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Abstract
Present study aims to investigate the combined effect of anticancer drug, norcantharidin (NCTD) in combination with gly-
colytic inhibitor, i.e. 2-deoxy-d-glucose (2-DG) in liver cancer (HepG2 and Hepa 1–6) cells. Cell viability of NCTD and 
2-DG exposed cells was determined by MTT assay, whereas, colony-forming efficiency and migration rate was determined 
by clonogenic assay and wound healing assay, respectively. Nuclear DAPI staining and Annexin V FITC-PI staining were 
used to study the apoptosis induction in cells. Fluorescence microscopy imaging was performed to detect the intracellular 
reactive oxygen species (ROS) generation and mitochondrial membrane potential by staining with DCFDA and JC-1 dye, 
respectively. Cell viability assay revealed that NCTD and 2-DG exposure in combination displays more cytotoxic effect 
than a single drug. Additionally, cells lose their colony formation efficiency, as well as the reduced migration rate ability 
was also observed upon combined exposure. Increased nuclear condensation and mitochondrial membrane depolarization 
are considered as key features for apoptosis induction in cancerous cells. Furthermore, oxidative stress produced in cells 
due to enhanced intracellular ROS generation is also major probability for cellular damage. Thus, from the initial data it 
can be concluded that further preclinical studies will be needed to prove the efficacy of NCTD and 2-DG in hepatocellular 
carcinoma therapy.
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Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of 
death worldwide due to its high metastatic and recurrence rate 
(Hu et al. 2017). Despite the development of new therapeutic 
techniques, the death rate due to HCC increases consistently. 

Thus, there is an urgent need to develop novel and more effec-
tive therapeutic approach for HCC therapy. In this context, 
combination therapy which consists of multiple drugs at a sin-
gle platform has become more popular in cancer treatment, 
as combination of two or more drugs may effectively show 
enhanced effect in cancerous cells (Cho et al. 2015; Zhang 
et al. 2016). Although combination therapy successfully uti-
lized for several years, however, fails to cure many patients, as 
clinical combination mechanism of drugs are poorly under-
stood (Pritchard et al. 2013). Combined effect leads to reduc-
tion in drug concentration with the same efficacy thus decreas-
ing drug side effects and also minimizes the drug resistance of 
cancer cells (Li et al. 2014; Bayat Mokhtari et al. 2017; Zhang 
et al. 2016). Cancer cells exhibit altered cellular metabolism in 
comparison to normal cells, with increased glucose metabo-
lism and loss of regulation between respiration and glycolytic 
metabolism. Cancer cells thus have an enhanced glycolysis 
rate and pentose phosphate cycle activity, with a reduced res-
piration rate. Thus, cancer cells are hypothesized to compen-
sate for reduced respiration by increasing glycolysis but the 
metabolism underlying this remains obscure.
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2-Deoxy-d-glucose (2-DG) is a well-known glycolytic 
inhibitor which acts by inhibiting the activity of enzymes 
involved in the glycolytic pathway, i.e. hexokinase and phos-
phoglucoisomerase. Other than to inhibit glycolysis, 2-DG 
also interferes with other metabolic processes like cellular 
energy depletion, oxidative stress enhancement, alteration in 
the N-linked glycosylation and autophagy induction. In can-
cer cells, toxicity of 2-DG can be governed by more than one 
mechanisms (Zhang et al. 2014). It competitively inhibits the 
glucose uptake in cells because both (2-DG and glucose) of 
them transferred by the glucose transporters (GLUTs). As 
2-DG inhibits the critical steps of glycolysis, it also disturbs 
the glucose metabolism as well as ATP production which 
further inhibits cell growth and causes cell death (Giam-
marioli et al. 2012).

Norcantharidin (NCTD) is the demethylated derivative of 
cantharidin, with enhanced anti-cancer activity and reduced 
toxicity of cantharidin (Sun et al. 2017). It was obtained 
from dried Chinese traditional medicine blister beetle (Wang 
1989). Several reports suggested about NCTD anti-tumor 
effect as it inhibits the growth of multiple tumors includ-
ing HCC (Yang et al. 2016; Peng et al. 2016). Recently, 
Zhu et al. demonstrated that NCTD exposure arrest the cells 
in G2/M phase of cell cycle, inhibits cell growth and also 
induces apoptosis in osteosarcoma cells (Zhu et al. 2019). 
Moreover, NCTD anti-proliferation and pro-apoptotic effects 
in HCC were reported by up-regulating the FAM46C (tumor 
suppressor in HCC) (Zhang et al. 2017).

