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Konjac glucomannan reverses multi-drug
resistance of HepG2/,5-FU cells by suppressing
AKT signaling and increasing p33 expression
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Abstract. The multi-drug resistance (MDR) of cancer cells,
including 5-fluorouracil (5-FU) resistance, has been a serious
problem for patients with cancer. The present study aimed
to investigate the reversal effects of konjac glucomannan on
multi-drug resistance of HepG2/5-FU cells. In the present
study, MTT assay was used to investigate the effects of
5-FU and konjac glucomannan (KGM) on the viability of
HepG2/5-FU cells. Reverse transcription-quantitative PCR
and western blotting were performed to determine the effects
of 5-FU and KGM on the expression of MDR-associated genes
including MDRI1 and P-glycoprotein 1 (P-gp 1), and to analyze
the effects of 5-FU and KGM on the levels of cell prolifera-
tion-related genes, including cyclin A, cyclin Bl and CDK2,
and apoptosis-related genes, including caspase-3, Bax and
BCL-2. Annexin V/propidium iodide staining was performed
to determine the apoptotic rate of HepG2/5-FU. Furthermore,
the xenograft tumor model was established in nude mice to
investigate the in vivo tumor growth by detecting tumor size,
volume and tumor weight. KGM significantly decreased the
viability of HepG2/5-FU cells in the presence of 5-FU. KGM
downregulated the mRNA and protein expression of MDR
and P-gp, and inhibited the mRNA and protein expression of
cyclin A, cyclin Bl and CDK2. In addition, KGM significantly
suppressed BCL-2 expression and increased the expression of
cleaved caspase-3 and Bax, resulting in a higher apoptotic rate
of HepG2/5-FU cells. Furthermore, KGM suppressed AKT
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phosphorylation and upregulated p53 expression. Notably,
KGM significantly inhibited the growth of HepG2/5-FU
in nude mice. KGM may be a promising agent against the
resistance of HepG2/5-FU cells to 5-FU by suppressing AKT
signaling and increasing p53 expression.

Introduction

Liver cancer, including hepatocellular carcinoma (HCC),
is a common and severe type of cancer worldwide (1). HCC
is characterized by a high malignant degree, infiltration,
metastasis and congenital drug resistance (2). Epidemiological
evidence has demonstrated that there are ~1 million malignant
tumor cases of HCC in the world each year with a mortality
rate of ~40% (3). Thus, it is necessary to explore the patho-
genic mechanisms of liver cancer and to improve therapeutic
regimens for patients with liver cancer.

As a common chemotherapy drug, S-fluorouracil (5-FU)
triggers apoptosis by inhibiting the thymidylic acid synthetase
activity and by binding to DNA and RNA sequences (4). It
has been reported that the 5-year survival rate of advanced
HCC is <10% in the USA in 2015 (5), whereas 5-FU-mediated
adjuvant chemotherapy effectively reduces the mortality rates
of patients with liver cancer (6). However, 5-FU-induced
multi-drug resistance (MDR) often occurs in the treatment
of cancer, such as HCC and colorectal cancer (7-9). Recently,
MDR has been the main obstacle in chemotherapy resulting
in recurrence and metastasis of cancers (10,11). Thus, it is
essential to find safe and effective drugs for reversing MDR.

Plants used in traditional Chinese medicine (TCM)
exhibit low cytotoxicity and antitumor activity; thus, they
may be useful in clinical application for cancer treatment and
prevention (12). Konjac glucomannan (KGM) is extracted
from Amorphophallus konjac K. Koch, which is a TCM
plant. The products of this plant are listed as health foods
by the World Health Organization (13,14). KGM is used for
obesity treatment, improving lipid metabolism, laxative,
antidiabetic and anti-inflammatory effects (15). For example,
KGM improves the metabolic control as determined by
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glycaemia, lipidemia and blood pressure in patients with
high-risk type-2 diabetes, suggesting that KGM may be
used as an alternative therapy for type-2 diabetes mellitus or
reduction of blood glucose (16). KGM has also been reported
to efficiently inhibit high fat diet-induced obesity in mice by
attenuating insulin resistance, liver injury and inflammation,
enhancing the antioxidant defense system and modulating
the secretion of adipocytokines and adipogenesis-associated
proteins (17). Additionally, KGM may potentially decrease
the high fat-induced risk of colon carcinogenesis (18). In
addition, KGM is commonly used in Asia to treat patients
with chronic hepatitis (19) and is a potential compound
against liver cancer (20). KGM significantly reduces the
viability of HepG2 cells and induces apoptosis-associated
morphological changes (20). KGM also upregulates Bax
and downregulates BCL-2 expression, indicating that the
inhibitory activity of KGM on HepG2 cells is influenced by
BCL-2/Bax signaling (20). Thus, KGM may be a promising
drug for treatment of cancer, including HCC.

