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ABSTRACT Multidrug resistance of tumors has been a severe obstacle to the success
of cancer chemotherapy. The study wants to investigate the reversal effects of imper-
atorin (IMP) on doxorubicin (DOX) resistance in K562/DOX leukemia cells, A2780/Tax-
ol cells and in NOD/SCID mice, to explore the possible molecular mechanisms. K562/
DOX and A2780/Taxol cells were treated with various concentrations of DOX and Taol
with or without different concentrations of IMP, respectively. K562/DOX xenograft
model was used to assess anti-tumor effect of IMP combined with DOX. MTT assay,
Rhodamine 123 efflux assay, RT-PCR, and Western blot analysis were determined in
vivo and in vitro. Results showed that IMP significantly enhanced the cytotoxicity of
DOX and Taxol toward corresponding resistance cells. In vivo results illustrated both
the tumor volume and tumor weight were significantly decreased after 2-week treat-
ment with IMP combined with DOX compared to the DOX alone group. Western blot-
ting and RT-PCR analyses indicated that IMP downregulated the expression of P-gp
in K562/DOX xenograft tumors in NOD/SCID mice. We also evaluated glycolysis and
glutamine metabolism in K562/DOX cells by measuring glucose consumption and
lactate production. The results revealed that IMP could significantly reduce the glu-
cose consumption and lactate production of K562/DOX cells. Furthermore, IMP could
also remarkably repress the glutamine consumption, a-KG and ATP production of
K562/DOX cells. Thus, IMP may sensitize K562/DOX cells to DOX and enhance the anti-
tumor effect of DOX in K562/DOX xenograft tumors in NOD/SCID mice. IMP may be an
adjuvant therapy to mitigate the multidrug resistance in leukemia chemotherapy.

INTRODUCTION

Malignant tumors have become one of the most important
causes of human death. According to the World Health Orga-
nization's World Cancer Report 2014, cancer caused 8.2 million
deaths worldwide in 2012, and this number is expected to rise to

22 million by 2035 [1]. Chemotherapy plays an important role in
the integrated therapy of malignant tumors, and the combination
of chemotherapy with operation and radiotherapy represents the
three methods of treatment for malignant tumors [2]. However,
the multidrug resistance (MDR) of tumors affects the efficacy
of clinical chemotherapy and remains the main cause of chemo-
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therapy failure [3-6]. Many first-line drugs used to treat cancer,
such as doxorubicin, taxanes, and vinblastine alkaloids can cause
MDR [7-11]

The mechanism of MDR induction in cancers is complex, but
high expression of P-glycoprotein (P-gp) is thought to be one of
the main causes of MDR. Previous studies [12-15] have shown
that P-gp is highly expressed in breast cancer, ovarian cancer,
gastric cancer, leukemia, and other tumors. High expression of
P-gp is associated with the emergence of MDR and a reduced re-
sponse to chemotherapy in many cancers. P-gp can extrude drugs
with diverse structures from cells using energy provided by ATP
hydrolysis, decreasing the drug concentration in cells and sub-
sequently reducing the efficacy of chemotherapeutic agents [16].
Therefore, inhibition of P-gp mediated drug efflux is thought to
be an effective method to resensitize multidrug-resistant cancer
cells to chemotherapy.

Researchers have found that many traditional Chinese medi-
cines (TCMs), active compounds of TCMs and serum containing
TCMs can reverse multidrug resistance of cancers, and are char-
acterized by high efficiency, low toxicity, multiple targets, and
strong specificity. Currently, screening P-gp reversal agents based
on TCM has received increasingly attention [17,18]. It was previ-
ously reported that the active ingredients of TCM, such as dauri-
cine, daurisoline [19], quercetin, genistein and so on [20,21], can
inhibit the efflux of ATP-binding cassette transporters, including
P-gp, multidrug resistance-associated protein, and breast cancer
resistance protein. To study the effect of the active ingredients of
TCM on the reversal of MDR may be of great significance for the
development of chemosensitizers.

