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Abstract
Background: Traditional therapy using natural products, especially flavonoids and alkaloids have
been in practice for a long time. Among flavonoids, curcumin, quercetin, berberine, and
epigallocatechin have been studied in greater detail in terms of their anticancer and antiinflammatory activities. Although many studies focused on the PI3K, MAP kinase and NF-B
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pathways, a thorough investigation of modulation of players in the apoptotic and Wnt/-catenin
signaling pathway by curcumin and quercetin has not been done. Also, only few studies have
been carried out on curcumin and quercetin co-treatment studies.

Hypothesis/Purpose: We hypothesized that the combination of natural products will have

synergistic effects and the antiproliferative effect will be attenuated via apoptotic as well as

AN
US

Wnt/-catenin signaling pathways.

Study Design and Methods: To test our hypothesis, we compared potency of natural anticancer
agents in four cancer cell lines, A549, HCT116, MCF7, and A375 by MTT and colony
proliferation assays and investigated mechanism of anticancer activities by analyzing players in

individually or in combination.

M

apoptotic and Wnt/-catenin signaling pathways in A375 cells treated with test agents

ED

Results: Epicatechins, up to 100 μM concentration, did not inhibit cancer cell proliferation, while
curcumin inhibited proliferation in A549 and HCT116 cancer cell lines with an IC50 of 3 to 8.5
μM. Quercetin showed stronger inhibition of cell proliferation than berberine. Combination study

PT

with two most potent agents, curcumin and quercetin, in 4 cancer cell lines, suggested synergistic
effect on cell proliferation with several fold decreases in IC50. Further investigation of the

CE

mechanism of action of curcumin and quercetin in melanoma cells, A375, suggested that
inhibition of cell proliferation occurred through down-regulation of Wnt/-catenin signaling

AC

pathway proteins, DVL2, β-catenin, cyclin D1, Cox2, and Axin2. In addition, both curcumin and
quercetin induced apoptosis by down-regulating BCL2 and inducing caspase 3/7 through PARP
cleavage.

Conclusion: These results demonstrate that curcumin and quercetin inhibit cancer cell
proliferation synergistically and Wnt/-catenin signaling and apoptotic pathways are partly
responsible for antiproliferative activities.
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NF-κB, nuclear factor- κB; mTOR, mammalian target of rapamycin; IKK : ROS, reactive
oxygen radicals; TNF-,tumor necrosis factor;IL-1, interleukin-1; MAPK, mitogen-activated
protein kinase; JAK-STAT, Janus kinase/signal transducers and activators of transcription;
ERK, extracellular signal-regulated kinase; DVL2, dishevelled 2; PARP, poly(ADP-ribose)
polymerase; COX2, cyclooxygenase 2; DKK1, Dickkopf-related protein 1; GSK-3, glycogen
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synthase kinase- 3; APC, adenomatous polyposis coli; CK1,casein kinase 1; GPC3,heparan
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sulfate proteoglycans.
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Introduction
In the past, a significant number of anticancer drugs approved for cancer therapy were
derived from natural products (Newman et al., 2003). The reason for natural products gaining
interest as anticancer agents appears to be their low tissue toxicity. Among these traditional
natural products, curcumin, quercetin, epicatechins, and berberine are shown to have multiple
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beneficial properties, including anti-inflammatory, antioxidant, anti-hyperlipidemic, antiatherosclerotic, and anticancer activities (Fukuda et al., 1999; Harris et al., 2016;

Maithilikarpagaselvi et al., 2016; Abdulkhaleq et al., 2017). One of these traditional medicines
curcumin is a major active component of the spice turmeric (Curcuma longa Linn,

