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A B S T R A C T

Colorectal cancer is the third leading cause of cancer related deaths in the United States. Currently, Irinotecan, a
topoisomerase I inhibitor, is an approved anti-cancer drug for the treatment of patients with advanced or re-
current colorectal cancer. Considering low response rate and events of high toxicity caused by irinotecan, we
evaluated a series of thirteen thiazolyl hydrazone derivatives of 1-indanone for their potential antineoplastic
activity and four compounds showed promising anti-cancer activity against most of the tested colon cancer cell
lines with IC50 values ranging from 0.41 ± 0.19 to 6.85 ± 1.44 μM. It is noteworthy that the compound, N-
Indan-1-ylidene-N'-(4-Biphenyl-4-yl-thiazol-2-yl)-hydrazine (ITH-6) is found to be more effective than irinotecan
against colon cancer cells, HT-29, COLO 205, and KM 12. Mechanistic studies reveal that ITH-6 arrests these
cancer cell lines in G2/M phase of the cell cycle, induces apoptosis and causes an increase in ROS level with a
significant reduction in the GSH level. The mechanism of inhibition relates to the inhibition of tubulin poly-
merization in the mitotic phase. These findings suggest that ITH-6 is a novel drug candidate for the treatment of
colorectal cancer.

1. Introduction

Cancer till date remains the most intriguing disease of human po-
pulations in terms of its types, progression and treatment (Anreddy
et al., 2014; Gupta et al., 2016a, 2018; Kathawala et al., 2015). Despite
of the advances in the field of cancer research and translational medi-
cine, which has indeed result in higher cure rates for various tumor
types, cancer still remains the second leading health challenge, after
heart related disorders in both developing and developed countries
(Gupta et al., 2017a,b; Mokhtari et al., 2012).

Among malignancies, colorectal cancer (CRC) is the third most
commonly diagnosed malignancy and the fourth leading cause of
cancer related deaths globally (Arnold et al., 2016). CRC is considered
to be an environmental disease, affected by cultural, social and lifestyle
practices (Cepowicz et al., 2017). Studies done in the past have shown
that endocrine factors and obesity are the two major contributors to an
increase in the risk of colorectal cancer (Albanes, 1990). Moreover,
weight gain during the middle age and metabolic dysfunctions can
predispose to abdominal obesity which positively correlates with col-
orectal cancer (Kono et al., 1999). It has also been found that the

dietary habits influence the risk of colorectal cancer. The dietary fat
especially from animal sources has earlier been demonstrated to be
metabolized into a carcinogen by colonic flora (Moore and LaMont,
1984). Moreover, the genetic makeup of individuals also plays an im-
portant role in its genesis and mutations in chromosome 18q have re-
sulted in errors in DNA replication which account for 15–20% of
sporadic colon cancer (Gryfe et al., 2000; Wynder and Shigematsu,
1967).

According to the American cancer society, around 135,430 CRC
cases were diagnosed in 2017 in the United States with around 50,260
deaths estimated from the disease (Siegel et al., 2017). Studies have
shown that approximately 30% of colorectal cancer cases are hereditary
in nature (O’Brien, 2000). The etiology remains unknown for around
75% cases of CRC and the remaining small percentage of cases are due
to familial incidences or inflammatory bowel disease. Around 33% of
familial cases have a genetic basis (Hisamuddin and Yang, 2004).
Surgery is the primary treatment option for most cases of colorectal
cancer (Compton, 2003). The current pharmacological management of
primary colorectal cancer is based on the drug regimens such as
FOLFOX and FOLFIRI for metastatic CRC. Though therapeutically
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efficacious, these anti-cancer agents bear a number of side effects such
as nausea, vomiting, neurotoxicity, and infections which frequently
reach to the level of causing a halt of the treatment (Schuell et al., 2005;
Wiela-Hojeńska et al., 2015). Targeted specific drugs such as regor-
afenib, cetuximab, and bevacizumab have now been approved as al-
ternatives for the treatment of CRC (Wang et al., 2017; Mirone et al.,
2016). Although these drugs are effective and increase the overall
survival, the existence of drug resistance mechanisms and toxicity re-
main serious concerns (Anreddy et al., 2014; Kathawala et al., 2015).