As shown in Fig. 1, Imperatorin (IMP) is a linear furocoumarin
compound isolated from the root of Angelica dahurica, Euphor-
bia chinensis, Cnidium mongolicum, and Angelica sinensis.
Modern pharmacological studies have shown that IMP is a major
bioactive furanocoumarin [22], and it has long been known that
IMP exhibits many biological activities, such as anti-tumor [23],
anti-bacterial, anti-viral and anti-oxidant effects [24,25]. Reports

Fig. 1. The chemical structure of imperatorin (IMP).
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have shown that IMP inhibits proliferation, promotes apoptosis
and interferes with the signal transduction of cancer cells [26,27].
However, the effects of IMP on tumor-resistant cells have not
been studied. In this study, we determined whether IMP can re-
verse the multidrug resistance of human leukemia cells to chemo-
therapeutic agents using in vitro and in vivo approaches.

METHODS
Chemicals, reagents and botanical material

IMP was purchased from the National Institutes for Food and
Drug Control (Beijing, China) and its purity exceeds 99%. Epi-
rubicin hydrochloride was obtained from Lunan Pharmaceutical
(batch: 155160702). The Thermo Scientific RevertAid First cDNA
Synthesis Kit was provided by Thermo Fisher Scientific. The
Trizol RNA Extraction Kit was purchased from Ambion (Thermo
Fisher Scientific, Beijing, China). The reverse transcription kit
was purchased from Promega (Madison, WI, USA). Power SYBR
Green PCR Mix was purchased from Life Technologies, Inc., (New
York, NY, USA) PCR primers were synthesized by Shanghai San-
gon Biotech Co. Ltd. (Shanghai, China). A mouse monoclonal an-
ti-P-gp (MDR) antibody was obtained from Sigma-Aldrich, Inc.
(St. Louis, MO, USA) A GAPDH mouse monoclonal antibody
was purchased from Shanghai Bioleaf Biotech Co. Ltd. (Shanghai,
China). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG), radio immunoprecipitation
assay (RIPA) lysis buffer, protease inhibitors, phosphatase inhibi-
tors, bicinchoninic acid (BCA) Protein Assay Reagent Kit, and
enhanced chemiluminescence (ECL) Kit were purchased from
Beijing Com Win Biotech Co. Ltd. (Beijing, China).

Cell culture

Human chronic myelogenous leukemia cell line K562 and its
doxorubicin-resistant cell line K562/DOX, human ovary A2780
cell line and its Taxol-resistant cell line A2780/Taxol were all pur-
chased from Shanghai Gefan Biotechnology. Co., Ltd. (Shanghai,
China) Cells were grown in an atmosphere of 5% CO, at 37°C
and cultured in RPMI 1640 medium containing 10% fetal bovine
serum and 100 U/ml penicillin-streptomycin. Drug-resistant cell
lines were maintained with suitable concentrations of drugs,, and
the drugs were withdrawn 2 weeks before experiments.

Cytotoxicity assays

Cell viability and proliferation was determined by Cell Count-
ing Kit-8 (CCK-8) assay. Different cells were seeded into 96-well
plates and incubated overnight. Drug at concentrations in the
presence or absence of IMP (2.78, 5.56, 11.10 uM) were added to
corresponding cells, respectively. After incubation for 48 h, 20 ul
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of the CCK-8 reagent was added to each well, and the absorbance
was determined at 450 nm after 3 h. 50% inhibiting concentra-
tion (IC,,) was calculated from survival curves using the Bliss
method. The resistance index (RI) was calculated by dividing the
IC;, value of K562/DOX cells by that of K562 cells. The reversal
fold (RF) was calculated as the ratio between the IC,, value alone
to that of IMP combined with chemotherapeutic drugs.

Detection of Rhodamine 123 (Rho 123)

K562 and K562/DOX cells were plated in 12-well plates and
then incubated different concentration of drugs or Hank’s bal-
anced salt solution (HBSS, 37°C, pH 7.4). Cells were incubated in
a 5% CO, incubator at 37°C. The reaction was terminated after 60
min on ice. The solution was separated by centrifuging at 1,000
rpm for 5 min at 4°C, discarded the supernatant and washed for
twice with cold HBSS. Rho 123 (5 uM) was added in different
groups and incubated for 75 min. The accumulation was stopped
by rinsing cells with ice-cold HBSS. Single-cell suspensions were
prepared and centrifuged at 12,000 g for 10 min, and the protein
concentrations were determined using BCA protein assay kit. The
concentration of Rho 123 in each tube was divided by the total
protein content of each tube to eliminate errors caused by the
number of cells. In a parallel experiment, 200 pl of supernatant
was mixed with 300 ul of acetonitrile followed by centrifugation
at 14,000 g for 20 min. Rho 123 in the supernatant was detected
by a previously established high-performance liquid chroma-
tography (HPLC) method. Chromatographic separation was
achieved on a Phenomenex-C18 (250 mm x 4.6 mm, 5 um) col-
umn with acetonitrile/1% triethylamine (pH 3.0) under gradient
conditions at a flow rate of 1 ml/min. Detection was performed
using a fluorescence detector with an excitation wavelength of
485 nm and an emission wavelength of 546 nm [28].