As 2-DG (glucose analog) is a well-known inhibitor of 
glucose metabolism, we hypothesized that 2-DG in com-
bination with NCTD may have a combined additive effect 
in the treatment of cancer. Several reports suggest that a 
combination of 2-DG with cisplatin enhanced the cytotoxic 
effect via metabolic oxidative stress as well as reduces the 
chemoresistance in both hypoxic and normoxic conditions 
(Simons et al. 2007; Jalota et al. 2016). This combination 
up-regulated the apoptosis marker in cancerous cells with 
decreased autophagic marker indicating switch over from 
autophagy to apoptosis. In the present study, two liver can-
cer cells (HepG2 and Hepa 1–6) were used to analyze the 
effect of NCTD and 2-DG in combination or alone. Result 
indicates that exposure of 2-DG and NCTD in combination, 
enhanced the oxidative stress in both cells with increased 
cytotoxic effect. These results thus provide a possible thera-
peutic application of 2-DG and NCTD in cancer therapy.

Materials and methods

Cell culture

Two different liver cancer cell lines, i.e. HepG2 and Hepa 
1–6, were used in the present study. HepG2 cells were 

cultured in DMEM supplemented with 10% FBS and 1% 
antibiotic. Whereas, Hepa 1–6 were cultured in DMEM sup-
plemented with 10% FBS only. Both cell lines were main-
tained at 37 °C in a humified atmosphere with 5%  CO2.

Cell viability assay

Cell viability was determined by well-known mitochondrial 
activity assay, i.e. MTT assay. 5 ×  103 cells/well were seeded 
in 96-well plate and incubated at 37 °C and 5%  CO2 for 
24 h. Cells were exposed to different NCTD (50 µM) and 
2-DG (5 and 20 mM) concentrations alone and in combina-
tion for 48 h. Norcantharidin (NCTD) and 2-deoxy glucose 
(2-DG) were obtained from Innochem chemical Co, Ltd. 
with catalog number N159736 and B49613, respectively. 
NCTD stock solution was prepared in DMSO at concentra-
tion of 1 mM and working solution (50 µM) was prepared by 
diluting the stock solution in cell culture media. 2-DG work-
ing solution at concentration of 10 and 20 mM was prepared 
in the cell culture media. Same amount of DMSO was added 
in the control cells to maintain the similar environment as 
treated cells. After completion of exposure time, media was 
discarded and 100 µL of MTT dye (5 mg in 10 mL of cell 
culture media) was added into each well and incubated for 
3–4 h at 37 °C. Further, MTT dye was discarded and 100 µL 
of dimethyl sulfoxide (DMSO) was added into each well to 
dissolve the blue color formazan crystals. Result was quan-
tified in a microplate reader (iMark Bio-Rad) by recording 
absorbance at 590 nm. Experiment was performed in the 
triplicates (n = 3) to obtain the statistical significance.

Combination index analysis

Combination index (CI) analysis is used to evaluate the 
nature of interaction between the two drugs in combina-
tion therapy. It provides quantitative measure regarding the 
nature of drug interaction.

CA,X and  CB,X are the drug A and B concentration, used to 
achieve X% effect in combination therapy.  ICX,A and  ICX,B, 
are the concentration of single drug used to achieve the same 
effect. In general, CI < 0.9, CI = 0.9–1.1 and CI > 1.1 indicate 
synergism, additivity and antagonism, respectively (Chou 
and Talalay 1984; Li et al. 2014).

Clonogenic assay

Clonogenic assay was performed to investigate the colony 
formation efficiency of HepG2 and Hepa 1–6 cells. 1000 
HepG2 and 2000 Hepa 1–6 cells were seeded in 12-well and 
6-well cell culture plates, respectively. After 24 h, media 

CI =
(

CA,X∕ICX,A

)

+
(

CBX∕ICX,B

)
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was replaced with a fresh medium containing 2-DG (5 and 
20 mM) and 50 µM NCTD in combination and alone. Fur-
ther, HepG2 and Hepa 1–6 cells were incubated for few 
days to allow colony formation, respectively. Colony for-
mation was imaged under the bright field microscope (Nikon 
Eclipse Ti-s). Experiment was performed in the triplicates 
(n = 3) to obtain the statistical significance.

Wound‑healing assay

Cell-based wound healing assay was performed to analyze 
the effect of drugs on cancer cell migration. Cells were 
grown up to 90% confluency in a 6-well plate and the lin-
ear wound was created into each well monolayer using 200 
µL micropipette tip. Cells were then washed with PBS to 
remove detached cells and treated with different concentra-
tions of 2-DG (5 mM and 20 mM) and 50 µM NCTD alone 
and in combination for 48 h. Further, cells edge movement 
was monitored by microscopy. Three different microscopic 
areas from three independent experiment were considered 
for quantification of the result. Distance between the cell 
edges were measured using image J software and plotted by 
dividing the distance between cell edges of treated groups 
with control group. Experiment was performed in the tripli-
cates (n = 3) to obtain the statistical significance.