(Zingiberaceae). Both in vitro and in vivo studies have shown that curcumin exhibits potent
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antioxidant, anti-inflammatory and anticancer activities (Bengmark, 2006). The anti-

inflammatory activity of curcumin has shown protection of non-alcoholic steatohepatitis (NASH)
(Shapiro & Bruck, 2005; Jang et al., 2008; Tang et al., 2009), which, if not treated, progresses to
hepatocellular carcinoma (Asgharpour et al., 2016). Besides anti-inflammatory activities (Kurup
et al., 2007; Varalakshmi et al., 2008), curcumin also exhibit antitumor and apoptotic activities

M

in a wide variety of human cancer cell lines (Huang et al., 2008). Several clinical trials have been
performed with curcumin for treatment of pancreatic cancer (Swamy et al., 2008), multiple

ED

myeloma (Milacic et al., 2008; Jiao et al., 2009), Alzheimer’s (Wang et al., 2005), and colorectal
cancer (Half & Arber, 2009). In terms of mechanism of action, curcumin is suggested to play its

PT

anticancer role partly via suppressing phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signal transduction pathway in several tumor models (Wang et al., 2011; Qiao et al., 2013; Jiang
et al., 2014). Curcumin significantly inhibited NF-κB and attenuated the effect of irradiation-

CE

induced prosurvival signaling through the PI3K/Akt/ mammalian target of rapamycin (mTOR)
and nuclear factor- κB (NF-κB) pathways (Rafiee et al., 2010). Curcumin was shown to inhibit

AC

NF-κB activation and NF-κB-regulated gene expression through inhibition of IKK and Akt
activation (Aggarwal et al., 2006).
Quercetin is a dietary polyphenol with particular therapeutic interest because of its

potential to prevent and treat cancer. Quercetin derivatives accounting for 60% of the total daily
intake of flavonoids are commonly found in many vegetables and fruits, such as red onions,
apples, parsley, olive oil, cocoa, citrus fruits, tea, and red wine (Harwood et al., 2007; Spagnuolo
et al., 2012). More than 4,000 varieties of flavonoids are known (Boly et al., 2011) with seven
4
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main categories based upon variations in their heterocyclic C-ring (Aherne & O'Brien, 1999;
Boly et al., 2011). Biological and pharmacological studies suggest that quercetin exhibit
antioxidant, anti-inflammatory, antiproliferative, and anticancer properties (Rice-Evans et al.,
1996; Wang et al., 2006; Nam et al., 2016). Beneficial effects of quercetin on normal tissues
have been attributed to several mechanisms, especially antioxidant effects through quenching
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reactive oxygen radicals (ROS) that play important roles in pathophysiological and degenerative
processes (Ahmad et al., 2017). Quercetin has shown anticancer effects against colon cancer,
hepatoma, and melanoma cells (Ranelletti et al., 2000; Tanigawa et al., 2008). Human studies
confirmed very low toxicity of quercetin (Gugler et al., 1975; Harwood et al., 2007; Egert et al.,
2008; Moon et al., 2008). Quercetin inhibits the release of tumor necrosis factor (TNF-),
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interleukin-1 (IL-1), and other inflammatory mediators from monocytes (Andersson et al.,
2000; Rendon-Mitchell et al., 2003) via mitogen-activated protein kinase (MAPK) signaling
pathway (Degryse et al., 2001). Other studies suggest that quercetin inhibits the Janus
kinase/signal transducers and activators of transcription (JAK-STAT) signaling pathway in
various inflammatory disorders (Muthian & Bright, 2004; Liao & Lin, 2014). Inhibition of

M

curcumin-mediated cancer cell proliferation is suggested to occur through phosphatidylinositol
3-kinase (PI3K)-Akt/PKB (protein kinase B) pathway (Gulati et al., 2006). Both Raf as well as

ED

MAPK/extracellular signal-regulated kinase (ERK) kinase (MEK) are also shown to be involved
in quercetin-mediated inhibition of cancer cell proliferation (Gulati et al., 2006; Lee et al., 2008).
Quercetin is suggested to act by lowering the reactive oxygen species (ROS) inside the cell