K562/DOX xenograft NOD/SCID mice model

Male SPF NOD/SCID mice (20 + 2 g) were provided by the
Nanjing Institute of Biomedicine of Nanjing University (Labo-
ratory animal certificate number, 201901A014). Animals were
housed under standard conditions of artificial light and dark
cycles with free access to food and water, and the room had good
ventilation with a temperature at 20°C-25°C. All animal studies
were performed according to the approved protocols and guide-
lines of the Institutional Animal Ethical Care Committee.

K562/DOX cells (1 x 10 cells/0.2 ml) were subcutaneously
injected into the right flanks of 10 NOD/DSCID mice. When the
tumor nodules were approximately 1 cm in diameter, they were
subcultured to establish a transplanted tumor model. The model
mice were randomly divided into the following 5 groups: model
group (intraperitoneal injection of 0.9% saline once daily), DOX
alone group (intraperitoneal injection of DOX at a dose of 2.5 mg/
kg, twice a week), low-dose IMP combined with DOX group (oral

www.kjpp.net

administration of IMP at a dose of 5 mg/kg once daily, and intra-
peritoneal injection of DOX at a dose of 2.5 mg/kg, twice a week),
medium-dose IMP combined with DOX group (oral administra-
tion of IMP at a dose of 10 mg/kg once daily, and intraperitoneal
injection of DOX at a dose of 2.5 mg/kg, twice a week), and high-
dose IMP combined with DOX group (oral administration of
IMP at a dose of 20 mg/kg once daily, and intraperitoneal injec-
tion of DOX at a dose of 2.5 mg/kg, twice a week). Mice were con-
tinuously treated for 15 days, and tumor volumes were measured
once a week. Animals were sacrificed, and the tumor tissues were
removed and weighed after the last treatment.

Histopathology

Tumor tissues were immobilized in 4% formaldehyde solution,
embedded in paraffin, sectioned and stained with hematoxylin
and eosin (H&E).

Transmission electron microscopy

Tumor tissues were immobilized in 2.5% glutaraldehyde, dehy-
drated, embedded, cut into 80 nm sections, and stained with 2%
uranium acetate and citrate. A JEM-1011 transmission electron
microscope was used to observe the tumor ultrastructural changes.

ELISA analysis

Cell glycolysis, glutamine consumption, a-ketoglutaric acid (a-
KG) production and ATP production were assessed by Glucose
Assay Kit, Lactate Assay Kit, the Glutamine Assay Kit, a-KG
Assay Kit and ATP Assay Kit according to the manufacturer’s
instructions.

Detection of cell extracellular acidification rate

Cell extracellular acidification rate were performed to deter-
mine cellular aerobic glycolysis. In brief, 5 x 10" Cells were seeded
into the cell-culture dish overnight (96-well microplate), and
in the 20 min added 10 mM of Glucose, 1 uM of Oligomycin add
in 15 min, and 50 mM of 2-deoxy-D-glucose (2-DG) put in it
another 15 min. Finally we used Glycolysis Rate Determination
Kit to test, and then analyzed by Seahorse XFe Extracellular Flux
Analyzer (Seahorse Bioscience, North Billerica, MA, USA).

Western blot analysis

Tumor tissues were lysed in RIPA buffer containing phenyl-
methanesulfonyl fluoride and phosphatase inhibitor. The con-
centration of total protein was detected by an Enhanced BCA
Protein Assay Kit. Equal quantities of protein were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
then transferred to PVDF membrane. Membranes were blocked
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in 5% bovine serum albumin) for 1 h and incubated with primary
antibodies overnight. Membranes were then incubated with
secondary antibodies at room temperature for 1 h. Proteins were
detected by using an ECL Western blotting detection system.

