells to Pira. Taken together, the results implied that 4-HBA and VA 
could be used as a multidrug resistance modulator. 

To understand the mode of action of 4-HBA and VA and increments 
of Pira in multidrug resistant cells, we investigated the ability of 4-HBA 
and VA to inhibit the kinetics of P-gp-mediated efflux Pira out of the 
cells. Our results showed the ratio ka

i /ka
0 values were significantly less 

than 1 in treated multidrug-resistant K562/Dox cancer cells at 0.001- 
1 mM 4-HBA and VA. This suggested that 4-HBA and VA could inhibit P- 
gp efflux Pira out of the multidrug resistant cells. Thus, we proposed that 
4-HBA and VA decreased the P-gp function leading to an increase 
intracellular Pira concentration. Consequently, the multidrug resistant 
cells showed re-sensitizing to Pira. Of note, higher than 1 mM concen
tration of 4-HBA and VA could not lead to a determination of the ratio 
ka

i /ka
0 values in multidrug-resistant K562/Dox cancer cells because these 

concentrations quenched fluorescence emission of Pira. 
In addition, we also investigated how 4-HBA and VA inhibited the P- 

gp function in multidrug-resistant cells. Our findings showed that 4-HBA 
and VA significantly decreased the ΔΨm and mitochondrial function of 
treated cells when compared to control. The determination of mito
chondrial activity in the current study could reveal mitochondrial suc
cinate dehydrogenase (SDH) activity. The MTT was primarily reduced to 
formazan crystals by the SDH. The formazan was analyzed spectro
photometrically (Abs. at 560 nm) after dissolution in DMSO. Hence, we 
proposed that 4-HBA and VA could inhibit SDH activity. 

Fig. 3. Efficacy (α) of 4-HBA and VA to increase the cytotoxicity of Pira on multidrug-resistant K562/Dox cancer cells. n = 4.  
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Due to the change of ΔΨm and mitochondrial function, there could 
be an effect on ATP production in cells [26]. Our results showed that 
ATP levels decreased in 4-HBA- and VA- treated cells. Of note, P-gp is an 
ATP-binding-cassette protein transporter. P-gp function is an 
energy-dependent efflux pump for chemotherapeutic agents [41]. 
Hence, we proposed that 4-HBA and VA induced cellular energetic 

damage had resulted in deceased ATP levels. Consequently, the function 
of P-gp decreased in multidrug-resistant cells and intracellular drug 
accumulation increased, and ultimately multidrug-resistant cells died. 

Of note, the methoxylated substitutions in the chemical structure of 
polyphenol compounds had been shown to be beneficial for the inhibi
tory activity on P-gp in KB/MDR1 cells [42] and on the fluorescein 

Fig. 4. Effect of 4-HBA and VA on Pira uptake in living multidrug-resistant K562/Dox cancer cells. Effect of 4-HBA on Cn (A) and ka
i /ka

0 (B) and VA on Cn (C) and ka
i / 

ka
0 (D) and verapamil on Cn (E) and ka

i /ka
0 (F) in living multidrug-resistant K562/Dox cancer cells. Cn: overall intracellular Pira concentration, ka

i /ka
0: the potentiality 

of 4-HBA, VA and verapamil to suppress the P-glycoprotein function. The ratio of ka
i /ka

0 value equal to 1 defined as 4-HBA, VA and verapamil cannot inhibit the active 
efflux and the ratio of ka

i /ka
0 value equal to 0 defined as 4-HBA, VA and verapamil can completely inhibit the active efflux. * Significantly different at p < 0.05 when 

compared to control. n = 4. 
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transport in Caco-2 cell monolayers [43]. The Cn values of VA-treated 
cells appear to be higher than 4-HBA-treated cells in 
multidrug-resistant K562/Dox cells. This might be due to methoxylated 
substitution in the chemical structure of VA (Fig. 1). However, the 
structure activity relationships need to be further investigated in future 
studies. 

5. Conclusion 

Taken together, the current study suggested that 4-HBA and VA were 
able to bring about cell death in K562 and multidrug-resistant K562/Dox 
cancer cell at high concentrations and that there were anticancer effects 
possibly via inducing energetic state damage and modification of P-gp 
function. Although the current study implies that there are alternative 
multidrug-resistant compounds that can re-sensitize Pira in multidrug- 

Fig. 5. Effect of 4-HBA or VA cellular energetic state in multidrug-resistant K562/Dox cancer cells. Effect of 4-HBA (A) and VA (B) on % Abs. at 560 nm change, Abs. 
at 560 nm represents mitochondrial activity. Effect of 4-HBA (C) and VA (D) on % ΔΨm change. Effect of 4-HBA (E) and VA (F) on % ATP change. * Significantly 
different at p < 0.05 when compared to control. n = 4. 
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resistant cancer treatment at the cellular level, the anticancer activities 
should be evaluated at in vivo level. 
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