PT

(Russo et al., 1999) leading to the induction of apoptosis (Russo et al., 2007).
The accurate mechanism through which quercetin exerts its effect in controlling the

CE

signal transduction pathway is still not fully understood. While few studies on the mechanism of
action of quercetin have been carried out, the specific targets of quercetin are not well

AC

characterized. In terms of molecular mechanisms of curcumin, published reports suggest that
curcumin-induced apoptosis in cancer cells are varied and depend on cell type and concentration
used in the experiments (Duvoix et al., 2005; Karunagaran et al., 2005). Among mechanisms
suggested for curcumin-induced inhibition of cancer cell proliferation include induction of
apoptotic signal (Karunagaran et al., 2005; Tuorkey, 2014), suppression of antiapoptotic proteins
(Reuter et al., 2008), modulation of micro RNAs (Zhang et al., 2010a) and protein kinases (Saini
et al., 2011), inhibition of NF-B (Aggarwal et al., 2006), and epigenetic regulation (Zhang et
5
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al., 2010b). Some studies also suggested curcumin’s anticancer activity through the players in
the Wnt/-catenin pathways (Choi et al., 2010; Teiten et al., 2011; Sundram et al., 2012).
Despite two clinical studies with combination of curcumin and quercetin (Cruz-Correa et al.,
2006; Zhang et al., 2015a), the synergistic effects have not been reported and the mechanism of
combination efficacy has not been explored. The present study was undertaken to investigate the
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mechanism of anticancer effect of curcumin and quercetin alone or in combination. Our results
show that both co-treatment with curcumin and quercetin in four cell lines show synergism in
inhibiting cancer cell proliferation partly via modulation of Wnt/-catenin signaling and
apoptotic pathways.
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US

Materials and methods
Cell Culture

Three human CRC cell lines, A549 (lung adenocarcinoma cells), HCT116 (human colon
cancer cells), MCF7 (human breast cancer cells), and A375 (human melanoma cells) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA). Cells were

M

cultured in IMDM medium (Invitrogen, Rockville MD) under standard conditions with 10% fetal
bovine serum and 5% CO2 at 37 °C. The cell line authenticity was frequently confirmed by

3.2

ED

analyzing various genetic and epigenetic markers every 6–8 months.
Test and Control Agents Formulation

PT

Curcumin, quercetin, epicatechin gallate, and berberine (>90%) were obtained from
Sigma-Aldrich, St Louis, USA. The purity of the test agents was as follows: curcumin (>65%),

CE

quercetin (>95%), berberine (>95%), and epicatechin gallate (98%). Doxirubicin hydrochloride
(purity >95%) was procured from Fisher Scientific, Pittsburgh, PA 15275. Stocks were prepared

AC

by dissolving these test agents in dimethyl sulphoxide (DMSO) at 10 mM concentration, and
small aliquots were stored at 22 °C until use. Fresh test agent-containing culture medium was
replaced every second day during the course of treatment. Control cell lines without test agent
treatment were grown with each set of treatments for the same duration.
3.3

MTT Viability Assay
The effects of test agents on cell viability were determined in an MTT assay, which is
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based upon 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide uptake. Cells
(5000/well) were seeded in 96-well plates in medium containing 10% FBS. After 24 hours, the
medium was changed to test medium specific for each experiment. After 72 h of treatment, MTT
(Sigma Chemical Co., St. Louis, MO) was added to a final concentration of 1 mg/mL and
incubated for 2 h at 37 °C followed by the addition of solubilization/ stop solution and incubated
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for additional 1 h at 37 °C. Absorbance was measured at 570 nm using a spectrophotometer.
Experiments were performed in triplicate in 3 independent experiments.
3.4