Real-time polymerase chain reaction (RT-PCR)

The total RNA of tumor tissues was extracted by the RNA easy
Total RNA mini kit and reverse transcribed to cDNA with re-
verse transcription kit according to the manufacturer’s protocol,
respectively. PCR primer design and synthesis were performed by
the primer design software provided by Applied Biosystems. The
primer sequences were as follows: human MDRI, forward 5-AAA
GCG ACT GAA TGT TCA GTG G-3, reverse 5“-TGC GTG TGG
AGT ATT TGG ATG-3; human hRpIPIv-F (internal control),
forward 5-CCC TCA TTC TGC ACG ACG AT-3, reverse 5'-
GGC TCA ACA TTT ACA CCG GC-3'. PCR amplification was
performed using Power SYBR Green PCR Mix according to the
manufacturer’s protocol.

Statistical analysis

All experiments were carried out at least three times. SPSS
software (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. All of the data were expressed as mean + SD, and were
subjected to statistical analysis by one-way ANOVA followed by
a Student-Newman-Keuls post-hoc test. p < 0.05 was considered
significant for all tests.
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RESULTS

Drug resistant testing of K562/DOX and A2780/Taxol
cell lines

Both DOX and Taxol exhibited anti-proliferative activity on
both parental and resistant cells dose-dependently (Fig. 24, C),
respectively. The IC,, values of K562 was 1.63 + 0.20 uM, whereas
IC,, values of K562/DOX was 38.20 + 0.58 uM. The RI for K562/
DOX cells was 23.43 (Fig. 2B, Table 1) (RI > 15). The IC,, values of
A2780 was 51.33 £ 1.76 uM, whereas IC;, values of A2780/Taxol
was 188.30 + 4.63 uM.The RI for A2780/Taxol cells was 3.67 (Fig.
2D, Table 2). The results showed that the two kinds of resistant
cell lines were all strongly resistant to corresponding chemother-
apy drugs and can be used for follow-up research.

Reversal effect of IMP on drug resistance cell lines of
K562/DOX and A2780/Taxol

Treatments with IMP at concentrations of 2.78, 5.56, and 11.10
uM significantly increased the cytotoxicity of DOX in K562/
DOX cells (p < 0.05), respectively, but had little effect in K562
cells (Fig. 3A, B and Table 1). IMP showed a dose-dependent re-
versal effect of drug resistance of K562/DOX cells. Treatments
with IMP at concentrations of 7.40, 18.50, and 37.00 uM signifi-
cantly increased the cytotoxicity of Taxol in A2780/Taxol cells
(p < 0.05), respectively, while had little effect in A2780 cells (Fig.
3C, D and Table 2). IMP showed a dose-dependent reversal effect
of drug resistance of A2780/Taxol cells. As shown in Table 1, as
the concentration of IMP increased, the IC,, value of DOX-IMP

Fig. 2. The resistance index of resis-
tant cell line of K562/DOX and A2780/
Taxol. (A) Cell survival rate of different
concentration of DOX on K562 and
K562/DOX. (B) ICs, (umol/L) values were
calculated from survival curves using the
Bliss method and then Rl was calculated
by dividing the IC,, for K562/DOX cells
by that of K562 cells. (C) Cell survival
rate of different concentration of Taxol
on A2780 and A2780/Taxol. (D) ICs, (uM)
values were calculated from survival
curves using the Bliss method and then
Rl was calculated by dividing the ICs, for
A2780/DOX cells by that of A2780 cells.
Taxol, Taxinol; DOX, doxorubicin; ICs,,
50% inhibiting concentration; RI, resis-
tance index.
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Table 1.1C;, value in K562 cells and K562/DOX cells

1Cs (HM)
Group RI RF
K562 K562/DOX
DOX 1.63 £0.20 38.2 +0.58* 23.43 -
DOX + IMP (2.78 uM) 2.06 £0.18 9.38 = 0.07*" 4.55 5.15
DOX + IMP (5.56 uM) 1.93 £ 0.09 4.56 +0.13*" 2.36 9.93
DOX + IMP (11.10 uM) 2.08 +0.19 3.50 £ 0.07*" 1.68 13.95

Data are shown as means + SD, n = 3. K562 and K562/DOX cells were incubated with various concentrations of DOX (0.36-92.00 pM)
in the presence or absence of IMP (2.78, 5.56, 11.10 uM) for 48 h, respectively. The cytotoxicity was evaluated by CCK-8 assay. 1Cs,
(uM) values were calculated using the Bliss method. Rl was calculated by dividing the IC;, for K562/DOX cells by that of K562 cells. RF
was calculated as the ratio between the IC;, value of DOX alone to that of IMP combined with DOX in K562/DOX cells. 1C,,, 50%
inhibiting concentration; Rl, resistance index; RF, reversal fold; DOX, doxorubicin; IMP, imperatorin; CCK-8, Cell Counting Kit-8. *p <
0.05 vs. respective K562 cells; 'p < 0.05 vs. respective DOX alone group.