Nuclear fragmentation

Nuclear fragmentation in NCTD and 2-DG exposed cells 
was analyzed by DAPI staining. 50,000 cells were seeded 
in 12-well cell culture plate and treated with 2-DG (5 mM 
and 20 mM) and 50 µM NCTD alone and in combination for 
48 h. Media was discarded and cells were washed with PBS 
followed by incubation with DAPI (1 µg/mL in methanol) 
for 10 min. Further, cells were washed with PBS for three 
times to remove extra background staining and images were 
acquired with fluorescence microscope (Nikon Eclipse Ti-s). 
Graph was plotted by counting three independent micro-
scopic areas. Experiment was performed in the triplicates 
(n = 3) to obtain the statistical significance.

Intracellular reactive oxygen species generation 
measurement

Intracellular ROS generation was estimated using  H2DCFDA 
dye (2, 7-dichlorofluorescein diacetate). 50,000 cells were 
seeded in 12-well cell culture plate and treated with 2-DG 
(5 mM and 20 mM) and 50 µM NCTD alone and in combi-
nation for 48 h. Media was discarded and cells were washed 
with PBS and stained with  H2DCFDA dye (20 µM in PBS) 
for 30 min at 37 °C in dark. Further, extra background 
staining was removed by washing the cells with PBS for 
three times and images were acquired using fluorescence 

microscope. Experiment was performed in the triplicates 
(n = 3) to obtain the statistical significance.

Mitochondrial membrane potential assay

Membrane potential was estimated using JC-1 dye. 50,000 
cells were seeded in 12 well cell culture plate and treated 
with 2-DG (5 mM and 20 mM) and 50 µM NCTD alone and 
in combination for 48 h. Media was discarded and cells were 
washed with PBS and stained with JC-1 dye (20 µM in PBS) 
for 20 min at 37 °C in dark. Further, extra background stain-
ing was removed by washing the cells with PBS for three 
times. Cells images were acquired using fluorescence micro-
scope (Nikon Eclipse Ti-s). Experiment was performed in 
the triplicates (n = 3) to obtain the statistical significance.

Apoptosis

Apoptosis was detected using Annexin V-Fluorescein 
isothiocyanate (FITC) apoptosis detection kit (KeyGEN, 
KGA106). 2.0 ×  105 cells were seeded in 6-well plate and 
incubated for 24 h at 37 °C. Cells were then treated with 
2-DG (5 mM and 20 mM) and 50 µM NCTD alone and in 
combination for 48 h. After completion of exposure time, 
media was discarded and cells were washed with PBS and 
trypsinized. Further, cells were collected by centrifuga-
tion, washed with PBS twice and re-suspended in 100 µl 1× 
binding buffer. 5 µL each of PI and FITC dye were added 
into cells and incubated for 15 min in dark. After incuba-
tion, 400 µL of binding buffer was added into each sample 
and result was acquired by flow cytometer under red and 
green channels. Experiment was performed in the triplicates 
(n = 3) to obtain the statistical significance.

Western blot

Total protein was isolated from cells seeded in 6-well plate 
(2 ×  105 cells per well). Cells were treated with 20 mM 2-DG 
and 50 µM NCTD alone and in combination for 48 h. Cells 
were washed with ice cold PBS and harvested in lysis buffer 
by sonication. Protein was quantified using BCA method 
(Pierce™, BCA Protein Assay kit). 30 µg of protein was 
resolved on 12% SDS–PAGE and transferred to PVDF 
membrane for 3 h at 300 mV. Membrane was blocked in 
5% BSA for 2 h and incubated with specific primary anti-
body (MMP-9 and MMP-2) overnight at 4 °C. MMP-9 and 
MMP-2 antibodies were purchased from cell signalling tech-
nology, with catalog number #3852 and #4022, respectively. 
Both the antibodies were used at 1:1000 dilution in experi-
ment. Secondary antibody was also purchased from cell sig-
nalling technology, with catalog number #7074 and used at 
dilution of 1:2000. Membrane was washed thrice with TBST 
and incubated with secondary antibody for 2 h. Blots were 
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developed using immobilon Western-HRP substrate (Milli-
pore, Billerica, MA, USA). Densitometry analysis of protein 
bands intensity was performed using image J software. Data 
was plotted by dividing the protein band intensity of treated 
group with control group. Experiment was performed in the 
triplicates (n = 3) to obtain the statistical significance.

Statistical analysis

Statistical analysis and significance was performed by one-
way ANOVA (GraphPad Prism). For each variable at least 
three independent experiments were carried out. Data are 
given as the mean ± standard error (SE).