Since previous studies have established that the indanone ring ex-
erts anti-cancer activity (Ganellin, 1967; Klaus, 1983; Vilums et al.,
2015; Yao et al., 2003), here we investigate the anti-cancer effects of a
series of indanone-based thiazolyl hydrazones on different human
cancer cell lines. Moreover, in this study we explored the mechanism of
action of most active derivative which caused the inhibition of colon
cancer cells’ proliferation, produced cell cycle arrest and induced
apoptosis. The effects of this derivative on tubulin polymerization,
production of reactive oxygen species (ROS), and glutathione depletion
were also determined.

2. Materials and methods

2.1. Chemicals and equipment

All the thiazolyl hydrazone derivatives were synthesized at the
University of Karachi, Pakistan (Supplementary Fig. 1). Regorafenib
was obtained from Bayer HealthCare Pharmaceuticals Inc. (Whippany,
NJ) and irinotecan hydrochloride from (Alfa Aesar, MA). A stock so-
lution (10mM) of all the compounds in DMSO was prepared and a
series of dilutions were made. Fig. 1A shows the chemical structure of
ITH-6. Dulbecco’s modified Eagle’s Medium (DMEM, IX), fetal bovine
serum (FBS), Phosphate Buffer Saline (PBS), 10,000 IU/ml penicillin
and 10,000 μg/ml streptomycin, and trypsin 0.25% were purchased
from Hyclone (Waltham, MA). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-
phenyl-tetrazolium bromide) (MTT), Dimethyl Sulfoxide (DMSO), and
other chemicals were obtained from Sigma-Aldrich Chemical Co (St.
Louis, MO). Propidium Iodide (PI)/RNase staining buffer was pur-
chased from BD biosciences (SanJose, CA) and the apoptosis kit was

purchased from Biotium (Hayward, CA). 5-(and-6)-chloromethyl-20,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) was
purchased from Molecular probes™ (Eugene, OR). GSH kit from Abcam
(Cambridge, MA) and HTS-Tubulin Polymerization Assay Biochem Kit
from Cytoskeleton (Denver, CO).

2.2. Cell lines and cell culture

HEK293 (human embryonic kidney cell line), 3T3 (mouse fibro-
blast) and human colon cancer cell lines (COLO 205, HCT-15, SW620,
KM 12, HT-29) were used in this study. SW620 cell line was obtained
from Dr. Susan E. Bates (Columbia University, New York) and HEK293
from Suresh Ambudkar (NIH, MD). All other cell lines were purchased
from American Type Culture Collection (ATCC) (Manassas, VA). The
cell lines were cultured at 37 °C, 5% CO2 with DMEM containing 10%
FBS and 1% penicillin/streptomycin.

2.3. Cell proliferation assay

The anti-cancer effects of ITH-6, regorafenib and irinotecan were
determined by a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium
bromide (MTT) calorimetric assay (Śliwka et al., 2016). Cells were
cultured, counted and seeded onto 96 well plates with a cell density of
6× 103 cells per well. Following 24 h incubation, the cells were treated
with different drugs (ranging from a concentration of 0–30 μM). After
68 h, 20 μl of 4 mg/ml MTT, was added to each well and the plates were
further incubated 37 °C for 4 h. Subsequently, the MTT was removed
from all wells and 100 μl of DMSO was added to dissolve the formazan
crystals formed by the reduction of MTT in the mitochondria of the
viable cells. The optical density (OD) was measured at 570 nm by an
Opsys microplate reader (Dynex technologies, VA).

2.4. Cell cycle analysis

Based on the cytotoxic effects of ITH-6, the cell cycle analysis was
carried out on colon cancer cell lines HT-29, COLO 205, and KM 12.
The cells were treated with ITH-6 at three different concentrations (0.3,
1 and 3 μM) for 24 h and the cell cycle analysis was performed as