Table 2. 1C;, value in A2780 cells and A2780/Taxol cells

1Cs (P-M)
Group RI RF
A2780 A2780/Taxol
Taxol 51.33 £1.76 188.30 + 4.63* 3.67 -
Taxol + IMP (7.40 uM) 52.84 +£1.18 83.29 +2.21*" 1.58 2.32
Taxol + IMP (18.50 pM) 56.89 + 2.01 71.05 £ 2.13%" 1.25 2.94
Taxol + IMP (37.00 pM) 51.57 £ 2.11 35.53 £ 1.17*%" 0.69 5.32

Data are shown as means + SD, n = 3. A2780 and A2780/Taxol cells were incubated with various concentrations of Taxol (0.76-97.12
uM) in the presence or absence of IMP (7.40, 18.50, 37.00 uM) for 48 h, respectively. The cytotoxicity was evaluated by CCK-8 assay.
IC5o (uM) values were calculated using the Bliss method. Rl was calculated by dividing the IC, for A2780/Taxol cells by that of A2780
cells. RF was calculated as the ratio between the 1C,, value of Taxol alone to that of IMP combined with Taxol in A2780/Taxol cells. 1Cs,,
50% inhibiting concentration; Taxol, Taxinol; RI, resistance index; RF, reversal fold; IMP, imperatorin; CCK-8, Cell Counting Kit-8. *p <
0.05 vs. respective A2780 cells; 'p < 0.05 vs. respective Taxol alone group.

A B

Fig. 3. Chemosensitizing effect analy-
sis of IMP on various tumor-resistant
cell lines. (A) Cell viability of different
concentrations of DOX combined with
IMP (2.78, 5.56, and 11.10 uM) on K562
cells. (B) Cell viability of different con-

C D centrations of DOX combined with IMP
(2.78,5.56, and 11.10 uM) on K562/DOX
cells. (C) Cell viability of different con-
centrations of Taxol combined with IMP
(7.40, 18.50, and 37.00 uM) on A2780
cells. (D) Cell viability of different con-
centrations of Taxol combined with IMP
(7.40, 18.50, and 37.00 uM) on A2780/
Taxol cells. Representative data from
three independent experiments. IMP,
imperatorin; DOX, doxorubicin; Taxol,
Taxinol.
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combinations reduced and resulting in the increased RF of IMP
accordingly (RF from 3.33 to 9.00). We also can see in Table 2,
with the concentration of IMP increased,the IC, value of Taxol-
IMP combinations reduced and resulting in the increased RF of
IMP accordingly (RF from 2.75 to 6.29). These results indicated
that IMP could sensitiz the different tumor-resistant cell lines to
chemotherapeutics.

Effect of IMP on intracellular accumulation of Rho 123

Rho 123, a fat-soluble fluorescent substance and a substrate of
P-gp, which can be transported from the cell membrane into the
cytoplasm. While P-gp can discharge entered Rho 123 out of the
cells. Therefore, the less amount of intracellular accumulation of
Rho 123, the higher activity of P-gp. Verapamil is a P-gp inhibitor
which could increase the amount of intracellular accumulation of
Rho 123 [15]. We first examined the uptake of Rho 123 by K562/
DOX cells. The results showed that the fluorescence intensity
in K562/DOX cells increased with time, and gradually reached
saturation state after a certain time (Fig. 4A). Therefore, 75 min
was choosen as the coincubation time of Rho 123 and the impacts
of IMP on the accumulation of Rho 123 in K562 cells and K562/
DOX cells was observed. We further confirmed the effect of
time on the absorption of IMP and verapamil (VER). The results
showed that the fluorescence intensity of IMP increased with
time just like VER, and gradually reached saturation state at 60
min (Fig. 4B). The HPLC detection showed that K562/DOX cell
solution had no interference with the determination of Rho 123
(Fig. 4C). Next, we used HPLC detection method to observe the
effects of IMP and VER on the accumulation of Rho 123 in K562

