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Abstract

Colon cancer is a malignant type of cancer with high prevalence and is one of the primary causes of
cancer-related deaths. Oxaliplatin plays a significant role in the treatment of cancer, but the
application of oxaliplatin is restricted due to its toxic side effects and drug resistance
in clinical practice. Therefore, there is an urgent need for new strategies that can synergize with
oxaliplatin for confronting colon cancer. Alantolactone (ALT), a natural sesquiterpene lactone,
possesses antitumor properties in a number of cancer cell lines. In the present study, we
investigated how ALT acts synergistically with oxaliplatin on human colorectal cancer HCT116 and
RKO cells in vitro and in vivo. We observed that ALT strengthened the effect of oxaliplatin-induced
growth restrain and apoptosis in HCT116 and RKO cells. It is through a mechanism concerning
remarkable accumulation of intracellular reactive oxygen species (ROS) and activation of JNK and
p38 MAPK signaling pathways. These changes ultimately induced apoptosis of HCT116 and RKO
cells. Pretreatment of cells with the ROS reversal agent NAC significantly blocked the apoptosis
induced by the combination treatment, and suppressed expression of JNK and p38 phosphorylation
in HCT116 and RKO cells. In the xenograft model, the combination therapy displayed stronger
antitumor activity compared with single agents. Immunohistochemistry of subsequent treatment
tumors showed a significant decrease in proliferation as compared to either of the treatments alone.
These results suggest that the combination treatment with ALT and oxaliplatin may become a
potential therapeutic strategy for colon cancer.
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Introduction

Colon cancer remains one of the leading causes
of cancer-related deaths in the world [1]. Currently,
the treatment of colon cancer is mainly surgery and
chemotherapy.  Although  chemotherapy  has
enhanced the survival rate of patients, resistance
develops in nearly all patients with colon cancer and
limits the therapeutic efficacies of many

anti-carcinogens. These developments ultimately led
to the failure of chemotherapy [2]. Oxaliplatin was the
third generation of platinum antitumor drugs, which
had the characteristics of powerful antitumor effects.
It had been widely applied for the treatment of
various types’ tumors [3]. Paradoxically, high doses of
oxaliplatin can cause strong side effects, such as
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gastrointestinal reactions, bone marrow suppression
of nerve ending inflammation, and low doses can
cause drug resistance [4]. Therefore, a novel approach
to confronting colon cancer is needed [5].

Currently, drug combination therapies have
become increasingly popular to reduce drug side
effects and overcome chemoresistance [6].
Combination of oxaliplatin with conventional
chemotherapy drugs such as capecitabine has
improved the survival of colon cancer patients [7].
Alantolactone is a sesquiterpene lactone isolated from
the roots of Inula helenium L, a traditional
chinese herbal medicine which has been shown to
possess strong anti-inflammatory and antitumor
activities [8,9].

In this study, we investigated whether
alantolactone can synergize to enhance the antitumor
efficacy of oxaliplatin in colon cancer cells. We found
that co-treatment of alantolactone and oxaliplatin in
colon cancer cells induced stronger cell killing effect
compared with either of these drugs alone, and
further demonstrated that ROS accumulation was
involved in the synergistic effect of alantolactone and
oxaliplatin. Our studies elucidated the underlying
mechanism of synergistic effect of alantolactone and
oxaliplatin, and suggest that such a combinational
treatment might potentially become a more effective
regimen for the treatment of colon cancer.

Materials and methods

Reagents

Oxaliplatin and alantolactone were obtained
from Aladdin (Shanghai, China). N-Acetyl-L-Cysteine
(NAC) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Antibodies against primary antibodies
including p-p38 (sc-9211), p38 (sc-9212), p-JNK
(sc-4668), JNK (5¢-9252) and HRP-conjugated
secondary antibodies (7074) were obtained from Cell
Signaling Technology (Danvers, MA). Ki-67 (ab15580)
was obtained from Abcam (Cambridge, England).
Fluorescein isothiocyanate (FITC) Annexin V
Apoptosis Detection Kit I and Propidium lodide (PI)
were purchased from BD Pharmingen (Franklin
Lakes, NJ). Reactive oxygen species probe 2', 7'-
dichlorodihydrofluorescin diacetate (DCFH-DA) was
purchased from Thermo Fisher (Carlsbad, CA, USA).
3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyl-2
tetrazolium bromide (MTT) was obtained from
Beyotime Biotech (Nantong, China).