Fig. 1. Chemical structure of N-Indan-1-yli-
dene-N'-(4-Biphenyl-4-yl-thiazol-2-yl)-hy-
drazine (ITH-6) and cytotoxicity of ITH-6,
Regorafenib and Irinotecan in HT-29, COLO
205, and KM 12 cell lines. The chemical
structure of ITH-6 was drawn using Chem
Draw (A). Survival fraction (%) (B) was mea-
sured after treatment with ITH-6 for 72 h in
HT-29 (orange), COLO 205 (blue), and KM 12
(grey) cell lines. Points with error bars re-
present the mean ± SD for independent de-
terminations in triplicate. The figures are re-
presentative of three independent experiments.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).
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described previously (Gupta et al., 2017a). In brief, the cells were
harvested and centrifuged at 800 rpm for 5min. The supernatant was
removed and the cell pellet was washed with 1X PBS. The cells were
fixed overnight in ice cold 70% ethanol at 4 °C. The fixed cells were
stained with 50 μg/ml PI and 100 μg/ml of RNase at 37 °C for 30min in
the dark. The flow cytometric analysis was performed and the percen-
tage of cells in different phases of cell cycle were determined (G0/G1, S,
G2/M).To determine whether the effect of ITH-6 on the cell cycle
phases are permanent or not, another flow cytometric experiment was
performed, after 24 h incubation in the drug free medium following the
24 h treatment using FL-2 of BD Accuri™ C6 flow cytometer from BD
Biosciences, CA (Gupta et al., 2017a).

2.5. Tubulin polymerization assay

The action of the test compound, ITH-6 on the tubulin poly-
merization was assessed by tubulin polymerization kit. The preparation
of samples and assay protocol was carried out as per manufacturer’s
instructions (Schneider et al., 2003). ITH-6 (100 μM) was used a test
compound while paclitaxel and colchicine (10 μM) were used as con-
trols.

2.6. Apoptosis analysis

The cells were incubated with ITH-6 for 24 h at concentrations of
0.3, 1 and 3 μM. After 24 h, the cells were washed, harvested and
stained with FITC-labeled annexin-V and PI at 37 °C for 30min. The
degree of apoptosis was measured at FL-1 and FL-2 of the flow cyt-
ometer.

2.7. Intracellular ROS measurement

In order to investigate the effects of ITH-6 on the intracellular levels
of ROS, the cells were treated with ITH-6 at different concentrations
ranging from 0 to 3 μM for 24 h. After 24 h, the cells were washed and
harvested. Subsequently, 10 μM of CM-H2DCFDA was added. The CM-
H2DCFDA dye enters into the cells, gets converted into the fluorescent
(5-chloromethyl-20-7′-dichlorofluorescein (DCF)) product by the action
of intracellular peroxides. The cells were incubated in dark at 37 °C for
30min. Intracellular ROS levels were measured using the flow cyt-
ometer.

2.8. Intracellular GSH assay

In order to better understand the inverse relation between oxidative
stress and GSH, the colon cancer cell lines were treated with ITH-6 at
different concentrations 0.3, 1, and 3 μM for 24 h. The intracellular GSH
was measured using GSH assay kit and the protocol was carried out as
per manufacturer’s instructions (Kim et al., 2016). The samples were
prepared and analyzed as per manufacturer’s protocol using FL-1 of
flow cytometer.

2.9. Statistical analysis

All experiments were repeated at least three times and the differ-
ences were determined using a one-way analysis of variance (ANOVA).
The statistical significance was determined at p < 0.05, p < 0.001
and p < 0.0001. The post hoc analysis was performed using Tukey’s
test. The data were analyzed using GraphPad Prism, version 6.

3. Results

3.1. Non-cytotoxic effect of ITH-6 on normal cell lines

To determine the cytotoxic effect of ITH-6 on normal healthy cell
lines, MTT was done against human embryonic kidney cell line,
HEK293 and mouse fibroblast cell, 3T3. ITH-6 did not show any cyto-
toxicity on these cell lines and IC50 was more than 30 μM (Table 1).

