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1. Introduction

Acquired multidrug resistance (MDR) has emerged 
as a major obstacle to effective chemotherapy (1). 
P-glycoprotein (P-gp) is encoded by multidrug 
resistance gene 1 (MDR1) and is a member of the ATP-
binding cassette (ABC) superfamily (2). High levels 
of P-gp expression have been linked to the efflux of 

chemotherapeutic drugs in cancer cells. Inhibition 
of P-gp-mediated drug efflux is an effective way to 
overcome cancer drug resistance (3). However, no agents 
targeting P-gp have been approved for clinical use (4). 
Therefore, agents to overcome drug resistance must be 
promptly identified in order to treat malignancies.
	 Acetyl-11-keto-β-boswellic	 acid	 (AKBA),	 a	
pentacyclic triterpene extracted from the fragrant gum 
resin of the Boswellia serrata tree, has been found 
to be effective against inflammatory diseases such 
as rheumatoid arthritis (5), ulcerative colitis (6), and 
trinitrobenzene sulphonic acid-induced colitis (7). 
Recently,	AKBA	was	reported	to	exhibit	antitumor	action	
in several human cell lines, including malignant glioma 
(8), colon cancer (9), prostate cancer (10), and leukemia 
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(11)	cell	 lines.	 In	addition,	AKBA	has	been	found	 to	
suppress	nuclear	factor-κB	and	STAT3-related	pathways	
(12,13).	However,	whether	AKBA	can	modulate	acquired	
MDR in tumors has yet to be determined.
 The current study examined the reversal of MDR in 
HCT-8/VCR	cells	by	AKBA.	HCT-8/VCR	is	a	human	
ileocecal adenocarcinoma cell line with vincristine-
induced	resistance.	The	ability	of	AKBA	to	reverse	MDR	
is evident in an increase in the intracellular accumulation 
of VCR and inhibition of the expression of P-gp. 
Therefore,	AKBA	might	be	a	potential	agent	to	reverse	
MDR in human ileocecal adenocarcinoma.

2. Materials and Methods

2.1. Drugs

AKBA	(Sigma-Aldrich,	St.	Louis,	USA)	was	dissolved	
in dimethylsulfoxide (DMSO, Sigma-Aldrich) at 20 
mM as a stock solution. Dilutions of all of the reagents 
were freshly prepared before each experiment.

2.2. Cell lines and cell culture

The human ileocecal adenocarcinoma cell line HCT-8 
and its MDR counterpart HCT-8/VCR were purchased 
from	Keygen	Biotech	(Nanjing,	China).	Cancer	cells	
were	maintained	 in	RPMI-1640	(GIBCO,	NY,	USA)	
supplemented with 10% (v/v) heat-inactivated fetal 
bovine serum (GIBCO) and penicillin-streptomycin 
(100	 IU/mL	 to	100	μg/mL)	at	37°C	 in	a	humidified	
atmosphere (5% CO2-95% air). Cells were harvested 
by brief incubation in trypsin 0.25% (w/v) and 0.53mM 
EDTA in PBS. HCT-8/VCR cells were maintained in 
a	complete	RPMI-1640	medium	containing	1	mg/mL	
of	vincristine	(VCR,	Wanle,	Shenzhen,	China)	at	37°C	
in a humidified atmosphere of 5% CO2. The cells were 
cultured for 2 weeks in drug-free medium prior to their 
use in experiments.

2.3. Determination of P-gp

P-gp expression was determined with a Western 
blot analysis as described elsewhere (14). A mouse 
monoclonal antibody against amino acids 1040-1280 
of MDR1 of human origin (sc-13131, Santa Cruz, CA, 
USA) was used to determine the expression of P-gp 
in HCT-8 and HCT-8/VCR cells. P-gp bands were 
quantified with densitometry using an electrophoresis 
image analysis system (FR980, Furi Science & 
Technology, China).