Colon cancer cell lines

Human colon cancer cells, HCT116 and RKO
were purchased from the Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). All cell types were cultured in

McCoy's 5A medium (Gibco, Eggenstein, Germany)
or Minimun Essential medium Alpha (Gibco,
Eggenstein, Germany) supplemented with 10%
heat-inactivated FBS (Gibco, Eggenstein, Germany),
100 wunits/mL of penicillin and 100 mg/mL
streptomycin in a 5% CO, atmosphere at 37°C.

Cell viability assay

To measure the cell proliferation activity of
alantolactone and oxaliplatin against HCT116 and
RKO cancer cells, 8 x 103 cells were plated per well
onto 96-well plates. Cells were treated with the
chemical agents as indicated in the figure legends.
DMSO was use as vehicle. 3-(4,5-di-methylthiazol-
2-yD)-2,5-diphenyl-2  tetrazolium bromide (MTT)
solution was added to each well and the cells were
incubated at 37 °C with 5% CO» for 4 h. Absorbance at
490 nm was then measured with a microplate reader.
Combination index (CI) was calculated using
CalcuSyn 2.0 software. ClI is a quantitative
determination of the degree of drug interaction and
calculated over a range of FA levels from growth
inhibition percentages. The CI > 1.0 indicates
antagonism, CI = 1.0 indicates additive effect and CI <
1.0 could be considered as synergism.

Measurement of reactive oxygen species
generation in cultured cells

Cellular ROS contents were measured by flow
cytometry. Briefly, 5 x 10° cells were plated on 60-mm
dishes, allowed to attach overnight, and then treated
with oxaliplatin (60 or 80 pM) and alantolactone (10
pM) for 2 h. NAC pretreatment, where indicated, was
carried out for 2 h. Cells were stained with 10 pM
DCFH-DA at 37°C for 30 min in the dark. DCF
fluorescence was analyzed using flow cytometry.

Cell apoptosis analysis

Apoptosis was determined using an apoptosis
detection Kit (BD Biosciences, USA). HCT116 and
RKO cells treated with oxaliplatin (60 or 80 pM) and
alantolactone (10 pM) for 24 h. The treated cells (as
described above) were simultaneously incubated with
fluorescein-labeled Annexin V and PI Annexin
V-binding buffer was then added to the mixture
before fluorescence was measured on a FACSCalibur
(BD Biosciences, MD, USA).

Western blotting analysis

Lysates from cells and tumour tissues were
prepared and protein concentrations were determined
using the Bradford assay (Bio-Rad, CA, USA).
Proteins were separated by 10% SDS-PAGE and
transferred to PVDF transfer membranes. The blots
were blocked at room temperature with freshly
prepared 5% nonfat milk in TBST for 2 h. Then
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incubated with specific primary antibodies overnight
at 4°C. HRP-conjugated secondary antibodies and
ECL substrate (Bio-Rad, CA, USA) were used for
detection.

Xenograft experiment

All animals were handled according to the Instit
utional Animal Care and Use Committee (IACUC) gu
idelines, Wenzhou Medical University. Five-week-old
female athymic BALB/c mice (18-22 g; total n=20)
were used for the experiment. The animals were kept
in cages at a constant room temperature with a
12/12-hr light/dark cycle and fed a standard rodent
diet. HCT116 cells (5 x 10°) in 0.1 mL PBS was inject
subcutaneously into the right flank of each mouse.
The mice were divided into four experimental groups
on randomization and blinding with five mice in each
group. The mice were treated by intraperitoneal (i. p.)
injection of alantolactone, oxaliplatin, or a
combination of alantolactone and oxaliplatin once per
day. The tumor volumes were determined by
measuring length (I) and width (w) and calculating
volume (V = 0.5 x 1 x w?) at the indicated time points.
At the end of the experiment, mice were sacrifice and
their tumors were isolated by surgery in a room
separated from the other animals, then weighed for in
vitro experiments.