Result

Combination of NCTD and 2‑DG exhibit 
the enhanced cytotoxic effect on cancer cells:

Effect of NCTD and 2-DG on the viability of HepG2 and 
Hepa 1–6 cells was determined by MTT assay (Fig. 1a, c). 
Result revealed that 2-DG exposure induces higher toxic-
ity to Hepa 1–6 cells in comparison to HepG2 cells. 5 mM 
2-DG exposure has no significant toxicity over HepG2 cells 
and cell viability remains more than 90%. Whereas, Hepa 
1–6 cells experiences high toxicity at concentration of 5 mM 
2-DG and viability decreases up to ~ 38%. However, 20 mM 
2-DG proved to be toxic to both cells lines and its exposure 
reduces the viability of HepG2 and Hepa 1–6 cells up to 74% 
and 24%, respectively. Further, toxicity of anti-cancerous 
drug, NCTD was also evaluated and the result revealed that 
at concentration of 50 µM, NCTD displays the similar toxic 
effect on HepG2 and Hepa 1–6 cells and reduces the cell 
viability up to 77% and 78%, respectively. Next, we have 
evaluated the combined cytotoxic effect of NCTD and 2-DG 
over HepG2 and Hepa 1–6 cells. As shown in Fig. 1a, c, 
NCTD and 2-DG exhibit significant higher inhibition rate 
when compared with a single treatment. In HepG2 cells, 
50 µM NCTD in combination with 5 mM and 20 mM 2-DG 
reduces the cell survival up to 66% and 54% (Fig. 1a), 
respectively, which is significantly lower when compared 
to the cell survival percentage of their respective controls. 
Similar, observations were obtained with Hepa 1–6 cells also 
where, cell viability reduces to 24% and 17% when exposed 
to 5 mM and 20 mM 2-DG, respectively, in combination 
with 50 µM NCTD (Fig. 1c).

To prove the combined effect of these two drugs, we 
have performed the viability experiment at low, non-
cytotoxic dose (Fig. 1e). Hepa 1–6 cells were incubated 
with NCTD (30 µM) and 2-DG (0.1, 0.2, 0.5 and 0.7 mM), 
alone and in combination for 48 h. Result clearly displayed 
that at lower concentrations, NCTD (30 µM) and 2-DG 

(0.1 and 0.2 mM) alone does not exhibit toxicity to Hepa 
1–6 cells and cell viability remains more than 90%. How-
ever, when these two drugs are applied in combination, 
exhibit enhanced effect and the viability of cells decreases 
to ~ 78%. Further, we have analyzed the combination index 
(CI) to find the exact nature of drug interaction. Result 
showed that CI value is ~ 1.0, so the effect shown here 
seems to be additive rather than synergistic (Chou and 
Talalay 1984; Chou 2006).

Morphological changes of HepG2 and Hepa 1–6 cells 
in response to NCTD and 2-DG exposure were evaluated 
by bright field microscopy (Fig. 1b, d). In agreement with 
cell viability result, upon exposure of 5 mM 2-DG, HepG2 
cells remain healthy and retains morphology similar to 
that of control cells, whereas, upon exposure to 20 mM 
DG and 50  µM NCTD, cells undergo morphological 
changes and higher percentage of dead cells were observed 
(Fig. 1a). However, Hep 1–6 cells show distorted mor-
phology and more dead cells when exposed to 5 mM and 
20 mM DG (Fig. 1d). Additionally, NCTD in combination 
with 2-DG imparts higher toxic effect in Hep 1–6 also, 
as shown in Fig. 1d, more percentage of dead cells were 
observed, when compared with their respective single 
treated groups. This observation in accordance with cell 
viability result displays that upon 48 h exposure, NCTD or 
2-DG alone can induce significant cytotoxicity to cancer 
cells. However, NCTD in combination with 2-DG exhibit 
enhanced cytotoxic effect on HepG2 and Hepa 1–6 cells 
and thus inhibit the cell growth more effectively than sin-
gle treatment.

NCTD and 2‑DG inhibit the colony formation 
efficiency in liver cancer cells

Tumorigenicity of HepG2 and Hepa 1–6 cells was deter-
mined by colony formation assay following treatment of 
50 µM NCTD with 5 mM and 20 mM 2-DG for 48 h. As 
shown in Fig. 2a, b, control cells with no drug exposure can 
undergo well-formed colonies in both cells lines, whereas, 
cells treated with 5 mM 2-DG and 50 µM NCTD display 
partial inhibition and very few colonies formation were 
observed. However, 20 mM 2-DG exposure completely 
inhibited the colony formation efficiency of both cells. 
Further, it has been clearly observed from Fig. 2a, b, that 
combined treatment of NCTD and 2-DG displays complete 
inhibition of colony formation in both hepatocellular car-
cinoma cell lines, i.e. HepG2 and Hepa 1–6. Figure 2c, d 
shows the quantification result of HepG2 and Hepa 1–6, 
respectively, which was obtained by counting the colonies 
in three independent microscopic areas. Result clearly shows 
the less colony formation in combined treated group than in 
single treated and control  groups.
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NCTD and 2‑DG combined exposure suppresses 
the aggressive migration in liver cancer cells 
by downregulating the MMP‑9 and MMP‑2 
expression