3.2. ITH-6 inhibits cell proliferation of colon cancer cell lines

In order to determine the cytotoxicity of synthesized compounds on
colon cancer cell lines, MTT assay was performed against 7 colon cancer
cell lines (as mentioned in cell lines and cell culture). Among all com-
pounds, four compounds exhibited remarkable cytotoxic activities
against most of the tested colon cell lines (Table 2). For the five types of
tested human colorectal adenocarcinoma cells SW620, COLO 205, KM
12 and HT-29 cells, ITH-1 had cytotoxic effects, with IC50 values
of> 10 μM, 1.37 μM, 2.50 μM, and 0.86 μM, respectively. Also, ITH-3
had cytotoxicity on the same colon cancer cell lines with IC50 value
of> 10 μM, 2.64 μM, 2.91 μM, and 1.99 μM, respectively. The IC50 of
ITH-6 on HT-29, COLO 205, SW620, and KM 12 cell lines (Fig. 1B).
were 0.4 μM, 0.98 μM, 6.85 μM, and 0.41 μM respectively. The IC50 was
more than 10 μM on HCT-15 cell line. For ITH-12, IC50 of 2.14 μM on
COLO 205, 2.90 μM on KM 12 and 1.17 μM on HT-29 cells were ex-
hibited. IC50 of Regorafenib on HT-29, COLO 205 and KM 12 were 22.7
μM, 9.43 μM and 5.02 μM respectively (Fig. 1C). Irinotecan had IC50 of
8.49 μM, 22.84 μM and 23.15 μM on HT-29, COLO 205 and KM 12 cells
(Fig. 1D). These results indicate that ITH-6 has a significant effect on
the cell viability of HT-29, COLO 205 and KM 12 cells compared to the
other cell lines, suggesting that the drug is more potent to colon cancer
cells and chosen for the detailed study of its possible mechanism.

3.3. ITH-6 arrests the colon cancer cells in the G2/M phase of the cell cycle

In order to investigate the mechanism by which ITH-6 inhibits the
proliferation of colon cancer cells, its effects on the progression of cell
cycle were studied. On treatment with ITH-6 (0.3, 1, and 3 μM), a
concentration dependent increase in the percentage of cells in G2/M
phase of the cell cycle of all the three cell lines was observed. The
concentrations were selected based on the IC50 values. ITH-6 increased
the percentage of cells from 37.5% to 72.1% in HT-29 (Fig. 2A), 15.1%
to 33.4% in COLO 205 (Fig. 2B), and 24.1% to 77.8% in KM 12 cells
(Fig. 2C). These results suggest that ITH-6 arrests the cells in G2/M
phase with negligible effect on other phases of cell cycle in all the three
cell lines. To study the permanent cytotoxicity of ITH-6, the experiment
was performed 24 h after incubating the cells in drug free medium
following a 24 h ITH-6 treatment (0.3, 1, and 3 μM). The results showed
there was no effect on G2/M phase (Fig. 3A–C).

3.4. ITH-6 inhibits tubulin polymerization in the mitotic phase

To further elucidate the mechanism by which ITH-6 arrests the
colon cancer cells in G2/M phase of the cell cycle, tubulin poly-
merization assay was performed according to the manufacturer's pro-
tocol. The test drug (ITH-6) was compared against control drugs, pa-
clitaxel and colchicine. Our results indicated that paclitaxel (10 μM)
stabilizes the microtubule by enhancing the tubulin polymerization for

Table 1
The effect of ITH-6 on normal cell lines.

Compounds Code HEK293 3T3
IC50 (μM)

ITH-6 > 30 >30

μM-Micromole.
The cytotoxic effects of the test compounds on HEK293 (human embryonic
kidney cells) and 3T3 (mouse fibroblasts).
Values in tables are representative of at least three independent experiments
performed in triplicates.
IC50: concentration that inhibits cell survival by 50% (mean ± SD).
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a period of 1 h while colchicine (10 μM) acted as a tubulin poly-
merization inhibitor. Interestingly, ITH-6 at 100 μM, it inhibited the
tubulin polymerization thus suggesting that ITH-6 acted on the G2/M
phase of the cell cycle by inhibiting the tubulin polymerization activity,
an effect similar to colchicine however, less potent than colchicine
(Fig. 4).

3.5. ITH-6 induces apoptosis in colon cancer cells

To understand the apoptotic effects of ITH-6 on colon cancer cell
lines, the cells were treated at different concentrations (0.3, 1, and 3
μM) of ITH-6 for 24 h. In all the three cell lines, most of the cells were
viable in the control group and no apoptosis was observed. ITH-6 ex-
hibited a concentration dependent increase in the early and late
apoptosis of HT-29 (Fig. 5A), COLO 205 (Fig. 5B), and KM 12 (Fig. 5C)
cells. Moreover, ITH-6 did not induce any significant necrosis in all the
three cell lines (Fig. 5 and Supplementary Fig. 2).