The present study aimed to investigate the reversal effects
of KGM on the resistance of HepG2/5-FU cells to 5-FU in vivo
and in vitro and to explore the potential mechanisms of KGM
in anti-drug resistance.

Materials and methods

Cell culture. HepG2 and HepG2/5-FU cells were purchased
from the Cell Conservation Center of Xiangya Medicine
College, Hunan University (Hunan, China) and they were
bought from American Type Culture Collection (ATCC,
cat. no. ATCC® HB-8065). The cells were cultured in
RPMI-1640 medium (Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (cat. no. 16000-044,
Gibco; Thermo Fisher Scientific, Inc.). The cells were seeded
in 6-, 12- or 24-well plates, diluted to the final concentration
of 5.0x10° cells/ml and incubated at 37°C in a humidified incu-
bator with an atmosphere of 5% CO, under aseptic conditions.

Cell viability assay. KGM was purchased from Career Henan
Chemical Co. (cat. no. 37220-17-0; https://www.chemical-
book.com/ProductDetail_EN_450429.htm), and its purity was
99%; 5-FU was purchased from Sigma Aldrich; Merck KGaA
(cat. no. F6627-1G). 5-FU and KGM were diluted in DMSO
and water, respectively.

Cell viability or proliferation was determined using an
MTT assay. The cells (HepG2 or HepG2/5-FU) were seeded
in 96-well plates at a density of 1.0x10* cells/well in 0.1 ml
RPMI-1640 medium and were exposed to increasing concen-
trations of 5-FU (0.001, 0.005, 0.020, 0.080, 0.320, 1.280,
2.560, 5, 10, 20, 40, 80 or 160 uM) or KGM (0, 2, 4, 8, 10, 100
or 1,000 pg/ml) for 24 h.

MTT (cat. no. 57360-69-7; Sigma-Aldrich; Merck KGaA)
was dissolved in DMSO to 5 mg/ml; the cells were incubated
with MTT for 4 h at 37°C. The absorbance of the samples was
measured using a microtiter plate reader at 490 nm.

To investigate the reversal effects of KGM on the viability
of HepG2/5-FU cells, the cells were preincubated with KGM
(2 or 6 ug/ml) and 5-FU (0.5 uM) for 24 h at 37°C. The absor-
bance of the samples at 490 nm was determined by MTT assay
as described above.
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Apoptosis analysis by flow cytometry. Apoptosis was
determined using Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) staining. HepG2/5-FU cells
were seeded in 96-well plates at a density of 5.0x10° cells/well.
The cells were treated with 2 or 6 ug/ml KGM for 24 h at
37°C in the presence of 5-FU. Subsequently, the cells were
stained using an Annexin V-FITC/PI Apoptosis Detection
kit (Beyotime Institute of Biotechnology) according to the
manufacturer's instructions. The cells were analyzed using
a BD FACScan flow cytometer (Becton, Dickinson and
Company) and CellQuest acquisition and analysis soft-
ware v.3.0 (Becton, Dickinson and Company). Early, late or
early + late apoptosis was assessed and the early apoptotic
cells were stained by Annexin V-FITC and the late apoptotic
cells were stained by both Annexin V-FITC and PI.