2.4. Assay of cytotoxicity and reversal of MDR

To	test	for	reversal	of	P-gp-mediated	MDR	by	AKBA,	
the	cytotoxicity	of	AKBA	to	HCT-8/VCR	and	HCT-8	
cells was first measured with an MTT assay (15). Briefly, 

HCT-8/VCR and HCT-8 cells (1 × 104/well) were seeded 
in 96-well plates. After incubation for 12 h, the cells 
were	treated	with	various	concentrations	of	AKBA	for	24	
h,	48	h,	and	72	h.	Cell	viability	was	assessed	by	adding	
20	μL	of	MTT	reagent	(5	mg/mL,	Sigma-Aldrich)	and	
incubating	cells	for	4	h.	Light	absorbance	of	the	solution	
was	measured	at	570	nm	on	a	plate	 reader	(TECAN,	
Austria).
	 The	reversal	of	MDR	by	AKBA	was	then	detected	
using the same method. Cells seeded in 96-well plates 
were treated with varying concentrations of VCR in the 
absence	or	presence	of	various	concentrations	of	AKBA	
(1.25	µM,	2.5	µM,	and	5	µM)	 for	72	h.	 IC50 values 
(the concentration resulting in 50% inhibition of cell 
growth) were calculated for VCR. The "fold reversal"of 
MDR (FR) was calculated by fitting data for ¼ the 
IC50 of VCR alone/the IC50 of VCR in the presence of 
AKBA.	Experiments	were	performed	in	triplicate	with	
three samples. Control cultures included an equivalent 
amount of DMSO (as the solvent control), which does 
not modulate the growth or drug sensitivity of these 
cells at the concentrations used in this study. In all of the 
experiments, verapamil (Wanle, Shenzhen, China) served 
as a positive control agent.

2.5. Annexin V/FITC and 7-AAD staining analysis

HCT-8/VCR and HCT-8 cells were seeded in 6-well 
plates (1.5 × 105 per well) and treated with VCR alone 
or	 treated	with	 a	 combination	of	AKBA	and	VCR	
for 24 h. Cells were harvested and washed with cold 
PBS. The cell surface phosphatidylserine in apoptotic 
cells was quantitatively estimated using Annexin V/
FITC	and	7-AAD	apoptosis	detection	kits	according	
to manufacturer's instructions (Becton Dickinson, CA, 
USA). Cell apoptosis was analyzed on a FACScan flow 
cytometry system (Becton Dickinson) (16). Experiments 
were performed in triplicate with three samples.

2.6. Rh123 accumulation

The	effect	of	AKBA	on	P-gp	activity	was	assessed	by	
measuring the intracellular accumulation of Rh123 (17). 
HCT-8/VCR cells were seeded into 96-well plates at 
a density of 1 × 104/well. Cells were pretreated with 
AKBA	(1.25	µM,	2.5	µM,	or	5	µM)	for	90	min	and	
were then incubated with 200 nM of Rh123 in culture 
medium	 in	 the	dark	at	37°C	 in	5%	CO2 for another 
90 min. The cells were washed twice with ice-cold 
PBS. The MFI associated with Rh123 was measured 
using a multilabel counter with excitation/emission 
wavelengths of 485/535 nm.

2.7.	Real-time RT-PCR for MDR1 mRNA detection

Real-time RT-PCR was performed to determine the 
level	of	 expression	of	MDR1	mRNA.	HCT-8/VCR	
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expression of P-gp in multidrug-resistant HCT-8/
VCR and parental HCT-8 cells (Figure 1A). Results 
indicated that drug-sensitive HCT-8 cells had markedly 
lower levels of P-gp when probed using an anti-P-gp 
monoclonal antibody, while drug-resistant HCT-8/VCR 
cells exhibited a stronger signal corresponding to P-gp 
(Figure 1B). These results indicated that HCT-8/VCR 
was an MDR cell line characterized by over-expression 
of P-gp.

3.2. Effects of AKBA on proliferation of HCT-8 and 
HCT-8/VCR cells

The	effects	of	AKBA	on	HCT-8/VCR	and	parental	HCT-
8 cell proliferation were examined. As shown in Figures 
2A	and	2B,	AKBA	at	concentrations	ranging	from	2.5	
μM	to	5	μM	weakly	inhibited	HCT-8/VCR	and	HCT-8	
cell	proliferation,	but	significant	differences	in	inhibition	
of cell proliferation were noted at higher concentrations 
(10	μM	to	60	μM).	Therefore,	lower	concentrations	of	
AKBA	(2.5	μM	to	5	μM)	were	selected	and	short	periods	
of incubation in were used in experiments to examine 
reversal of MDR.