3.6. ITH-6 elevates ROS production in colon cancer cells

Since an increase in intracellular ROS is a measure of induction in
apoptosis, we investigated the effects of ITH-6 on the intracellular ROS
production. The cells were treated at the indicated concentrations for
24 h and the intracellular ROS levels were measured using the flow
cytometer. As shown in the Fig. 6, ROS percentage increased from
5.98% (control) to 66.3% (ITH-6 at 3 μM) in HT-29, 1.88% (control) to
71.7% (ITH-6 at 3 μM) in COLO 205, and 4.26% (control) to 69.57%
(ITH-6 at 3 μM) in KM 12 cells. These results suggested that ITH-6
elevates intracellular ROS levels and cause apoptosis in colon cancer
cells.

3.7. ITH-6 inhibits GSH levels in colon cancer cells

Since a decrease in GSH levels is known to induce ROS and in turn
induce apoptosis, the effects of ITH- 6 on the intracellular GSH levels

Table 2
The effect of synthesized compounds on colon cancer cell lines.

Compounds Code CELL LINES

COLO 205 HCT-15 SW620 KM 12 HT-29
IC50 (μM)

ITH-1 1.37 ± 0.29 >10 >10 2.50 ± 0.30 0.86 ± 0.17
ITH-2 >10 >10 >10 >10 >10
ITH-3 2.64 ± 0.35 >10 >10 2.91 ± 0.17 1.99 ± 0.29
ITH-4 >10 >10 >10 >10 >10
ITH-5 >10 >10 >10 >10 >10
ITH-6 0.98 ± 0.06 >10 6.85 ± 1.44 0.41 ± 0.19 0.44 ± 0.06
ITH-7 >10 >10 >10 >10 >10
ITH-8 >10 >10 >10 >10 >10
ITH-9 >10 >10 >10 >10 >10
ITH-10 >10 >10 >10 >10 >10
ITH-11 >10 >10 >10 >10 >10
ITH-12 2.14 ± 0.36 >10 >10 2.90 ± 0.06 1.17 ± 0.27
ITH-13 >10 >10 >10 >10 >10

μM-Micromole.
The cytotoxic effects of the test compounds on COLO 205, HCT-15, SW620, KM 12, and HT-29 (human colon cancer cell lines).
Values in tables are representative of at least three independent experiments performed in triplicates.
IC50: concentration that inhibits cell survival by 50% (mean ± SD).

Fig. 2. Effect of ITH-6 on the cell cycle of HT-29, COLO 205, and KM 12 cell lines. HT-29 (A), COLO 205 (B), and KM 12 (C) cells were treated with ITH-6 (24 h)
in a concentration-dependent manner, stained with propidium iodide (PI), and analyzed by flow cytometer. Quantification of the PI staining data is presented as the
percentage of distribution through stages of the cell cycle: blue-G0/G1; red- S; green- G2/M. * p < 0.05, ** p < 0.001, *** p < 0.0001 by ANOVA. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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were determined at the indicated concentrations. Our results showed
that ITH-6 exhibits a concentration-dependent decrease in intracellular
GSH levels. As shown in Fig. 7, the GSH percentage decreased from
93.8% (control) to 23.7% (ITH-6 at 3 μM) in HT-29, from 96.8%
(control) to 34.9% (ITH-6 at 3 μM) in COLO 205, and from 91.3%
(control) to 7.8% (ITH-6 at 3 μM) in KM 12 cells.

4. Discussion

Despite of the advances in chemotherapy, the mortality rate of
colorectal cancer is quite alarming. Patients with colorectal cancer fall
into two categories; ones in which the disease is confined to the primary
site of origin (Dukes’A and B) and the other where it spreads to the
regional lymph nodes (Dukes’C and D). The first category of patients
can be surgically cured while for the later ones, surgery has is only
palliative role and survival rate is less than 30% (Hampel et al., 2005).

The drugs already approved and being used for the treatment of
colon cancer include irinotecan, oxaliplatin, capecitabine and the tar-
geted drugs include bevacizumab, ramucirumab etc. Irinotecan, ap-
proved by the USFDA in 1996, is a prodrug which is converted into its
active metabolite, SN-38 inside the body. It has long been used as the
first line therapy for patients with recurrent and metastatic colorectal
cancer however, the dose related toxicities such as vomiting,

dehydration, myelosuppression, alopecia, and diarrhea are a serious
concern (Rougier et al., 1998). Bevacizumab, a humanized monoclinal
antibody was approved by the USFDA in 2004 for the treatment of
patients with advanced colorectal cancer. Bevacizumab exhibits some
rare serious adverse effects such as bowel perforation, arterial embolic
events, and leukoencephalopathy (Glusker et al., 2006; Hurwitz et al.,
2004, 2005).