Western blot analysis. The cells (HepG2 or HepG2/5-FU) were
lysed in RIPA Buffer (Beyotime Institute of Biotechnology),
and protein concentration was measured by bicinchoninic acid
assay (Beyotime Institute of Biotechnology). Total protein
(50 ug) was resolved using 10% SDS-PAGE, electro-transferred
to polyvinylidene fluoride (PVDF) membranes (Beyotime
Institute of Biotechnology) and blocked with 5% non-fat dry
milk in Tris-buffered saline, pH 7.5 for 30 min at the room
temperature. The PVDF membranes were incubated with
primary antibodies against MDR1 (1:1,000; cat. no. 13978;
Cell Signaling Technology Inc.); anti-P-gp (1:1,000;
cat. no. ab170904; Abcam); Cyclin A1l (1:1,000; cat. no. 4656;
Cell Signaling Technology Inc.); anti-cyclin B1 (1:1,000;
cat. no. 4138; Cell Signaling Technology Inc.); CDK?2 (1:1,000;
cat. no. 2546; Cell Signaling Technology Inc.); Bel-2 (1:1,000
dilution; cat. no. 4223; Cell Signaling Technology Inc.);
Bax (1:1,000 dilution; cat. no. 14796; Cell Signaling
Technology Inc.); GAPDH (1:1,000; cat. no. MB0O1; Bioworld,
Technology Inc.); cleaved caspase-3 (1:1,000; cat. no. P42574;
Bioworld Technology Inc.); p53 (1:1,000; cat. no. 9282;
Cell Signaling Technology Inc.); E-cadherin (1:1,000;
cat. no. 14472; Cell Signaling Technology Inc.); N-cadherin
(1:1,000; cat. no. 13116; Cell Signaling Technology Inc.);
AKT (1:1,000; cat. no. 4685; Cell Signaling Technology Inc.)
and p-AKT (1:1,000 dilution; cat. no. 9611; Cell Signaling
Technology Inc.) for 5 h at room temperature and the
membranes were washed with PBST (Tween-20-containing
phosphate-buffered saline) and incubated with horseradish
peroxidase (HRP)-conjugated mouse or rabbit IgG secondary
antibodies anti-HRP IgG (1:5,000; cat. no. 7074; Cell Signaling
Technology Inc.) and anti-HRP IgG (1:5,000; cat. no. 7076;
Cell Signaling Technology Inc.) for 1 h at 37°C. Protein
bands were detected by an enhanced chemiluminescence kit
(Invitrogen; Thermo Fisher Scientific, Inc.) and quantified
using Image]J v.1.8.0 software (National Institutes of Health).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the cells (HepG2 or HepG2/5-FU)
with TRIzol® reagent (Sangon Biotech Co., Ltd.,), and cDNA
synthesis was performed using the PrimeScript II 1* Strand
cDNA Synthesis kit (Takara Bio, Inc.) according to the manu-
facturer's instructions. QPCR was performed with a SYBR®
Green PCR system (Takara Bio, Inc.) in an ABI 7500 thermal
cycler (Thermo Fisher Scientific, Inc.), and the thermocycling
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Figure 1. Effects of 5-FU and KGM on the viability of liver cancer cells. (A) ICs, values for 5-FU were 1.03 xM in HepG2 and 60.02 uM in HepG2/5-FU cells.
(B) ICs, value for KGM was 1,500.41 ug/ml in HepG2/5-FU cells. “P<0.01. 5-FU, 5-fluorouracil; KGM, konjac glucomannan.

conditions were as follows: 94°C for 5 min; followed by
35 cycles of 94°C for 30 sec, 58°C for 30 sec and 72°C for 15 sec.
The primers used were as follows: GAPDH forward, 5'-GCA
GTGGCAAAGTGGAGATT-3' and reverse, 5S"TGAAGTCG
CAGGAGACAACC-3'; MDRI1 forward, 5“TCACTTCAGTTA
CCCATCTCG-3' and reverse, 5'-CACCAATGATTTCCC
GTAG-3'"; P-gp forward, 5'-~ACTTGCAAGGGGACCAG
AGA-3' and reverse, 5'-CCTTCAAGATCCATTCCGACC-3";
cyclin A forward, 5“TCCATGTCAGTGCTGAGAGGC-3' and
reverse, 5'-GAAGGTCCATGAGACAAGGC-3'; cyclin Bl
forward, 5'-ATGCAGCACCTGGCTAAGAA-3' and reverse,
5“TTACACCTTTGCCACAGCCT-3'; CDK2 forward, 5'-CTT
TGCTGAGATGGTGACTCG-3' and reverse, 5S-TCATCCAG
GG GAGGTACAACT-3" and caspase-3 forward,5-TGCATAC
TCCACAGCACCTG-3' and reverse, 5-TCTGTTGCCACCTT
TCGGTT-3". RT-qPCR for each sample was performed in
duplicate. The fold-changes were calculated by relative quanti-
fication (2-24€9) (21). GAPDH was used as an internal control.