3.3. Effects of AKBA on sensitivity to VCR

To	assess	 the	synergistic	effects	of	AKBA	on	VCR-
induced cytotoxicity, an MTT assay was performed 
first to determine the "fold reversal"of MDR in HCT-
8/VCR and HCT-8 cells. Incubation with VCR at 
concentrations	ranging	from	8	 to	256	μg/mL	weakly	
inhibited HCT-8/VCR cell proliferation, but HCT-8 
cells were sensitive to VCR at all concentrations. As 
shown in Table 1, VCR-induced cytotoxicity drastically 

cells were seeded in 6-well plates and treated with 
various	concentrations	of	AKBA	for	24	h.	Total	RNA	
was	extracted	using	the	RNAeasy	kit	according	to	the	
manufacturer's instructions (Sangon, Shanghai, China). 
RNA	quality	was	determined	based	on	the	ratio	of	A260/
A280	 (1.8-2).	The	concentration	of	 total	RNA	was	
measured by detecting absorbance at 260 nm (A260) 
(18). Then, reverse transcription (RT) was performed 
with	2	μg	of	extracted	RNA	using	the	First	Strand	cDNA	
Synthesis	Kit	(Toyobo,	Osaka,	Japan)	according	to	the	
supplied	protocol.	A	25-μL	mixture	for	PCR	included	
2×	SYBR	Green	real-time	PCR	Master	Mix	(Toyobo,	
Japan),	2	μg	of	 the	cDNA	 template,	 and	0.3	μM	of	
each	primer.	The	thermal	profile	of	the	reaction	was	as	
follows:	3	min	at	95°C,	followed	by	40	cycles	consisting	
of	20	s	at	95°C,	30	s	at	60°C,	and	30	s	at	70°C.	The	fold-
change	in	the	level	of	expression	of	MDR1	mRNA	was	
calculated using the 2−ΔΔCT method. Experiments were 
performed in triplicate with three samples.
 The following primers (Genecore Biotech, Guangzhou, 
China) were used for the specific amplification of MDR1 
(forward:	 5′-AGACATGACCAGGTATGCCTAT-3′	
and	reverse:	5′-AGCCTAT	CTCCTGTCGCATTA-3′).	
T h e  e x p r e s s i o n  o f  G A P D H  ( f o r w a r d : 
5′-GAGGGGCCATCCACAGTCTT-3′	 and	 reverse:	
5′-TTCATTGACCTCAACTACAT-3′)	 served	 as	 an	
internal control.

2.8. Western blot analysis

HCT-8/VCR cells were treated with 1.25 µM, 2.5 µM, or 
5	µM	AKBA	in	cell	growth	medium	for	48	h.	Cells	were	
harvested, lysed, and centrifuged as described previously. 
Supernatants were collected and protein concentration 
was determined using the Bradford assay (19). Samples 
containing 50 µg of protein were subjected to 10% 
SDS-PAGE and electro-transferred to nitrocellulose 
membranes that were blocked with 3% non-fat milk/0.1% 
Tween	20/TBS,	100	mM	NaCl	in	10	mM	Tris,	pH	7.5,	
incubated with anti-P-gp antibody (sc-13131, Santa 
Cruz, CA, USA) for 1 h at room temperature followed by 
horseradish-peroxidase-conjugated secondary antibody 
for another 1 h at room temperature. Protein bands were 
detected	with	ECL.

2.9. Statistical analysis

Data are expressed as the mean ± S.D. Data were 
analyzed using the Student's t-test. p-values below 0.05 
were	considered	to	be	statistically	significant.

3. Results

3.1. High levels of P-gp expression in the HCT-8/VCR 
cell line

Western blot analysis was used to determine the 

Figure 1. The expression of P-gp in HCT-8 and HCT-8/VCR 
cells. (A) Levels	of	P-gp	in	HCT-8	and	HCT-8/VCR	cells	were	
estimated using Western blot analysis. (B) P-gp bands were 
quantified using densitometry. Bars indicate the mean ± S.D. n 
= 3). **p < 0.01 compared to HCT-8 cells.
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increased and the IC50 of VCR in HCT-8/VCR cells 
decreased	 in	 the	 presence	 of	AKBA.	AKBA	 at	 a	
concentration	of	2.5	μM	had	a	"fold	reversal"of	MDR	
(FR)	of	8.20-fold	and	AKBA	at	a	concentration	of	5	μM	
had an FR of 9.19-fold.
	 The	 synergistic	 effects	of	AKBA	on	VCR	were	
also evident in the induction of apoptosis. As indicated 
by the flow cytometry results shown in Figure 2, 
annexin V-positive cells increased significantly with 
24	h	of	incubation	in	the	presence	of	VCR	and	AKBA	
compared	to	VCR	alone.	At	AKBA	concentrations	from	
2.5-5	μM,	 the	percentage	of	 apoptotic	HCT-8/VCR	