Korean J Physiol Pharmacol 2022;26(3):145-155

Fig. 4. Effect of IMP on intracellular
accumulation of Rho 123. (A) Effect of
time on the fluorescence intensity of Rho
123 in K562/DOX cells. (B) Effect of the
coincubation time of Rho 123 and drugs
on the fluorescence intensity of Rho
123 in K562/DOX cells. (C) HPLC method
specificity. (C-a) K562/DOX cells solution.
(C-b) K562/DOX cells solution containing
Rho 123 reference solution. (C-c) K562/
DOX cells solution after incubation with
Rho 123 for 75 min. (D) Effect of IMP on
intracellular accumulation of Rho 123
in K562 cells and K562/DOX cells. K562/
DOX cells treated with 10.2 and 20.4
umol/L VER, which used as the positive
control. Data are shown as means + SD, n
= 3. IMP, imperatorin; DOX, doxorubicin;
Taxol, Taxinol; HPLC, high-performance
liquid chromatography; VER, verapamil.
**p < 0.01 vs. K562 cells. *p < 0.01 vs.
K562/DOX cells untreated group.

cells and K562/DOX cells. As shown in Fig. 4D, compared with
K562 cells, there was a decreased accumulation and increased ef-
flux of Rho 123 in K562/DOX cells, which is transported by P-gp
(p < 0.05). IMP at concentrations of 2.78, 5.56, and 11.10 pmol/L
significantly increased the intracellular Rhol23 accumulation in
K562/DOX cells (p < 0.01), implying that IMP may reduce the ef-
flux activity of P-gp. The reference group VER at concentrations
0f 10.2, and 20.4 uM illustrated the same effect but more potently
(p < 0.01).

IMP inhibiting restraining the glycolysis and
glutamine metabolism of K526/DOX cells in vitro

Glycolysis and glutamine metabolism are important energy
sources of cancer cells, and are also an important way for P-gp
to inhibit drug efflux. We found that the expressin of P-gp was
significantly increased in K562/DOX cells (Fig. 5A). We evaluated
glycolysis and glutamine metabolism in K562/DOX cells by mea-
suring glucose consumption and lactate production. The results
revealed that IMP could significantly reduce the glucose con-
sumption and lactate production of K562/DOX cells (Fig. 5B, C).
Furthermore, IMP could also remarkably repress the glutamine
consumption, a-KG production and ATP production of K562/
DOX cells (Fig. 5D, E).

Effect of IMP combined with DOX on tumor growth of
K562/DOX xenograft tumors in NOD/SCID mice

The tumor volume was measured every 7 days. Fig. 6A showed
that both DOX alone and IMP combined with DOX treatments
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C
D E

significantly reduced the average tumor volume at 14 days, but
not obvious at 0 day and 7 days. IMP combined with DOX treat-
ments tended to reduce the average tumor volume at 14 days, as
compared with the DOX alone treatment. After 14 days, mice
were sacrificed and the tumor tissues were weighed. Compared
with the untreated model group, both DOX alone and IMP com-
bined with DOX treatments significantly decreased the tumor
weight. Moreover, the average tumor weight in groups of IMP at
dosage of 10 mg/kg and 20 mg/kg combined with DOX was re-
markably lower than that in DOX alone group, respectively (Fig.
6B, 6C).

H&E staining showed increased necrosis and apoptosis in tu-
mor tissues collected from mice treated with DOX alone and IMP
combined with DOX (Fig. 7A). IMP (10 mg/kg and 20 mg/kg)
combined with DOX group showed increased necrosis compared
to the other groups, and fibrous tissue hyperplasia was found
between tumors in IMP (20 mg/kg) combined with DOX group.
The blue arrow indicates that the cell structure was seriously
damaged and the cell density was enhanced.

www.kjpp.net

Fig. 5. IMP restrained the glycolysis
and glutamine metabolism of K526/
DOX cells in vitro. (A) DOX promoted
the expression of P-gp. (B, C) The glucose
consumption, lactate production and
ECAR were measured to assess cell gly-
colysis. (D, E) Glutamine consumption,
o-KG production and ATP production
were determined using correspond-
ing Assay Kits, respectively. K562/DOX
cells treated with 0 and 2.8 uM IMP. IMP,
imperatorin; DOX, doxorubicin; P-gp, P-
glycoprotein; ECAR, extracellular acidi-
fication rate; a-KG, a-ketoglutaric acid;
2-DG, 2-deoxy-D-glucose. **p < 0.01.