Cancer cell migration in response to combined effect of 
2-DG and NCTD was evaluated by wound healing assay. 
Result showed that combined exposure of NCTD and 
2-DG for 48 h significantly reduces the cell migration 

when compared to a single treated groups. As shown 
in Fig. 3a, b, wound in control cells was almost closed 
whereas, cells treated with 2-DG (5 mM and 20 mM) and 
NCTD (50 µM) alone as well in combination still displays 
noticeable wound. It has been clearly observed, wound 
gap is more prominent in cells treated with combination of 
two drugs in comparison to their respective controls. Thus, 
result suggests that the combined treatment of NCTD and 

Fig. 1  Cell viability and morphological distortion in response to 
2-DG and NCTD (in combination and alone) was determined by 
MTT assay and bright field microscopy, respectively. MTT assay 
revealed that NCTD and 2-DG combination exhibit enhanced cyto-
toxic effect in a HepG2 and c, e Hepa 1–6 cells. Significant increase 

in dead cells and distorted morphology was observed in combined 
treated groups when compared to single treated groups in both cell 
lines b HepG2 and d Hepa 1–6. Data expressed as standard error 
(SE) calculated from three (n = 3) independent experiments, *p < 0.05 
**p < 0.01, ***p < 0.001
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2-DG displays higher inhibition in the migratory potential 
of HepG2 and Hepa 1–6 cells.

To investigate the mechanism underlying inhibitory effect 
of 2-DG and NCTD on migration of cells, we have analyzed 
the expression of MMP-9 and MMP-2 proteins, which are 
well known to play a key role in invasion and migration of 
cancerous cells. Figure 4 clearly showed that the expres-
sions of MMP-9 and MMP-2 were decreased in the NCTD 
and 2-DG treated groups when compared with single treated 
groups, in both cell lines, HepG2 (Fig. 4a, b) and Hepa 1–6 
(Fig. 4c, d). Thus, result suggest that NCTD and 2-DG, in 
combination inhibits the migration of liver cancerous cells 
by reducing the activity of MMP-9 and MMP-2 proteins, 
when compared to single treated groups.

Enhanced effect of NCTD and 2‑DG on nuclear 
fragmentation and apoptosis

We further investigated the effect of NCTD and 2-DG alone 
and in combination by staining the HepG2 and Hepa 1–6 
cells with DAPI, followed by recording the nuclear fragmen-
tation under fluorescence microscopy (Fig. 5). It has been 
observed that 2-DG and NCTD alone and in combination 

exhibit significant increases in apoptotic cells in compari-
son to control cells. Result clearly revealed that combined 
exposure of NCTD and 2-DG induces significant increase 
in number of nuclear condensation and fragmentation 
(indicated by white arrows) in comparison to single treated 
groups. For quantitative analysis, three different microscopic 
areas were analyzed from each group and the graph was plot-
ted accordingly (Fig. 5b, d). Result showed that in HepG2 
cells, single drug exposure groups exhibited ~ 15–25 frag-
mented nuclei, whereas, in combined exposure of NCTD 
and 2-DG number of fragmented nuclei increased to ~ 28–35 
(Fig. 5a, b). Similar trend was observed in Hepa 1–6 cells 
also, i.e. in single treated groups ~ 33–35 fragmented nuclei 
were observed, which increase to ~ 50–53 in combination 
groups (Fig. 5c, d). Further, Annexin V/Propidium Iodide 
(PI) (Fig. 6) double staining also displays an enhanced apop-
totic population in cells exposed to the combined treatment 
of NCTD and 2-DG in comparison to single treated and 
control groups. As shown in Fig. 6a, a single treatment of 
NCTD or 2-DG induces ~ 1.85-fold increase in apoptotic cell 
fraction of HepG2 cells, whereas, due to combined drug 
exposure apoptotic cell population increases up to ~ 2.35-
fold in comparison to control cells. Similar observation was 

Fig. 2  Colony forming efficiency of cancerous cells in response 
to 2-DG and NCTD exposure was determined by clonogenic assay. 
Result revealed that 2-DG and NCTD combined exposure efficiently 
suppresses the colony formation efficiency of a HepG2 and b Hepa 

1–6 cells in comparison to single treated groups. c, d Graph of c 
HepG2 and d Hepa1-6 plotted by counting three independent micro-
scopic areas. Data expressed as standard error (SE) calculated from 
three (n = 3) independent experiments, *p < 0.05, ***p < 0.001
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also recorded for Hepa 1–6 cells, where exposure of NCTD 
and 2-DG alone induces ~ 1.4–2.3-fold increase in apoptotic 
cells, respectively, which increases to ~ 2.7-fold in the com-
bined treated group (Fig. 6b). These combined data revealed 
an efficient combined effect of NCTD and 2-DG in inducing 
cell death by apoptosis.