cells	 increased	from	7.24%	to	a	maximum	of	22.22%	
(Figures	3B-3D).	However,	2.5-5	μM	of	AKBA	alone	
had almost no effect on apoptosis of HCT-8/VCR cells. 
The percentage of apoptotic HCT-8/VCR cells was 
0.23% and 0.31% (Figures 3E and 3F).

3.4. Increased accumulation of Rh123

To	further	assess	the	role	of	AKBA	in	regulating	P-gp	
expression, the transport activity of P-gp was examined 
by measuring the intracellular accumulation of Rh-123. 
As	shown	in	Figure	4A,	 the	fluorescence	 intensity	of	
Rh-123 increased markedly in HCT-8/VCR cells treated 
with	AKBA	in	comparison	to	cells	in	the	control	group.	
The average Rh123 accumulation MFI in 1.25µM 
AKBA	group	was	1,627	±	82,	compared	to	536	±	26	in	
control group. Incubation of HCT-8/VCR cells with 2.5 
µM	of	AKBA	resulted	in	Rh123	accumulation	of	2,071	
±	67.	AKBA	at	a	concentration	of	5	µM	completely	
restored Rh123 accumulation in HCT-8/VCR cells, 
with an MFI 2,514 ± 92. The intracellular accumulation 
of Rh-123 increased significantly in the presence of 
AKBA	in	comparison	to	the	control	group	(Figure	4B,	
**p < 0.01).

3.5. AKBA decreased P-gp expression in HCT-8/VCR 
cells

Levels	of	P-gp	and	MDR1	mRNA	in	HCT-8/VCR	cells	
were also examined. As shown in Figure 5A, the level 
of	MDR1	mRNA	decreased	significantly	after	24	h	of	
treatment	with	AKBA	according	 to	RT-PCR.	Further	
examination indicated that the level of P-gp expression 
also	markedly	decreased	as	a	result	of	AKBA	and	was	
accompanied by a notable decrease in P-gp in HCT-
8/VCR	cells	 treated	with	2.5	μM	or	5	μM	of	AKBA	
(Figure 5B, ##p < 0.01).

4. Discussion

The development of resistance to chemotherapeutic 
agents remains a major challenge to chemotherapy 
to treat ileocecal adenocarcinoma. Chemotherapeutic 
agents such as vincristine sulphate, 5-fluorouracil, and 

Figure 2. Effects of P-gp on the proliferation of HCT-8 and 
HCT-8/VCR cells. HCT-8 (A) and HCT-8/VCR (B) cells were 
treated	with	various	concentrations	of	AKBA	for	24,	48,	 and	
72	h.	Viable	cell	numbers	were	evaluated	with	an	MTT	assay	
and were denoted as a percentage of untreated controls at the 
corresponding time point. Data are expressed as the mean ± S.D. 
from three independent experiments.

Table 1. Effects of AKBA on the sensitivity of HCT-8/VCR and HCT-8 cells to VCR

Treatment

VCR alone
VCR	+	5	μg/mL	of	verapamil
VCR	+	1.25	μM	of	AKBA
VCR+2.5	μM	of	AKBA
VCR+5	μM	of	AKBA

IC50	(μg/mL)	

99.2 ± 3.58
15.2 ± 1.34**

21.4 ± 0.89**

12.1	±	0.75**

10.8 ± 0.56**

FR

6.53
4.63
8.20
9.19

he	effects	of	AKBA	on	 the	sensitivity	of	HCT-8/VCR	cells	 to	VCR	were	examined	using	an	MTT	assay.	Cells	were	 treated	with	varying	
concentrations	of	VCR	in	 the	presence	of	AKBA	for	72	h.	 IC50 values for VCR were calculated and the "fold reversal" of MDR (FR) was 
compared. Data are the mean ± S.D. from three independent experiments. **p <0.01 vs. VCR alone, untreated group.