Dual staining with 2% uranium acetate and lead citrate were
visualized with transmission electron microscopy. The red arrows
indicated mitochondria, we could see the swelling or rupture of
mitochondria. And the green arrows indicated normol cell struc-
ture, it showed that Mitochondria were uniform in size and clear
in structure. As illustrated in Fig. 7B, obvious necrosis, cytoplas-
mic vacuole, and apoptotic characteristics appeared in some cells
of both DOX alone and IMP (10 mg/kg and 20 mg/kg) combined
with DOX groups, respectively.

Effect of IMP combined with DOX on P-gp protein and
mRNA expressions in vivo

We next examined whether IMP affected P-gp protein and
mRNA expressions in K562/DOX xenograft tumor tissues in
NOD/SCID mice through western blotting and quantitative RT-
PCR experiments, respectively. As shown in Fig. 8, compared
with the untreated model group, both DOX alone and IMP com-
bined with DOX treatments significantly inhibited P-gp protein

Korean J Physiol Pharmacol 2022;26(3):145-155
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Fig. 6. Effect of IMP combined with
DOX on tumor growth of K562/DOX
xenograft tumors in NOD/SCID mice.
(A) The tumor volumes were measured
at 0, 7, and 14 days. (B) The tumor
weights were analyzed after 14 days. (C)
Representative images of tumor tissues
subjected to different treatments of DOX
and IMP (1, untreated model group; 2,
DOX 2.5 mg/kg alone group; 3, IMP 10
mg/kg + DOX 2.5 mg/kg group; 4, IMP
20 mg/kg + DOX 2.5 mg/kg group). Data
are shown as means + SD, n = 8. IMP,
imperatorin; DOX, doxorubicin. *p < 0.05;
*p < 0.01 vs. untreated model group. “p
< 0.01 vs. DOX 2.5 mg/kg alone group.

Fig. 7. Effect of IMP combined with DOX on pathological abnormalities of K562/DOX xenograft tumors in NOD/SCID mice. (A) Tumor tissues
were fixed, sectioned, and stained with H&E (magnification, x50). The blue arrows indicate that the cell structure was seriously damaged and the cell
density was enhanced. (B) Electron microscope observation of tumor tissues subjected to different treatments with IMP (10 and 20 mg/kg) and DOX (2.5
mg/kg). The red arrows indicated mitochondria indicates that the cells have shrinkage, necrosis, cytoplasmic vacuoles. The orange arrows were more
obvious mitochondrial structure. The green arrows pointed out the mitochondrial morphology of normal cells. IMP, imperatorin; DOX, doxorubicin.
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The expression of p-gp

The expression of p-gp mMRNA

Fig. 8. Effect of IMP combined with DOX on P-gp expression in K562/DOX xenograft tumors in NOD/SCID mice. (A) Representative Western
blots of P-gp protein. Quantified data showing IMP at dosage of 10 mg/kg and 20 mg/kg combined with DOX (2.5 mg/kg) treatments inhibited P-gp
protein expression (B) and mRNA level (C) in K562/DOX xenograft tumor tissues as compared with DOX (2.5 mg/kg) alone treatment. Data are pre-
sented as the means + SD, n = 8. IMP, imperatorin; DOX, doxorubicin; P-gp, P-glycoprotein. **p < 0.01 vs. untreated model group. ““p < 0.01 vs. DOX (2.5

mg/kg) alone group.

expression levels (Fig. 8A, B) and downregulated P-gp mRNA lev-
els (p < 0.01, Fig. 8C). Moreover, IMP at dosage of 10 mg/kg and
20 mg/kg combined with DOX treatments further suppressed
P-gp protein levels (Fig. 8A, B) and mRNA levels (Fig. 8C), as
compared with the DOX alone treatment (p < 0.01), respectively.
Our results indicated that IMP inhibited P-gp protein and mRNA
expressions in K562/DOX xenograft tumor tissues in NOD/SCID
mice.