In the present study, we find that the compound ITH-6 has lower
IC50 values on the colon cancer cell lines, HT-29, COLO 205 and KM 12
as compared to the conventional anti-cancer drug, irinotecan. Indanone
and its derivatives are well known for their wide range of biological
activity (Leoni et al., 2000). Studies done in the past have shown that
the indanone derivative are potent anti-inflammatory, analgesic, anti-
microbial, anticholinergic, anti-cancer, and antimalarial agents. 3-aryl
substituted indanone analog was found significantly active against the
HeLa and K562 cell lines (Patil and Patil, 2017).The other derivatives,
gallic acid based indanone analogs are cytotoxic (IC50 of 0.01 μM) on
breast cancer cell lines MCF-7 and MDA-MB-231 (Saxena et al., 2008).
In addition, 2-substituted indanone analogs are active against non-small
lung cancer cell line (Charrier et al., 2007) and 5,6-dimethoxy-1-in-
danone derivative is significantly cytotoxic on multidrug resistant cell
lines, MCF-7/ADR, MES-SA/DX5 and HL-60/ADR (Leoni et al., 2000).
The present indanone derivative, ITH-6 exhibited IC50 values of 0.44

Fig. 3. Effect of ITH-6 on the cell cycle of HT-29, COLO 205, and KM 12 cell lines after washing the drug out. HT-29 (A), COLO 205 (B), and KM 12 (C) cells
were treated with ITH-6 (24 h) in a concentration-dependent manner, incubated in the drug free medium for 24, stained with propidium iodide and then analyzed by
flow cytometer. Quantification of the PI staining data is presented as the percentage of distribution through stages of the cell cycle: blue-G0/G1; red- S; green- G2/M
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 4. Effect of ITH-6 on the tubulin polymerization. The tu-
bulin polymerization assay was performed as per manufacturer’s
protocol. The change in optical density (OD) at 340 nm was
plotted against time in min for ITH-6 at 100 μM (green) was
compared with control (blue), paclitaxel at 10 μM (orange), and
colchicine at 10 μM (yellow). Points with error bars represent the
mean ± SD for independent determinations in triplicate. The
figures are representative of three independent experiments (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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μM, 0.98 μM, and 0.41 μM on HT-29, COLO 205 and KM 12 cell lines
respectively. The IC50 of regorafenib and irinotecan on HT-29, COLO
205 and KM 12 cell lines (22.7 μM, 9.43 μM and 5.02 μM for regor-
afenib and 8.49 μM, 22.84 μM and 23.15 μM for irinotecan) has shown

that ITH-6 exhibited lower IC50 as compared to the newer drugs, re-
gorafenib and irinotecan. The difference in response to different colon
cancer cell lines are due to their establishment from different origin and
p53 mutation status Barretina, 2012).