IC50	(μg/mL)	

18.66	±	1.97
15.37	±	1.25
15.89 ± 1.13
14.23	±	1.07
16.27	±	0.84

FR

1.21
1.17
1.31
1.15

HCT-8/VCR HCT-8
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capecitabine have been used in chemotherapy to treat 
ileocecal adenocarcinoma (20). However, cancer cells 
become resistant when these chemotherapeutic agents 
are used for a prolonged period. MDR has multiple 
causes, including (i) upregulation of drug efflux pumps 
(21), (ii) increased signaling via	AKT	(22), and (iii) 
decreased apoptosis (23,24). A key cause of MDR is 
enhanced	expression	of	drug	efflux	proteins	mediated	

by members of the superfamily of ABC transporters. 
Four	members	of	ABC	family	function	as	drug	efflux	
pumps: P-glycoprotein (P-gp/MDR1/ABCB1), 
multidrug resistance-associated protein 1 (MRP1/
ABCC1), breast cancer resistance protein (BCRP/
ABCG2),	and	lung	resistance	protein	(LRP)	(25). P-gp 
is known to interact with over 300 compounds and 
why it is able to achieve this has not yet been revealed 

Figure 3. Detection of apoptotic cells with flow cytometric analysis after Annexin V/7-AAD staining. HCT-8/VCR cells were 
exposed	to	VCR	and	increasing	concentrations	of	AKBA	for	24	h.	Cells	were	harvested	and	stained	with	AnnexinV/7-AAD.	(A) 
Vehicle control; (B)	VCR	20	μg/mL;	(C)	VCR	20	μg/mL	+	AKBA	2.5	μM;	(D)	VCR	20	μg/mL	+	AKBA	5	μM;	(E)	AKBA	2.5	
μM (F)	AKBA	5	μM.

Figure 4. Effect of AKBA on accumulation of Rhodamine 123 (Rh-123) in HCT-8/VCR cells. HCT-8/VCR cells were 
cultured	in	RPMI	1640	supplemented	with	200	nm	of	Rh-123	for	30	min	at	37°C.	At	the	end	of	incubation,	the	cells	were	washed	
twice with PBS to remove the free Rh-123 and kept in dye-free medium. (A)	The	fluorescence	intensity	of	Rhodamine	123	in	
cells was measured with FACS. (B)	Quantification	of	Rh-123	fluorescence	intensity.	Data	are	expressed	as	the	mean	±	S.D.	from	
three independent experiments. **p < 0.01 compared to the control group.
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(26). P-gp prevents the intracellular accumulation of 
anticancer	drugs	by	an	efflux	mechanism.	Furthermore,	
a range of agents have been developed to reverse the 
MDR phenotype and restore drug sensitivity to cancer 
cells (27). However, most agents to reverse MDR 
have proven to be intrinsically toxic or to decrease the 
pharmacokinetic effects of accompanying anticancer 
drugs (28). Therefore, new effective compounds 
that can increase the sensitivity of resistant cells to 
chemotherapeutic agents must quickly be identified.
 Previous studies by the current authors indicated 
that	orally	administered	AKBA	resulted	in	an	inhibition	
of intestinal tumorigenesis in APCMin/+	mice.	AKBA	
treatment	 significantly	 reduced	polyp	number	 and	
size and the degree of cytological dysplasia in the 
small intestine and colon (29). These effects might 
be	produced	by	 the	 inhibition	of	 the	Wnt/β-catenin	
and	NF-κB/cyclooxygenase-2	 signaling	pathways.	
Moreover,	numerous	studies	have	indicated	that	NF-κB	
plays a critical role in resistance to chemotherapeutic 
agents (30). Inhibition of the transcription activity of 
NF-κB	causes	a	decrease	in	the	anti-apoptotic	proteins	
Bcl-2	and	Bcl-(XL),	and	this	appears	to	be	a	synergistic	
effect.	Combining	NF-κB	inhibitors	with	conventional	
chemotherapeutics might overcome the drug resistance 
of cancer cells. In addition, previous Western blotting 
results	have	 indicated	a	decrease	 in	NF-κB-p65RelA	
and	its	active	form	p-NF-κB	Ser536	in	intestinal	polyps	
from	mice	treated	with	AKBA.	AKBA	reduced	levels	
of	NF-κB-p65RelA	by	51.8%	and	p-NF-κB	Ser536	by	
48.6% in the small intestine and colon. The inhibitory 
effect	 of	AKBA	on	COX-2,	 5-LO,	 and	TNF-α	 in	
intestinal polyps is also evident in Western blotting. 
Therefore,	 the	hypothesis	was	 that	AKBA	could	be	a	
potential agent to reverse MDR.
	 In	the	current	study,	AKBA	markedly	reversed	MDR	
in HCT-8/VCR, a human ileocecal adenocarcinoma cell 
line with vincristine-induced resistance, according to an 
MTT	assay	and	flow	cytometry.	AKBA	had	a	maximum	
FR of MDR of 9.19-fold. In addition, the reversal 
of	MDR	by	AKBA	was	 evident	 in	 an	 intracellular	
increase in Rh123, indicating that the activity of 
P-gp	was	blocked.	Furthermore,	AKBA	inhibited	 the	
expression of P-gp and decreased the levels of MDR1 
gene expression in HCT-8/VCR cells. These results 
indicated	 that	AKBA	might	be	a	potential	 agent	 to	
reverse MDR in human ileocecal adenocarcinoma. The 
mechanism	of	AKBA	as	a	P-gp	inhibitor	has	yet	to	be	
studied. In the current study, the inhibition of P-gp was 
evident both at the level of biosynthesis and also at 
the level of activity. Accumulating evidence suggests 
that P-gp, a member of the ATP-binding cassette 
superfamily, exports structurally diverse hydrophobic 
compounds from cells through a process driven by 
ATP hydrolysis (31). Efflux occurs depending on the 
energy produced by ATP hydrolysis when substrates 
bind	with	nucleotide-binding	domains	 (NBDs)	 (32). 