DISCUSSION

MDR is one of the major problems in leukemia therapy. Thus,
it is necessary to reverse the MDR of leukemia and improve the
prognosis and survival rate of patients. Verapamil, one of the
earliest reversal agents, it can reverse MDR via competitively
combining with P-gp, and thus increasing the accumulation of
intracellular chemotherapy drugs, but its use is limited by serious
side effects. In recent years, natural medicine and Chinese herbal
medicines have shown great advantages in reversing MDR. It has
been reported that some extracts of traditional medicine, such as
peoniflorin, curcumin, dauricine, quercetin, and procyanidin,
effectively inhibit NF-«B activity, downregulate ABCBI expres-
sion and decrease P-gp expression [29-35]. Previous studies have
shown that IMP increases the intestinal absorption of anti-tumor
agents (such as vincristine) [36] and improves the ATPase activ-
ity of P-gp [37]. Therefore, we think it might have the function of
reversing the multidrug resistance whic associated with P-gp.

www.kjpp.net

In this study, different tumor-resistant cell lines were used to
confirm the chemosensitizing effect of IMP to chemotherapeu-
tics. Results showed that IMP combined with chemotherapeutics
treatments decreased RI value, as illustrated in Tables 1 and 2.
Overexpression of P-gp is one of the most important causes of
MDR [38]. Rhodamine-123 (6-amino-9-[2-293 methoxycarbonyl-
phenyl) xanthen-3-ylidene] azanium chloride), a model substrate
of P-gp, is a lipophilic, cationic fluorescent dye that has been used
as a selective marker for studying the functional activity of P-gp
[39]. Our results indicated that IMP increased the intracellular ac-
cumulation of Rho 123 in K562/DOX cells, which suggested that
IMP could inhibit P-gp efflux activity in tumor-resistanct cells.

In order to further determine the mechanism of IMP inhibit-
ing P-gp expression and regulating cell resistance, we detected
the expression of P-gp in K562 cells and K562/DOX cells, and the
effect of P-gp on DOX resistance was confirmed again. Previous
studies have shown that IMP could enhance cell resistance to
DOX and inhibit the efflux activity of P-gp. The efflux function
of P-gp requires ATP, glycolysis and glutamine metabolism play
an important role in it [40], a new study have found that the ef-
flux of P-gp in DOX induced drug-resistant hepatocytes depends
on mitochondrial ATP driven by glutamine, recently [41]. In this
study, we also verified that glycolysis and glutamine metabolism
was involved in the mechanism of IMP enhancing drug resis-
tance. Combined with TEM observation of tumor tissue sections
confirmed that IMP promoted the swelling or disappearance of
mitochondria. Does it mean that IMP could inhibit mitochon-
drial activity, reduce ATP production, block glycolysis and gluta-
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mine metabolism, and inhibit P-gp expression and reduce DOX
efflux, so as to achieve drug resistance. These data indicated that
P-gp might be an important mechanism of drug resistance, and
IMP could inhibit the expression of P-gp by regulating glycolysis
and glutamine metabolism. suggesting that IMP might be an im-
portant therapeutic option for drug resistance of tumor cells.

To verify the reversal of MDR by IMP in leukemia therapy,
we used NOD/SCID mice to generate the K562/DOX xenograft
leukemia model. In this model, the incidence of tumors is high,
which is consistent with a previous report [42]. In vivo results
indicated that both DOX alone and IMP combined with DOX
treatments significantly reduced the average tumor volume and
the average tumor weight, IMP combined with DOX treatments
were able to remarkably lower the average tumor weight than that
of DOX alone treatment. Interestingly, according to the patholog-
ical results, combination therapy of IMP and DOX showed more
necrosis as well as fibrous tissue hyperplasia between tumors
than that of DOX alone treatment. The efflux function of P-gp is
related to protein and gene expression, so we further investigated
the effect of IMP P-gp protein and gene expression in vivo. Our
results indicated that compared with the DOX alone treatment,
combination therapy of IMP and DOX could remarkably inhibit
the protein and mRNA expressions of P-gp. IMP reversed MDR
in K562/DOX cells may be related to the suppression of P-gp pro-
tein and gene expressions.

In summary, we evidenced that IMP was able to enhance the
efficacy of conventional chemotherapeutic drug DOX in K562/
DOX cells and K562/DOX xenograft NOD/SCID mice by inhibi-
tion of efflux function of P-gp and suppression of P-gp protein
and gene expressions. These findings indicated that IMP may be
a reversal agent for the treatment of leukemia, which may reduce
the occurrence of MDR in leukemia chemotherapy and improve
the efficiency of leukemia chemotherapy.
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