Immunohistochemistry

Harvested tumor tissues were fixed in 10%
formalin at room temperature. Samples were
dehydrated using ethanol gradient, and processed
and embedded in paraffin. Parraffin embedded
tissues were section at 5 pm thickness. Tumor tissue
sections were stain for Ki-67 using primary antibodies
at 1:200 dilution. HRP-conjugated secondary
antibodies and diaminobenzidine (DAB) was used for
detection.

Statistical analysis

All experiments were assayed in triplicate.
Statistical analysis was perform using GraphPad
Prism 5.0 software. Student's t-test and two-way
ANOVA test were used to analyze the differences
between data sets. A p value <0.05 was considered
statistically significant.

Results

Combination of oxaliplatin and ALT inhibited
the proliferation of colon cancer cells in a
cooperative approach

To determine whether the combination therapy
with oxaliplatin and ALT is superior to monotherapy
with either agent in HCT116 and RKO cells. An MTT
assay was used to verify the inhibition of oxaliplatin

or ALT on cell proliferation. As shown in Figures 1A
and 1B, treatment with different concentrations of
oxaliplatin increased from 40 to 120 pM, cell growth
inhibition increased in a dose-dependent manner in
HCT116 and RKO cells. Interestingly, combination of
oxaliplatin and ALT significantly increased
growth-inhibitory effect on HCT116 or RKO cells
compared with the agent alone. To further comfirm
the cytotoxic effect of the combination of oxaliplatin
with ALT was synergism or antagonism. We
evaluated combination index (CI) values using
CalcuSyn 2.0 software. As shown in Figure 1C and
1D, analyses of the CI suggested that most of the data
points were revealed a synergistic effect when FA
values were 50% or greater. Next, the percentage of
apoptotic cells was testified using the Annexin
V-FITC/PI double staining method. The results
showed that the combined treatment increased the
proportion of apoptotic cells dramatically as
compared with control cells or cells treated with the
agent alone (Figure 1E-1H). By contrast, ALT did not
increase the cytotoxicity of oxaliplatin in normal
HL-7702 and NRK-52E cells, and the combined
treatment has little effect on normal HL-7702 and
NRK-52E cells (Figure 1I-1]). These results suggested
that oxaliplatin and ALT possess a synergistic effect
against colon cancer cells.

Elevation in ROS levels was a pivotal event in
apoptosis induced by the combination of
oxaliplatin and ALT

Reactive oxygen species (ROS) are the products
of the natural metabolism of oxygen in cells, and they
serve important roles in cell signaling and
homeostasis. Nevertheless, cancer cells are more
sensitive to increases in intracellular ROS levels than
normal cells [10,11]. Elevated ROS levels have been
confirmed as mechanisms behind the special events of
numerous chemotherapeutic agents [12]. To
demonstrate whether ROS was involved in the
synergistic effect, we detected the intracellular ROS
levels after oxaliplatin and ALT co-treatment. As
shown in Figure 2A, treatment of cells with
oxaliplatin or ALT alone both induced ROS
generation, but the combined treatment resulted in
significant increases in ROS levels. Next, we
investigated whether superabundant generation of
ROS was involved in the  combined
treatment-induced apoptosis. NAC is frequently used
as a precursor of glutathione (GSH) and interact
directly with ROS as a radical scavenger. As shown in
Figure 2B, pretreatment of both cells with NAC
markedly reversed the combined treatment-induced
ROS accumulation. Moreover, the combined
treatment-induced apoptosis was also blocked by
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NAC (Figure 2C-2F). These data suggested that ROS
generation plays a vital role in the synergistic effect of
oxaliplatin and ALT.