Tumor growth. BALB/c male nude mice (4-week-old) were
purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China) and divided into 2 mice/group.
All animal experiments were performed in accordance with
the relevant guidelines of the Institutional Animal Care and
Use Committee of Nanjing Medical University (approval
number, SYXK 2015-0015). HepG2/5-FU cells (150 ul,
4.0x10° cells) were injected subcutaneously into the right
flank of athymic mice. The mice were housed in an isolated,
clean, air-conditioned room at 24-26°C and a relative humidity
of ~50% with a 12/12-h light/dark cycle and they had free
access to food and water. The tumors were inspected every
other day. Drug treatment was started when the tumor volume
reached 40-50 mm?® (22). The mice were randomly divided into
two groups 5-FU (2 mg/kg) alone and 5-FU (2 mg/kg) plus
KGM (20 mg/kg) groups with two mice in each group. The
drugs were administered every 2 days i.p. The tumor growth
was determined every other day, and the tumor volume was
calculated using the following formula: Volume = (longest
diameter x shortest diameter2) / 2 (22). On day 13, the
tumor-bearing mice were sacrificed using the cervical disloca-
tion method and the tumors were weighed.

Statistical analysis. The data are presented as the mean =+ stan-
dard deviation. All assays were performed as three independent

experiments. Data were analyzed using Student's t-test or
one-way ANOVA followed by Tukey's honestly significant
difference test using SPSS 17.0 software (SPSS, Inc.). P<0.05
was considered to indicate a statistically significant difference.

Results

Effects of 5-FU and KGM on the viability of HepG2 and
HepG2/5-FU cells. MTT assays were performed to measure
the effects of 5-FU and KGM on the viability of liver cancer
cells. The results demonstrated that 5-FU exhibited cytotoxic
activity on the HepG2 and HepG2/5-FU cells with 50% inhibi-
tory concentration (ICs,) values of 1.03 and 60.02 uM,
respectively (Fig. 1A). By contrast, the IC;, of KGM was
1,500.41 ug/ml in HepG?2 cells (Fig. 1B). Thus, 5-FU exhibited
different inhibition in drug-sensitive and MDR cancer cells.
In addition, 5-FU exhibited no effects on the HepG2/5-FU
cell viability at <0.6 yuM (Fig. 1A), and KGM exhibited no
cytotoxic activity on HepG2/5-FU cells at <8 pug/ml (Fig. 1B).
Thus, to retain the 5-FU-resistant properties of HepG2/5-FU,
the cells were cultured in medium containing 0.2 uM 5-FU.

KGM potentiates 5-FU-induced cytotoxicity and inhibits
P-gp and MDR expression in HepG2/5-FU cells. To investi-
gate the reversal effects of KGM on HepG2/5-FU cells, the
cells were incubated with 0.5 M 5-FU and/or 2 or 6 pg/ml
KGM for 24 h. The results demonstrated that 0.5 xuM 5-FU
exhibited no cytotoxic activity on HepG2/5-FU cells (Fig. 1A),
and that 2 or 6 ug/ml KGM also exhibited no cytotoxicity to
this drug-resistant cell line (Figs. 1B and 2A). However, in the
presence of 0.5 uM 5-FU, 2 and 6 pg/ml KGM significantly
decreased HepG2/5-FU cell viability (Figs. 1B and 2A). In
addition, the mRNA and protein levels of P-gp and MDR
were significantly downregulated by KGM in the presence of
0.5 uM 5-FU compared with 5-FU or KGM treatment alone
(Fig. 2B-D).