Combined effect of NCTD and 2‑DG enhance the ROS 
production in HepG2 and Hepa 1–6 cells

To evaluate the involvement of ROS in drug-mediated 
toxicity, intracellular ROS generation in NCTD and 2-DG 
exposed cells was estimated by DCFDA staining (Fig. 7). 
Result revealed that exposure of 2-DG and NCTD in com-
bination induces a significant increase in intracellular ROS 
generation in comparison to single treated and control 
cells as evident by increased green fluorescence in HepG2 
(Fig. 7a, b) and Hepa 1–6 (Fig. 7c, d) cells. Increased ROS 
generation leads to oxidative stress in cells which in turn 
damage the important biological macromolecules and 
induces apoptosis in cells.

NCTD and 2‑DG combined effect induces membrane 
depolarization in liver cancer cells

Mitochondrial membrane potential was analyzed by stain-
ing cancer cells with JC-1 dye and further analysed by 
fluorescence microscope. The dye undergoes aggrega-
tion and displays red color fluorescence in healthy cells, 
whereas, in apoptotic cells, due to loss of mitochondrial 
membrane potential, dye exists in monomeric form and 
change color from red to green. As shown in Fig. 8, NCTD 
or 2-DG treated cells cause decreased membrane potential 
and showed high green:red fluorescence than control cells. 
Further, microscopic investigation revealed that Hepa 1–6 
cells exposed to combined treatment of 2-DG and NCTD 
shows enhanced green:red fluorescence in comparison to 
single treated and control groups (Fig. 8c, d). Thus, result 
suggest that NCTD and 2-DG in combination induces 
additive membrane depolarization effect on Hepa 1–6 cells 
which further leads to cytotoxicity and apoptosis, whereas 
in HepG2 cells no such effect was observed (Fig. 8a, b).

Fig. 3  Migration of HepG2 and Hepa 1–6 in response to 2-DG and 
NCTD (alone and in combination) exposure was determined by 
wound healing assay. Microscopy result revealed that the combina-
tion of NCTD and 2-DG efficiently suppresses the cell migration rate 
of a HepG2 and b Hepa 1–6 cells. Quantitative analysis of migration 

assay in b HepG2 and d Hepa 1–6 cells was obtained by counting 
three independent microscopic areas in each sample. Data expressed 
as standard error (SE) calculated from three (n = 3) independent 
experiments. *p < 0.05, **p < 0.01
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Discussion

Cancer cells are well reported to have defects in their res-
piratory mechanism and also known to exhibit increased 
glucose metabolism and pentose phosphate cycle activity 
(Warburg 1956; Weber 1977). Products of glycolysis and 
pentose phosphate pathway are important for detoxification 
of pro-oxidants in cells (Averill-Bates and Przybytkowski 
1994; Lucarelli et al. 2015). In comparison to normal cells, 
cancer cells ferment glucose into lactate for energy genera-
tion even in the presence of sufficient oxygen. Cancer cells 
increased dependency on glucose metabolism has proved to 
be an attractive target and can be utilized to gain therapeutic 
advantage in targeted eradication of cancer cells. Reports 
suggest that glucose deprivation and 2-DG exposure leads 
to cytotoxic effect in cancerous cells due to increased pro-
duction of pro-oxidants, which supports the involvement of 
oxidative stress in mechanism (Andringa et al. 2006; Sharma 
et al. 2010; Kaushik et al. 2015). 2-DG is a synthetic glucose 
analog which competitively prevents the glucose internali-
zation into cells, inhibits glycolysis and also interferes with 
cellular processes like energy generation, enhanced oxida-
tive stress and autophagy induction (Bandugula and Prasad 
2013). NCTD is a potent anticancer agent and reported to 
induce toxicity in various types of cancers including liver 
cancer, with anti-proliferative and apoptotic effect (Wang 

et al. 2017; Li et al. 2017; Liu et al. 2012). Most important, 
in comparison to other traditional therapeutic drugs, NCTD 
preferentially induces toxicity to cancerous cells rather than 
normal cells (Liao et al. 2007).

HCC is a hypervascular type of tumor with high level of 
neovascularization and angiogenesis (Geis et al. 2015). To 
avoid the single treatment resistance in cancer cells, the pre-
sent study demonstrated the combination therapy to enhance 
the lethality of treatment and also to reduce the dose-
responsive side-effects (Wang et al. 2017). Earlier 2-DG 
was reported to enhance the efficacy of several drugs like 
Adriamycin, paclitaxel and cisplatin in in vivo and in vitro 
studies (Maschek et al. 2004; Simons et al. 2007; Jalota et al. 
2016). These reports suggest that 2-DG may have ability to 
increase the efficacy of standard chemotherapeutic drugs. 
Based on these observations, in the present study, we inves-
tigated whether NCTD in combination with 2-DG serves to 
be a better anti-tumor agent than NCTD or 2-DG alone in 
the liver cancerous cell line (HepG2 and Hepa 1–6). Result 
demonstrated that NCTD or 2-DG alone can exhibit a sig-
nificant cytotoxic effect in both cells over 48 h treatment. 
However, NCTD and 2-DG combination exhibit more potent 
and enhanced antitumor effect in terms of cytotoxicity, apop-
tosis induction, metastasis and membrane depolarization.