JNK and p38 MAPK signaling pathways
activation is involved in the combined
treatment-induced apoptosis of colon cancer
cells

Excess ROS generation is known to activate JNK
and p38 MAPK pathways. To investigate whether the
JNK and p38 MAPK pathways is refer to the

combined treatment-induced apoptosis, we assessed
the expression of key proteins in related pathway in
HCT116 and RKO cells. As shown in Figure 3A-3B,
the combined treatment significantly activated JNK
and p38 MAPK pathways in both cell lines.
Furthermore, compared with oxaliplatin or ALT
treatment alone, the combined treatment resulted in
more significant increases in the phosphorylation
levels of p38 and JNK in both HCT116 and RKO cells
(Figure 3C-3D).
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Figure 1. Combination of oxaliplatin and ALT inhibited the proliferation of colon cancer cells in a cooperative approach. (A-B) HCT116 or RKO cell lines were incubated
with increasing doses of oxaliplatin (40-120 uM) and ALT (10 pM). The cytotoxic effect of oxaliplatin and alantolactone was measured by MTT assay. (C-D) The Cl values were precisely
calculated by the compusyn 2.0 software in a series of FA levels from growth inhibition percentages. A Cl < 1.0 was regarded as synergy. (E-H) The induction of apoptosis as assessed by
Annexin V/PI staining following combined treatment with oxaliplatin and ALT, and the percentage of apoptotic cells in the treatment groups was calculated. (I-J) HL-7702 or NRK-52E cells
were treated with oxaliplatin (80 uM) or ALT (10 pM) alone or their combination (80 UM oxaliplatin and 10 uM ALT) at the indicated doses. At 24 h after treatment, the cell viability was
determined by MTT assay. Data represent similar results from three independent experiments (* p< 0.05, ** p < 0.01).
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Figure 2. Elevation in ROS levels was a pivotal event in apoptosis induced by the combination of oxaliplatin and ALT. (A) HCT116 cells were treated with oxaliplatin (60 uM)
or ALT (10 uM) alone or their combination (60 uM and 10 uM ALT) at the indicated doses. RKO cells were treated with oxaliplatin (80 uM) or ALT (10 uM) alone or their combination (80
UM oxaliplatin and 10 uM ALT) at the indicated doses. At 2 h after treatment, intracellular ROS levels were measured by flow cytometry. (B) HCT116 or RKO cells were pretreated with 5
mM NAC for 2 h before the combined treatment. At 2 h after treatment, intracellular ROS levels were measured by flow cytometry. (C-F) HCT116 or RKO cells were pretreated with 5 mM
NAC for 2 h before exposure to oxaliplatin and ALT combination for 24 h. Percentage of cell apoptosis was determined by flow cytometry. The percentage of apoptotic cells in the treatment
groups was calculated. Data represent similar results from three independent experiments (* p< 0.05, ** p < 0.01).
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Figure 3. Oxaliplatin and ALT combination activated JNK and p38 MAPK signaling pathways. (A-B) HCT116 or RKO cells were treated with oxaliplatin and ALT combination
for the indicated times, the protein levels of p-p38, p38, p-JNK and JNK were determined by western blot. (C-D) HCT116 or RKO cells were treated with oxaliplatin or ALT alone or their
combination at the indicated doses. The protein levels of p-p38, p38, p-JNK and JNK were determined by western blot. Data represent similar results from three independent experiments