Colony Proliferation Growth Measurement

Colony formation in soft agar was assessed with curcumin, quercetin or a combination of
both at indicated concentrations. Briefly, 2 ml of mixture of serum supplemented media and 1 %
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agar containing indicated concentrations of curcumin or quercetin or a combination of both were
added in a 35 mm culture dish and allowed to solidify (base agar) respectively. Next, on top of
the base layer was added a mixture of serum supplemented media and 0.7 % agar (total 2 mL)
containing 10,000 A375 cells in the presence of curcumin, quercetin or a combination of both
and was allowed to solidify (top agar). Subsequently, the dishes were kept in tissue culture

M

incubator maintained at 37°C and 5 % CO2 for 14 days to allow for colony growth. All assays
were performed in triplicates. The colony assay was terminated at day 14, plates were stained

3.5

ED

and colonies counted on ChemiDoc XRS instrument (Bio-Rad, Hercules, CA).
Wnt3a Expression and Effect of Curcumin and Quercetin

PT

Mouse L cells were transfected with a Wnt-3A expression vector and stable clones were
selected in medium containing G418. These L cells are available from ATCC that produce

CE

and secrete Wnt3A protein (LWnt3A cell, ATCC#CRL-2647). In these cells, Wnt3A is
expressed from the PGK promoter.
Caspase 3/7 Assay

AC

3.6

Caspase 3/7 assay was performed using Promega Caspase-Glo 3/7 Assay Systems

according to manufacturer’s instructions. In brief, 5000 cells were plated per well with test
compounds for 18 h. Caspase-Glo 3/7 reagent mix was added and incubated for 60 min at room
temperature. The resulting luminescence was detected in EnVision Multi Detection System.
3.7

Isolation of Whole Cell Extract
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Cells were trypsinized and whole cell protein was obtained by lysing the cells on ice for
20 min in 700 l of lysis buffer (0.05 M Tris–HCl, pH 7.4, 0.15 M NaCl, 1% Nonidet P-40, 0.5
M PMSF 50 g/ml aprotinin, 10 g/ml leupeptin, 50 g/ml pepstatin, 0.4 mM sodium
orthovanadate, 10 mM sodium fluoride, and 10 mM sodium pyrophosphate). The lysates were
then sonicated for 20 s and spun at 15 000 x g for 10 min, and the supernatant was saved. Protein

3.8
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determinations were made using the method of Bradford.
Western Blot Analysis

Western blot analysis to measure of ß-catenin, and Wnt signaling pathway players,

DVL2, Axin2, cyclin D1, and cox2 was performed on the whole cell extract. A375 cells were
treated with curcumin and quercetin (3.1 to 50 M). Cells were harvested and total cell extract
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was prepared. Protein (30-50 µg) was mixed 1:1 with sample buffer (20% glycerol, 4% SDS,
10% 2-ME, 0.05% bromophenol blue, and 1.25 M Tris– HCl, pH 6.8) loaded onto a 10% SDS–
PAGE gel and run at 120 V for 2 h. Cell proteins were transferred to nitrocellulose (ECL;
Amersham, Arlington Heights, IL) for 3 h at 250 mA. Equal loading of the protein groups on the
blots was evaluated using Bradford assay as well as ß-actin band. The nitrocellulose membrane

M

was then blocked with 5% milk in TBST overnight, washed 4 times, and then incubated with the
primary Ab (anti ß -catenin, dishevelled 2 (DVL2), Axin2, cyclin D1, and cox2, Santa Cruz

ED

Biotechnology, Santa Cruz, CA) for 2 h at room temperature. The blots were washed four times
with TBST and incubated for 1 h with HRP-conjugated anti-IgG AB (Santa Cruz Biotechnology,

PT

Santa Cruz, CA). Immunoreactive bands were developed using ECL Western blot substrate
(Millipore) according to the manufacturer’s instructions.

CE

In a separate experiment, A375 cells were treated with curcumin or quercetin at
concentrations ranging from 3.1 to 50 M, cells harvested, and total cell extract prepared.