KGM suppresses the cell cycle and increases apoptosis in
HepG2/5-FU cells. To investigate the effects of KGM on
HepG2/5-FU cell proliferation, the expression levels of the
cell cycle-related genes cyclin A, cyclin Bl and CDK?2 were
determined. The results demonstrated that no significant
differences were observed between the protein or mRNA
levels of cyclin A, cyclin Bl and CDK2 in HepG2/5-FU cells
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Figure 2. KGM attenuates the drug resistance of HepG2/5-FU cells. (A) HepG2/5-FU cells were incubated with 0.5 yM 5-FU and 2 or 6 yg/ml KGM for 24 h,
and cell viability was assessed. (B and C) The mRNA expression of (B) P-gp and (C) MDR was analyzed by quantitative PCR. (D) The protein expression of
P-gp and MDR was analyzed by western blotting. n=3. “P<0.01 vs. 0.5 M 5-FU group. 5-FU, 5-fluorouracil; KGM, konjac glucomannan; P-gp, P-glycoprotein;

MDR, multi-drug resistance.

following incubation with 0.5 yuM 5-FU or 2 yg/ml KGM alone
and the control groups. By contrast, increasing concentrations
of KGM in the presence of 0.5 uM 5-FU significantly reduced
the protein and mRNA levels of cyclin A, cyclin Bl and CDK2
in HepG2/5-FU compared KGM treatment alone (Fig. 3A-D).

The expression of the proapoptotic gene caspase-3 was
upregulated in HepG2/5-FU cells after KGM treatment in
the presence of 0.5 uM 5-FU compared with 5-FU or KGM
treatment alone (Fig. 3E). Additionally, the protein levels of
the antiapoptotic gene BCL-2 level were reduced, whereas the
protein levels of the proapoptotic genes Bax and caspase-3
were increased after KGM treatment in the presence of 0.5 uM
5-FU in HepG2/5-FU cells compared with 5-FU or KGM
treatment alone (Fig. 3F).

KGM also significantly promoted HepG2/5-FU apoptosis;
KGM increased the apoptotic rate (1.85+0.21) in cells treated
with 0.5 yuM 5-FU to 5.06+0.62 and 26.91+1.73% in cells
treated with 0.5 uM 5-FU and 2 or 6 ug/ml KGM, respectively
(Fig. 3G and H).

KGM reverses the resistance of HepG2/5-FU cells to 5-FU
in a mouse xenograft model by inhibiting p53 expression and
AKT phosphorylation. To explore the potential mechanisms of
KGM in reversing effects of MDR, p53 expression and AKT
phosphorylation in KGM-incubated HepG2/5-FU cells was
investigated. The results demonstrated that KGM significantly
upregulated p53 and E-cadherin and decreased phosphory-
lated AKT and N-cadherin expression levels in HepG2/5-FU
cells in the presence of 5-FU (Fig. 4A).

The reversal effects of KGM on the resistance of
HepG2/5-FU cells to 5-FU were also investigated in vivo. The
results demonstrated that KGM inhibited the HepG2/5-FU

tumor growth in vivo (Fig. 4B); in the control group, the volume
of tumors 13 days after 5-FU-treatment were ~4.69-fold higher
compared with those at the start of treatment, whereas the
volume of tumors 13 days after KGM and 5-FU treatment
were <1.94-fold higher compared with those at the start of
treatment (Fig. 4C). In addition, the weight of the tumors was
significantly lower in the KGM-treated group compared with
that in the control group (Fig. 4D).

Discussion

KGM has been used for its antiobesity, lipid metabo-
lism-improving, laxative, antidiabetic and anti-inflammatory
effects (15). KGM has also been reported to attenuate colon
carcinogenesis and liver cancer (18,20). The present study
investigated the reversal effects of KGM on the resistance of
HepG2/5-FU cells to 5-FU in vivo and in vitro, and explored
the potential mechanisms of KGM in MDR. The present study
demonstrated that 5-FU exhibited no cytotoxic activity on
HepG2/5-FU cells at <1 M, and KGM exhibited no cytotoxic
activity HepG2/5-FU cells at the concentration of <8 pg/ml.
The present study demonstrated that KGM plus 5-FU attenu-
ated the drug resistance of HepG2/5-FU cells by inhibiting
HepG2/5-FU proliferation and increasing HepG2/5-FU
apoptosis. In addition, KGM significantly downregulated the
expression of cyclin A, cyclin B1, CDK2, and BCL-2, and
upregulated the expression of Bax and cleaved caspase-3.
KGM also increased the p53 expression, inhibited AKT
phosphorylation and reversed the MDR of HepG2/5-FU cells
in vivo resulting in suppression of tumor growth.