(* p< 0.05, * p < 0.01).
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Figure 4. JNK and p38 MAPK signaling pathways activation is involved in the combined treatment-induced apoptosis of colon cancer cells. (A-B) HCT116 or RKO cells
were pretreated with SP600125 for 2 h before exposure to oxaliplatin and ALT combination. The protein levels of p-JNK and JNK were determined by western blot. (C-D) HCT116 or RKO
cells were pretreated with BMS-582949 for 2 h before exposure to oxaliplatin and ALT combination. The protein levels of p-p38 and p38 were determined by western blot. (E) HCT116 or
RKO cells were pretreated with SP600125 or BMS-582949 for 2 h before exposure to oxaliplatin and ALT combination for 24 h, the cell viability was determined by MTT assay. (F) HCT116
or RKO cells were pretreated with SP600125 or BMS-582949 for 2 h before exposure to oxaliplatin and ALT combination for 24 h, percentage of cell apoptosis was determined by flow
cytometry. The percentage of apoptotic cells in the treatment groups was calculated. Data represent similar results from three independent experiments (* p< 0.05, ** p < 0.01).

In order to identify the role of the JNK and p38
MAPK pathways in the combined treatment-induced
cell apoptosis, the HCT116 and RKO cells were
co-treated with oxaliplatin and ALT after
pretreatment with JNK inhibitor SP600125 or p38
inhibitor BMS-582949. We found that pretreatment
with SP600125 or BMS-582949 markedly reversed the
combined treatment-induced phosphorylation of JNK
or p38 in HCT116 and RKO cells (Figure 4A-4D).
Moreover, the results in Figure 4E-4F showed that
SP600125 or BMS-582949 can partially attenuate
combined treatment-induced cell growth inhibition
and apoptosis, suggesting that the activation of JNK
and p38 signaling pathways is essential for the
lethality of the combined treatment.

The combined treatment-induced activation
of the JNK and p38 MAPK pathways is
mediated by ROS generation in human colon
cancer cells

The results mentioned above showed that ALT

induced apoptosis in colon cancer cells through the
generation of ROS. We next tested the relationship
between ROS accumulation and activation of JNK and
p38 signaling pathways. We observed that
pretreatment with NAC markedly reversed the
combined treatment-induced phosphorylation of JNK
and p38 in both HCT116 and RKO cells (Figure
5A-5D). Taken together, these results suggested that
the activation of p38 and JNK signaling pathways is
due to accumulation of intracellular ROS in colon
cancer cells.

Oxaliplatin and ALT combination showed
synergistic antitumor activity in human colon
cancer HCT116 xenograft

Our last objective was to evaluate the in vivo
effect of the combined treatment; we wused a
subcutaneous xenograft model of HCT116 cells in
immunodeficient mice. After 13 days treatment, we
found that 2 mg/kg oxaliplatin and 10 mg/kg ALT
showed effective inhibition on the growth of HCT116
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xenograft (Figure 6A-6C). However, the combined
treatment exhibited stronger inhibitory effects on
tumor volume and weight (Figure 6A-6C).
Mechanistically, we found that the combined
treatment resulted in significant increases in the
phosphorylation levels of JNK and p38 (Figure
6D-6F). Moreover, the immunohistochemical staining

assay was used to determine the expression of Ki-67.
The expression level of Ki-67 was significantly
decreased by the combined treatment (Figure 6G).
Taken together, these results indicated that ALT could
synergize the effect of oxaliplatin to inhibit tumor
growth in vivo.
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Figure 5. Activation of the JNK and p38 MAPK pathways mediated by ROS accumulation. (A-B) HCT116 cells were pretreated with NAC (5 mM) for 2 h before exposure to
oxaliplatin and ALT combination. The protein levels of p-p38, p38, p-JNK and |NK were determined by western blot. (C-D) RKO cells were pretreated with NAC (5 mM) for 2 h before
exposure to oxaliplatin and ALT combination. The protein levels of p-p38, p38, p-JNK and JNK were determined by western blot. Data represent similar results from three independent

experiments (* p< 0.05, ** p < 0.01).
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Figure 6. Combination of oxaliplatin and ALT showed synergistic antitumor activity on HCT116 tumor xenograft in nude mice. (A-B) Oxaliplatin and ALT combined
treatment significantly decreased tumor volume and tumor weight (C) of HCT116 human colon cancer xenograft in nude mice. (D-F) The protein levels of p-p38, p38, p-JNK and |NK were
determined by western blot. (G) The level of Ki-67 in tumor tissues was analyzed by immunohistochemical analysis.
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Discussion