AC

Western blotting was performed as described above to measure proteins involved in apoptosis.
3.9

Statistical and Isobologram Analysis
Statistical analysis where indicated were carried out using ANOVA using Prism 6

software. Synergism, additivity, and antagonism were assessed by isobologram analysis with a
fixed-ratio experimental design using the Chou-Talalay method (Chou & Talalay, 1984).
Analysis of the results were done using the Calcusyn software (Biosoft, Cambridge, United
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Kingdom) to determine Combination Index (CI). Average CI at the IC30, IC50, and IC70 <1
indicates synergism, CI= 1 indicates additivity, and CI > 1 indicates antagonism, respectively.

4.

Results

4.1

Curcumin and quercetin inhibit proliferation of A549 and HCT116 cells
We initially evaluated 4 natural products in cell proliferation assay, MTT (Figure 1).

CR
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T

These are known to have several pharmacological activities, including anti-inflammatory and
anticancer properties. In colon cancer cell line, HCT116, epicatechin, known to have antioxidant
properties (Abdulkhaleq et al., 2017), did not show antiproliferative activity (Figure 2).

Epicatechin also failed to show antiproliferative activity in lung cancer cell line, A549 (Figure
2C). Curcumin and quercetin did show antiproliferative activities in these two cell lines in a

AN
US

concentration-dependent manner with an IC50 of 8.5 and 11.4 M in A549 and 2.9 and 9.8 M in
HCT116 cell lines, respectively. Therefore, all further studies were carried out with curcumin
and quercetin.
4.2

Co-treatment with curcumin and quercetin shows greater inhibition of cell

proliferation in A549. HCT116, A375, and MCF-7 cells

M

Follow-up experiments were performed to evaluate antiproliferative activities of four
cancer cell lines, A549, HCT116, A375, and MCF-7 cells, treated either individually or in

ED

combination with curcumin and quercetin. As shown in Figure 3A, treatment of A549 cells with
quercetin and curcumin inhibited A549 cell proliferation. Greater inhibition of cell proliferation

PT

was observed after co-treatment with curcumin and quercetin. For combination studies, curcumin
concentration was fixed at 2 M and increasing concentration of quercetin was used. In A549

CE

cell line, curcumin and quercetin shiwed IC50 showed of 4.8 and 11.8 M, respectively (Table-1).
Co-treatment of A549 lung cancer cell line with fixed concentration of curcumin (2 M) and

AC

varying concentrations of quercetin (2, 4, and 8 M) improved IC50 to 2.0, 0.7, and <0.5 M,
respectively (Figure 3A, Table-1), showing gradual and more than additive potency with
increasing concentration of quercetin. A reference agent, doxorubicin, was also used as a positive
control, which showed an IC50 of 0.76 M (Table-1). Similarly, in HCT116 cells, co-treatment
with curcumin and quercetin showed greater inhibition of cell proliferation with gradual
increases in quercetin concentration (Figure 3B, Table-1).

9
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The anticancer activity of curcumin and quercetin was also evaluated in two other cancer
lines, melanoma (A375) and breast cancer (MCF7). Quercetin showed mild antiproliferative
activity in melanoma cell lines with an IC50 of 50 M (Figure 3 C), whereas curcumin had an
IC50 of 8.5 M. Robust antiproliferative activity was observed in A375 cells when co-treated
with curcumin and quercetin, curcumin at 2 M concentration and quercetin at increasing
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concentrations (2, 4, 8 M). A robust antiproliferative activity was observed with a sharp drop in
the IC50 to 4.8, 3.0 and 1.5 M from 50 M for quercetin and 10 M for curcumin (Figure 3C,
Table-1). The reference agent, doxorubicin, showed an IC50 of 1.15 M. Similarly, in MCF7
cells, the IC50 for curcumin and quercetin were 18 M and 45 M (Figure 3D, Table-1),

respectively, but when combined, it showed greater potency in inhibiting cell proliferation with
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gradual reductions in IC50 of 16, 7.5, 3.5M, respectively (Figure 3C, Table-1). For all further
studies on mechanism of antiproliferative activities of curcumin and quercetin, A375 cells were
used.
4.3