Fig. 5. Effect of ITH-6 on the apoptosis of HT-29, COLO 205, and KM 12 cell lines. HT-29 (A), COLO 205 (B), and KM 12 (C) cells were treated with ITH-6 (24 h)
in a concentration-dependent manner, stained with Annexin-V and PI, and analyzed by flow cytometer. The apoptotic cell population was quantified by flow
cytometry. Bar graphs in blue represents live cells, in red represents cells undergoing apoptosis, and in green represents cell undergoing necrosis. Bar graphs
represents average cell population of three independent experiments and error bars represents SD. * p < 0.05, ** p < 0.001, *** p < 0.0001 by ANOVA. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 6. Effect of ITH-6 on the ROS production in HT-29, COLO 205, and KM 12. HT-29 (A), COLO 205 (B), and KM 12 (C) cells were treated with ITH-6 (24 h) in a
time-dependent manner as mentioned in “Materials and Methods”. Quantification of DCF (5-chloromethyl-2′-7′-dichlorofluorescein) positive cells (D). * p < 0.05,
** p < 0.001, *** p < 0.0001 by ANOVA.
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Inhibition of the cell proliferation has long been known to be as-
sociated with the changes in the cell cycle (Gupta et al., 2016b). The
alterations in the cell cycle progression cause tumor growth and pro-
liferation. It has been stated that anti-cancer drugs can arrest the cells in
various phases of cell cycle and inhibit the tumor growth (Malumbres
et al., 2008). Our cell cycle results indicate that ITH-6 arrest the cells in
G2/M phase and the maximum effect is at high concentration (3 μM)
and there is no significant effect on other phases of cell cycle. These cell
cycle results show that the test compound is G2/M phase specific. This
instigated the idea to investigate the effects of ITH-6 on tubulin poly-
merization and mitotic spindle formation, two processes that take place
in G2/M phases of cell cycle. The tubulin polymerization assay results
show that ITH-6 at 100 μM inhibits tubulin polymerization for 1 h.
Paclitaxel (Taxol), a well-known anti-cancer drug, stabilizes the mi-
crotubule against depolymerization, and is hence known as poly-
merization enhancer (Arnal and Wade, 1995). Colchicine on the other
hand, inhibits the microtubule polymerization and is thus known as a
polymerization inhibitor (Hastie, 1991). We compared the tubulin
polymerization effects of ITH-6 to that of paclitaxel and colchicine and
found that, similar to colchicine, ITH-6 inhibited the tubulin poly-
merization. However, the extent of inhibition was not significantly
comparable.

Since the cell cycle arrest is related to apoptosis, an apoptotic
analysis was carried out using HT-29, COLO 205 and KM 12 cell lines.
In all the three cell lines, a substantial number of apoptotic cells were
observed in the lower and upper right quadrants, which are the re-
presentatives of early and late apoptosis. The results showed an in-
crease in early and late apoptosis in these cell lines with maximum
apoptosis seen at the highest concentration of 3 μM. Cellular studies

have shown that an increase in the level of ROS causes an oxidative
stress which results in oxidative damage to the cellular components
(Ngamchuea et al., 2017). It enters into the cells, gets converted into
the fluorescent (5-chloromethyl-20-7′-dichlorofluorescein (DCF)) pro-
duct by the action of intracellular peroxides, hence, the ROS analysis is
conducted in all the cell lines (Circu and Aw, 2010; Matés and Sánchez-
Jiménez, 2000). We found that ITH-6 at the highest concentration (3
μM) induced intracellular ROS production in HT-29, COLO 205 and KM
12 cell lines. The mitochondrial GSH maintains the integrity of mi-
tochondrial proteins and lipids and modulates ROS production. Oxi-
dative damage is associated with an increase in mitochondrial ROS
production and a decrease in GSH which in turn triggers apoptosis
(Circu and Aw, 2008). Therefore, intracellular GSH assay was per-
formed in all the three colon cancer cell lines. A significant decrease in
GSH levels was also observed with compound ITH-6 in all the three cell
lines with the maximum decrease at the highest concentration of 3 μM.

5. Conclusion

Anti-cancer drug discovery and development are considered as the
grand challenges for the pharmaceutical industry. Extremely dynamic
mitotic-spindle microtubules indeed remain the most successful and
promising targets for anti-cancer therapy. Microtubule-stabilizing
agents are continually playing an important role in anti-cancer drug
discovery and development. In this study, we have shown that ITH-6 is
an effective cytotoxic agent against colon cancer cells and exhibits a
better cytotoxic effect compared to other drugs approved for colon
cancer. Mechanistically, ITH-6 inhibits tubulin polymerization, alters
the cell cycle progression and induces apoptosis by elevating the intra

Fig. 7. Effect of ITH-6 on the GSH levels of HT-29, COLO 205, and KM 12 cell lines. The GSH assay was performed as per manufacturer’s protocol. HT-29 (A),
COLO 205 (B), and KM 12 (C) cells were treated with ITH-6 (24 h) in a time-dependent manner as mentioned in “Materials and methods”. Quantification of
percentage of glutathione for HT-29 (D), COLO 205 (E), and KM 12 (F) cells. * p < 0.05, ** p < 0.001, *** p < 0.0001 by ANOVA.
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cellular ROS and decreasing the intracellular GSH levels. Together with
its mechanism of action, ITH-6 could be a potential anti-cancer drug
candidate for colorectal cancer treatment.
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