Several reports demonstrated about anti-cancerous 
effect of NCTD and 2-DG independently, through different 

Fig. 4  Effect of 2-DG and NCTD over MMP-9 and MMP-2 protein 
was determined by western blot analysis. Combined exposure of 
2-DG and NCTD significantly reduces the expression of MMP-9 and 
MMP-2 proteins in a HepG2 and c Hepa 1–6 cells. b, d Densitometry 

analysis of proteins were expressed in fold change. Data expressed as 
standard error (SE) calculated from three (n = 3) independent experi-
ments. *p < 0.05, **p < 0.01
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Fig. 5  Nuclear fragmentation in NCTD and 2-DG (in combina-
tion and alone) treated cells was determined by DAPI staining and 
image was acquired using fluorescence microscopy. Result showed 
that 2-DG and NCTD in combination significantly induces the 
nuclear fragmentation (indicated by white arrows) in a HepG2 and c 

Hepa 1–6 cells. Quantitative analysis of nuclear fragmentation in b 
HepG2 and d Hepa 1–6 cells was obtained by counting three inde-
pendent microscopic areas in each sample. Data expressed as stand-
ard error (SE) calculated from three (n = 3) independent experiments, 
*p < 0.05, **p < 0.01

Fig. 6  Apoptotic analysis in NCTD and 2-DG (in combination and 
alone) exposed cells was determined by PI FITC staining. Result 
showed that percentage of apoptotic cells significantly increases in 

the combined treated groups of a HepG2 and b Hepa 1–6 cells. Data 
expressed as standard error (SE) calculated from three (n = 3) inde-
pendent experiments, **p < 0.01
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mechanisms (O’Neill et al. 2019; Shafaee et al. 2019; Zhang 
et al. 2018; Lin et al. 2017). Recently, Lin et al. reported 
that NCTD exposure efficiently reduces the cell viability 
in human prostate cancer cells via inducing mitochondrial 
dysfunction and apoptosis (Lin et al. 2017). Further, Zhang 
et al. also demonstrated that NCTD in combination with 
diamminedichloroplatinum inhibits the cell proliferation 
and induces apoptosis in H22 cancer cells (Zhang et al. 
2018). In a similar context, present study also demonstrated 
the combinatorial effect of NCTD and 2-DG over cancer 
cell viability by MTT assay. Combined exposure of NCTD 
and 2-DG induces more cell death in comparison to single 
treated groups, suggesting the increased cytotoxic effect of 
combined treatment in HepG2 and Hepa 1–6 cells (Fig. 1a, 
c). Further, morphological analysis by microscopy also 
indicates the presence of more distorted and round cells in 
combined NCTD and 2-DG exposure than single treatment 
(Fig. 1b, d). Clonogenic assay is an indicator of colony-
forming ability of isolated cancer cells in response to drug 
exposure. Several reports demonstrated about the colony 
formation inhibiting ability of NCTD in different cell lines 
(Hong et al. 2019; Shou et al. 2013). In the present study 
also, NCTD in combination with 2-DG significantly inhibits 

the colony-forming ability of HepG2 (Fig. 2a) and Hepa 1–6 
(Fig. 2b) cells in comparison to single treated or control 
groups. Thus, above observations similar to reported by oth-
ers, suggest that NCTD and 2-DG in combination can alter 
the regular cellular morphology of cells, induces toxicity 
and thus inhibit the colony-forming ability of liver cancer-
ous cells.

Cancer recurrence is closely related to the invasiveness 
and metastasis property of cancerous cells (Irani 2016). 
Several chemotherapeutic agents are introduced to mini-
mize the invasion and metastasis effect of tumor. But, due 
to their harmful effects, natural product like NCTD found 
application in cancer therapy. Several studies demonstrated 
that NCTD exert its toxic effect by inhibiting the tumor 
migration, invasion and metastasis (Shou et al. 2013; Hong 
et al. 2019). Recently, Hong et al. demonstrated that NCTD 
exposure inhibited the migration and invasion of cancer 
cells by decreasing the MMP-2 and MMP-9 activity (Hong 
et al. 2019). In the present study also, NCTD and 2-DG 
combined exposure significantly inhibited the HepG2 and 
Hepa 1–6 cell migration, in comparison to single treated 
groups (Fig. 3a, b), as well as reduced the expression of 
MMP-2 and MMP-9 proteins (Fig. 4). Results are consistent 

Fig. 7  Oxidative stress in NCTD and 2-DG exposed groups was 
determined by DCFDA staining and images were acquired by fluores-
cence microscopy. Result showed that NCTD and 2-DG in combina-
tion efficiently induces the ROS generation in a HepG2 and c Hepa 

1–6 cells. b, d Quantitative analysis was done by measuring the fluo-
rescent intensity of three independent areas in HepG2 and Hepa 1–6 
cells, respectively. Data expressed as standard error (SE) calculated 
from three (n = 3) independent experiments, *p < 0.05, **p < 0.01
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with other previous studies with liver and gall bladder can-
cer (Yeh et al. 2012). As shown in Fig. 3 due to toxic effect 
and growth repression in NCTD and 2-DG treated groups, 
number of cells in NCTD and 2-DG combined treatment was 
inhomogeneous to the control group.