Inhibition of cell proliferation following co-treatment with curcumin and quercetin

M

occurs by synergistic mechanism

The greater than expected antiproliferative effects observed in this study following co-

ED

treatment with curcumin and quercetin in four cancer lines suggested the possibility of
synergistic effects. This necessitated the analysis of co-treatment results by isobologram (Chou
& Talalay, 1984; Del Curatolo et al., 2018). Figure 4 shows isobologram in two cell lines, A549

PT

and A375 cells. The results derived from the isobologram are shown in Table-2. The
combination indexes in both cell lines were found to be <1, suggesting that the co-treatment with

CE

curcumin and quercetin has synergistic effect on inhibiting proliferation of these two cell lines.
We also analyzed results of co-treatments with curcumin and quercetin in HCT116 and MCF7

AC

cells and the results were similar to A549 and A375 cells in terms of synergism (not shown).
4.4

Curcumin and quercetin induces apoptosis via caspase 3/7 activation in A375 cells
We next evaluated if curcumin and quercetin show cell apoptotic activity through the

activation of caspase 3/7. Caspase 3/7 activity was determined in A375 cell treated with
quercetin and curcumin either alone or in combination. As shown in Figure 5A, curcumin at 12
M concentration showed robust activation, although a concentration below 6 M showed mild
activation. Similar observations were noted when the cells were treated with quercetin where no
10
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activity was seen up to 6 M, but a linear increase in activity at concentrations above 6 M was
evident (Figure 5A). In a separate study when A375 cells were co-treated with curcumin and
quercetin (Figure 5B), we observed that the increasing concentration of quercetin (2 M to 8
M) added to a fixed concentration of 2 M curcumin showed a clear increase in potency as
and quercetin lower IC50 and show greater potency.
4.5
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evidenced by decrease in the IC50 (Figure 5B), again suggesting that co-treatment with curcumin

Curcumin and quercetin inhibit colony growth proliferation of melanoma cancer

cell line

Using the same melanoma cell line A375, we evaluated antiproliferative activities of
curcumin and quercetin alone or in combination in a separate assay, colony growth proliferation.
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As shown in Figure 6, curcumin showed more than 80% inhibition of proliferation at a

concentration between 3.1 M and 6.2 M whereas quercetin showed about 80% inhibition at a
concentration between 25 M and 50M. When curcumin and quercetin were combined (Figure
7), the inhibition curve shifted to left, suggesting a greater inhibitory effect on cell proliferation.
These results, together with MTT assay (Figures 3) confirm the increased potency of curcumin

Wnt3a promotes A375 cell growth

ED

4.6

M

and quercetin combination in inhibiting the proliferation of cancer cells.

In order to investigate the role of Wnt/-catenin signaling in curcumin and quercetin-

PT

mediated antiproliferative activity, we first carried out experiment ascertained if Wnt is involved
in the growth of melanoma cell line. For this, we used a cell line that produces recombinant

CE

Wnt3a protein and one that does not produce Wnt3a protein and performed A375 cell
proliferation assay in spent media from two these two types of L cells. The results showed that in
normal growth media A375 cells proliferate normally, but when the media was replaced with the

AC

L cell spent media, there was hardly any growth (Figure 8). However, adding spend media
fromWn3a producing L cells showed growth of A375 cells (Figure 8), suggesting that Wnt3a
protein induces proliferation of A375 cells.
4.7