Figure 5. RT-PCR (A) and Western blot (B) analysis of 
P-gp in HCT-8/VCR cells after treatment with different 
concentrations of AKBA. Total cell proteins were separated 
with	10%	SDS-PAGE,	transferred	to	nitrocellulose	filters,	and	
incubated with anti-P-gp antibody. Immunoreactive proteins 
were	visualized	using	ECL.	Decreases	in	Mdr1	levels	(A) and 
P-gp expression (B) in HCT-8/VCR cells after treatment with 
different	concentrations	of	AKBA	were	detected.	HCT-8/VCR	
cells	were	 exposed	 to	AKBA	 for	 the	 indicated	 time.	Total	
RNA	or	 proteins	was	 extracted	 for	P-gp	or	MDR1	analysis.	
(A)	Decrease	in	MDR1	mRNA	in	HCT-8/VCR	cells	exposed	
to	AKBA	 for	 24	h.	Levels	 of	MDR1	mRNA	were	detected	
with a real-time PCR assay. Data are expressed as the mean 
± S.D. from three independent experiments. *p < 0.05, **p < 
0.01 compared to untreated controls. (B) Decrease in P-gp 
expression	 in	HCT-8/VCR	cells	exposed	 to	AKBA	for	48	h.	
Data are expressed as the mean ± S.D. from three independent 
experiments. #p < 0.05, ##p < 0.01 compared to the untreated 
controls.
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In	 the	 current	 study,	AKBA	probably	 blocked	 the	
activity of P-gp by inhibiting ATPase. That said, the 
exact regulatory mechanism is unclear and warrants 
further	 study.	Furthermore,	AKBA	has	been	studied	
for	its	inhibition	of	Wnt/β-catenin	signaling	pathways.	
Previous	studies	 found	 that	 the	Wnt/β-catenin	signal	
pathway was constitutively activated in cancer cells 
with doxorubicin-induced MDR. Specific knockdown 
of	β-catenin	by	RNAi-mediated	depletion	eliminated	
MDR1 transcription and expression, resulting in a 
complete reversal of P-gp-dependent efflux function 
and restoration of sensitivity to doxorubicin-induced 
cytotoxicity (33). Therefore, the suppression of Wnt/
β-catenin	signaling	by	AKBA	might	be	related	 to	 the	
inhibition of P-gp activity and function. However, the 
precise	mechanisms	by	which	AKBA	reverses	MDR	
need to be explored.
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