5-FU remains acommonly used chemotherapeutic drugin
cancer treatment and clinical studies (23). The antineoplastic
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efficacy of 5-FU is attributed to its ability to increase DNA
damage, which results in cell cycle arrest and apoptosis (24).
However, the clinical efficacy of 5-FU decreases due to the
drug resistance of cancer cells (24). Thus, further studies are
necessary for overcoming the drug resistance of cancer cells
leading to the increasing potency of cancer therapy. In the

present study, the 5-FU IC;, values were significantly higher
in HepG2/5-FU cells compared with those in HepG2 cells,
suggesting that HepG2/5-FU is a 5-FU-resistant cell line.
In addition, increasing concentrations of KGM significantly
attenuated the resistance of HepG2/5-FU cells to 5-FU by
downregulating the expression of P-gp and MDRI1 protein,
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which serve an important role in 5-FU resistance (25). The
present study also investigated the effects of KGM on the cell
cycle and apoptosis of HepG2/5-FU cells; co-treatment with
KGM and 5-FU significantly downregulated the positive
regulators of cell proliferation including cyclin A, cyclin Bl
and CDK2 at the protein and mRNA level, suggesting
that KGM may suppress HepG2/5-FU cell proliferation.
In addition, KGM + 5-FU increased the expression of the
apoptosis-promoting proteins Bax and cleaved-caspase-3,
decreased the expression of the antiapoptotic protein
BCL-2 and elevated apoptosis in HepG2/5-FU cells. Thus,
KGM may reverse 5-FU resistance in HepG2/5-FU cells by
suppressing cell proliferation and enhancing apoptosis of
these cells.

AKT signaling is involved in the development of
MDR of cancers (26-29). For example, inhibition of AKT
overcomes 5-FU resistance in SNU-C5/5-FU cells (30).
Activated AKT promotes Wnt/f3-catenin signaling and
activates the antiapoptotic protein mdm2 resulting in
the development of cancer, such as ovarian and prostate
cancer (31,32). Similarly, AKT activation positively regu-
lates the NF-kB pathway, enhancing cancer cell survival
and resistance to apoptosis (32). Timosaponin A-III
reverses MDR in human chronic myelogenous leukemia
K562/ADM cells by downregulating MDR1 and multidrug
resistance associated protein 1 expression and inhibiting the
PI3K/AKT pathway (28). Activation of the PI3K/AKT/Snail
pathway contributes to the epithelial-mesenchymal tran-
sition-induced resistance to sorafenib in HCC cells (29).
AKT signaling is involved in Annexin A2-mediated MDR

in gastric cancer (27). These findings suggest that the AKT
pathway serves an essential role in the MDR of cancer cells.
The present study demonstrated that AKT signaling was
involved in MDR of HepG2/5-FU cells, and co-treatment
with KGM and 5-FU significantly reversed the MDR of
HepG2/5-FU by inactivating AKT. Previous studies have
reported that the tumor suppressor gene p53 participates in
chemotherapy resistance and cancer progression (33,34).
The present study observed that co-treatment with KGM
and 5-FU increased p53 expression compared with
5-FU alone, suggesting that p53 may be involved in the
reversal effects exhibited by KGM to 5-FU resistance in
HepG2/5-FU cells. Taken together, the results of the present
study demonstrated the beneficial activity of KGM in the
MDR of HepG2/5-FU cells by suppressing AKT signaling
and elevating p53 expression.

In conclusion, KGM reversed the MDR of HepG2/5-FU
cells in vitro and in vivo, inhibited the HepG2/5-FU cell
proliferation and increased apoptosis. In addition, KGM plus
5-FU significantly repressed AKT signaling and promoted
p53 expression. Additionally, KGM inhibited HepG2/FU cell
proliferation in vivo, resulting in the suppression of tumor
growth. Thus, KGM may be a promising drug for anti-MDR
in clinical treatment.
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