Curcumin and quercetin inhibit Wnt signaling pathway in melanoma cancer cell

line A375

11
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Having confirmed that Wnt protein is involved in the proliferation of A375 cells, we
investigated the canonical Wnt/-catenin signaling pathway mediated antiproliferative activities
of curcumin and quercetin. A375 cells were treated with increasing concentrations of curcumin
and quercetin (3.1 M to 50 M), cells were lysed and protein separated by Western blotting to
measure canonical Wnt/-catenin signaling pathway proteins. The Wnt/-catenin pathway is
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highly regulated through the participation of a number of players (MacDonald et al., 2009). We
investigated curcumin and quercetin-mediated regulation of some of the key players in this

pathway. We focused on dishevelled 2 (Dvl2) protein and axin, and downstream target genes of
Wnt signaling, cyclin D1 and cyclooxygenase 2 (COX2). Dvl2 is required to recruit axin to the
Frizzled/LRP complex in a signal dependent manner (Clevers, 2006). As shown in Figure 9, both

AN
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curcumin and quercetin reduced Dvl2 and axin2 in a concentration-dependent manner

concomitant with decreases in -catenin protein. Robust concentration-dependent decreases in
cyclin D1 and Cox2 were also noted. These results suggest that both curcumin and quercetin
influence players in the Wnt/-catenin signaling pathway.
4.8

Curcumin and quercetin induce apoptotic pathway in melanoma cancer cell line

M

A375

Since we observed that caspase 3/7 was induced in cells treated with curcumin and

ED

quercetin either alone or combined, we looked into curcumin and quercetin effect on players in
the apoptotic pathway, both upstream and downstream of caspase 3/7. ERK2/ERK1 are two

PT

isoforms of extracellular signal-regulated kinase (ERK) that belong to the family of mitogenactivated protein kinases (MAPKs). A sequential phosphorylation cascade that transduces signals

CE

from the cell membrane to the nucleus activates these enzymes.
Programmed cell death by apoptosis is controlled by activation of caspases and nucleases

AC

leading to the death of the injured cells without affecting neighboring cells. The intrinsic
pathway of apoptosis regulates the activity of the Bcl-2 proteins, which in turn releases of
proapoptotic factors, such as cytochrome c, from the mitochondria into the cytoplasm. This event
leads to the activation of caspase-9, followed by the activation of caspase-3/7. As shown in
figure 10, Increased phosphorylation of ERK1/2 was observed following curcumin as well as
quercetin treatment. The key player in the apoptotic pathway Bcl-2 was found to be reduced,
suggesting activation of apoptotic pathway, which was further confirmed by activation of

12
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caspases3/7. This sequence of events leads to cleavage of poly (ADP-ribose) polymerase
(PARP). Indeed, PARP cleavage was increased in curcumin or quercetin treated A375 melanoma
cell line (Figure 10).
5.

Discussion
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The aim of the present investigation was to evaluate combination efficacy of two most
potent natural products after screening in 4 different cancer cell lines, namely lung cancer cell
line A549, colon cancer cell line HCT1116, melanoma cancer cell line A375 and breast cancer
cell line MCF7. Based on the IC50 we found curcumin and quercetin as the most potent

anticancer agents. Earlier studies have reported both curcumin and quercetin to possess
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anticancer (Chen et al., 1999; Gulati et al., 2006; Jiao et al., 2009; Boly et al., 2011; Vallianou et
al., 2015; Nam et al., 2016) and anti-inflammatory (Aggarwal, 2010; Rogerio et al., 2010; Byun
et al., 2013) properties. In the present study we focused on combination efficacy. Co-treatment
of A549, A375, HCT116 and MCF7 cells with curcumin and quercetin consistently showed
greater inhibition of cell proliferation in MTT assays. To examine whether the greater inhibition

M

of cell inhibition occurs as a result of additive or synergistic effect, we carried out analysis using
isobologram (Chou & Talalay, 1984; Del Curatolo et al., 2018). The results derived from this

ED

analysis clearly suggested that the co-treatment with curcumin and quercetin had synergistic
effect in inhibiting cancer cell proliferation. Since curcumin and quercetin have poor
bioavailability (Pan et al., 1999; Murota et al., 2002; Vareed et al., 2008; Zhongfa et al., 2012;

PT

Tuorkey, 2014), these agents are likely to have greater efficacy in topical applications. A375
cells have been frequently used to study the mechanism of action of curcumin (Chen et al., 2014;

CE

Zhang et al., 2015b). Therefore, we chose A375 cells to further investigate the mechanism of
action of curcumin and quercetin in cancer cell proliferation.