During the past decades, the development of
new chemotherapeutic drugs made a significant
progress in cancer treatment. However, the
application of conventional chemotherapeutic drugs
is limited by toxicities and drug resistance [3,13].
Recently, the agents that are able to sensitize cancer
cells to conventional antitumor drugs have received
widespread attention. Natural products from diets
and medicinal plants, in general, high efficiency and
low toxicity, making them an ideal selection of
“chemotherapy sensitizers” for cancer therapy [14,15].
In this study, we evaluated whether treatment of
human colon cancer cells with ALT could act with
oxaliplatin in a synergistic approach, aimed to
provide preclinical evidence for agents to combine
with oxaliplatin. Our results showed that the
combination of oxaliplatin and ALT remarkably
suppressed cell proliferation and induced the
apoptosis of colon cancer cells. Moreover, oxaliplatin
combined with ALT exhibited a synergistic inhibitory
effect on tumor growth in vivo.

Under normal physiological conditions, ROS
production was tightly regulated, and ROS participate
in more complex signaling networks. However,
cellular damage resulting from excessive ROS
production or reduced endogenous antioxidants [16].
Compared with normal cells, cancer cells usually
generate and maintain higher levels of ROS. Elevated
ROS levels render cancer cells more sensitive to
agents that increase ROS generation [17,18].
Therefore, stimulation of ROS 1is a potential
therapeutic strategy for cancer treatment. Numerous
natural products exert antitumor effects on human
cancer cells by inducing ROS generation [19,20]. Our

study also revealed that ALT induced ROS
production in colon cells, and the combined further
enhanced ROS generation. Moreover, altitude of
intracellular ROS levels seemed to be the primary
mechanism of apoptosis induction via combination
treatment because pretreatment with the ROS
scavenging agent NAC almost completely reversed
these changes.

The pathogenesis of cancer includes the
transformation of signal transduction pathways. As
well, the state change (excitation or inhibition) of
abnormal signaling pathway molecules may be
targets for cancer treatments. MAPK is a classical
signal transduction pathway that accommodates
alarge amount of physiological processes and
holds the post of crucial role in the induction of
cellular damage [21]. The family of mitogen-activated
protein kinases (MAPKSs), including extracellular
signal-regulated kinase, c-Jun N-terminal kinase and
p38 MAPK pathways [22]. Activation of the MAPK
signaling pathway has been shown to induce the
phosphorylation of p38, activates transcription factors
and accelerates apoptosis [23]. The p38 MAP kinases
are a family of serine/threonine protein kinases that
play important roles in cellular responses to external
stress signals such as UV irradiation [24,25]. In
present study, combined treatment of ALT and
oxaliplatin resulted in further increasing in the
expression of phosphorylated JNK and p38,
suggesting that the combined treatment executed
significant antitumor effects in a JNK/p38-dependent
manner. In addition, pretreatment with BMS582949 or
SP600125 partially reversed combination
treatment-induced apoptosis, which confirmed the
important role of the JNK and p38 MAPK pathway.
Based on our results, in a xenotransplant mouse
model and model cell, combined therapy remarkably
activated in the p38 pathway than alone. What's more,
pretreatment with NAC significantly blocked JNK
and p38 MAPK activations and showed that ROS is an
upstream regulator of JNK and p38 MAPK pathways.
Our study revealed that ALT could potentiate
oxaliplatin in vitro and in vivo.

In conclusion, the current study is the first to
demonstrate that ALT synergized the antitumor effect
of oxaliplatin by inducing ROS generation. These
findings provide new insights into the molecular
mechanisms by which ALT synergized with
oxaliplatin, and suggest that such a combinatorial
treatment might potentially become a more effective
regimen for colon cancer.
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