Various reports suggest about the apoptotic effect of 
NCTD in different cell lines (Shen et al. 2013; Lin et al. 
2017). Antitumor activity of NCTD is also reported to be 
due to the induction of cell apoptosis in vitro and inhibi-
tion of tumor growth in vivo. NCTD apoptotic effect was 
due to the modulation of AKT signalling and interaction 
with the myeloid cell leukemia-1 (Mcl-1) in prostate cancer 
cells (Lin et al. 2017). Nuclear condensation is one of the 
remarkable indicator of apoptosis as well as nuclear dam-
age can also represses the proliferation of NCTD treated 
liver cancer cells. As shown in Fig. 5, NCTD and 2–DG 
significantly increased the nuclear fragmentation rate in 
HepG2 (Fig. 5a, b) and Hepa 1–6 (Fig. 5c, d) cells than 
single treated and control groups. ~ 28–50 fragmented nuclei 
were recorded in the combined treated group, which was 
found to be higher than the control and their single treated 
groups. Similar, result was observed with Annexin-FITC/
PI double staining (Fig. 6), which showed that combined 

exposure of NCTD and 2-DG increases the apoptotic cell 
fraction up to ~ 2.35–2.7-fold in comparison to control and 
single treated groups. Mitochondria is also a key indica-
tor of apoptosis as chemotherapeutics agents can alter the 
mitochondrial membrane integrity which led to collapse of 
membrane potential (Jeong and Seol 2008; Shen et al. 2013). 
Earlier studies demonstrated about the mitochondrial signal-
ling pathway-dependent apoptosis in various cancers like 
gastric and prostate cancer (Zheng et al. 2016; Shen et al. 
2013). In the present study also, membrane potential was 
analyzed to investigate the mitochondrial-dependent apop-
totic potential of NCTD and 2-DG. As shown in Fig. 8c, d, 
NCTD and 2-DG exposed Hepa 1–6 cells exhibit enhanced 
green:red fluorescence than single treated group, thus con-
firming the mitochondrial depolarization activity of NCTD 
and 2-DG in combination. However, no significant observa-
tion was recorded in HepG2 cells (Fig. 8a, b).

Excessive intracellular ROS generation by toxicants can 
damage the several macromolecules like DNA, membrane 
lipids and enzymes. Furthermore, ROS generation can also 
induce membrane depolarization and permeability transi-
tion (Fatemi and Izadiyan 2011). Oxidative stress-induced 
DNA damage to cells may lead to decreased proliferation 

Fig. 8  NCTD and 2-DG induced membrane depolarization in HepG2 
and Hepa 1–6 cells were determined by JC-1 staining and images 
were acquired by fluorescence microscopy. Result showed that com-
bined exposure of 2-DG and NCTD decreases the membrane poten-
tial of a HepG2 and b Hepa 1–6 cells in comparison to single treated 

groups. Quantitative analysis for b HepG2 and d Hepa 1–6 cells were 
done by measuring the fluorescence intensity of three independent 
areas. Data expressed as standard error (SE) calculated from three 
(n = 3) independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001
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and survival rate. Thus, to investigate the mechanism behind 
apoptosis induction by NCTD and 2-DG in HepG2 and Hepa 
1–6 cells, we have evaluated the intracellular ROS produc-
tion in response to NCTD and 2-DG exposure. DCFDA fluo-
rescence revealed that ROS level in combination-exposed 
HepG2 (Fig. 7a, b) and Hepa 1–6 (Fig. 7c, d) cells was sig-
nificantly higher than the single treated and control groups. 
Thus, it can be assumed that enhanced oxidative stress by 
combination of NCTD and 2-DG in liver cancerous cells 
leads to nuclear condensation, apoptosis induction and mem-
brane depolarization. Thus, enhanced ROS generation can 
be considered as key factor in cellular damage and cytotox-
icity. The result is in similar context as reported by Shen 
et al., that NCTD leads to ROS accumulation in DU145 
cells which activate the apoptotic pathway by inducing DNA 
damage and ATP depletion (Shen et al. 2013).

Conclusion

In conclusion, present study demonstrated that combined 
exposure of NCTD and 2-DG exhibit enhanced toxic effect 
in in vitro liver cancer model, HepG2 and Hepa 1–6 cells. 
Furthermore, enhanced intracellular ROS generation and 
nuclear condensation induces apoptosis and thus inhibit the 
cancer cell growth, survival and migration. Thus, the initial 
result suggest that preclinical studies will be required to vali-
date the utilization of NCTD and 2-DG combined therapy 
in cancer treatment.
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