AC

First, we examined the role of apoptotic pathway in curcumin and quercetin-mediated

attenuation of A375 cell proliferation. Caspases, a family of cysteine proteases that are required
for cytokine maturation and apoptosis execution (Salvesen & Dixit, 1997) have been suggested
to contribute to both apoptotic (Salvesen & Dixit, 1997) and non-apoptotic cellular phenomena
(Hashimoto et al., 2011). In mammals, caspase-1, -4, and -5, are referred to as inflammatory
caspases. These caspases possess a large prodomain and cleave the procytokines. Another group
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of caspases with a large prodomain includes caspase-2, -8, -9, and -10. These are termed as the
initiator caspases of apoptosis, and those with short prodomain comprising caspase-3, -6, and -7
are termed as effector caspases of apoptosis (Figure 11). The effector caspases are activated
through proteolytic cleavage by the initiator caspases. We showed that caspase 3/7 are activated
by curcumin and quercetin when A375 cells were treated either alone or in combination. via Bcl-
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2 mediated pathway. This was further confirmed by the inhibition of ERK1/2 phosphorylation, a
component in the apoptotic pathway. ERK activity has been associated with markers of apoptosis
like effector caspase-3 activation, poly(ADP-ribose) polymerase (PARP) cleavage, annexin-V
staining, and DNA fragmentation (Wang et al., 2000). Measurements of cleaved PARP

(Boulares et al., 1999) confirmed that curcumin and quercetin induce apoptotic pathway in

AN
US

melanoma cancer cell line, A375. Indeed, curcumin has been shown to inhibit TNF--induced
NF-kB down-regulation (Aggarwal et al., 2006) which in turn down-regulated NF-kB inducible
genes like Cox-2. These authors also showed that curcumin down-regulated TNF--induced
Bcl2 expression, similar to the results obtained in the present studies (Figures 10, 11). However,
it should be noted that Aggarwal et al (Aggarwal et al., 2006) carried out studies in U937

M

(human myeloid leukemia) cells induced with TNF-. In this study, U937 cells, either left
untreated or pretreated with 50 M curcumin for 2 h and then exposed to TNF- for different

ED

times. Nevertheless, the findings in both studies are consistent in terms of curcumin’s ability to
induce apoptotic pathway. It was also reported that curcumin represses the TNF--induced NFkB -dependent gene products involved in cell proliferation (Aggarwal et al., 2006). In more

PT

recent studies, curcumin was shown to activate apoptotic pathway in A375 cells treated either
alone (Zhang et al., 2015b) or in combination with natural borneol (Chen et al., 2014). Thus, the

CE

findings in the present study sre in line with the reported effect of curcumin in modulating

AC

apoptotic pathway.

Another pathway that regulate cancer cell proliferation is the Wnt/-catenin pathway

(Shtutman et al., 1999) that induces a number of genes, including cyclin D1, cyclooxygenase 2
(COX2), Axin 2, and Dvl2. Cyclin D1, a target of -catenin pathway, is overexpressed in a
variety of tumors and mediates the progress of cells from the G1 to the S phase (Polsky &
Cordon-Cardo, 2003). Likewise, (COX-2) is overexpressed in tumor cells and mediates
proliferation (Chun & Surh, 2004). The role of c-myc in proliferation of tumor is well
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established (Schmidt, 2004). Indeed, in the present study, both curcumin and quercetin downregulated cyclin D1, Cox 2, Dvl2, and Axin 2, which were associated with lowering of -catenin,
suggesting that curcumin and quercetin influence Wnt/-catenin signaling pathway through
modulation of players like Dvl2 and Axin 2, which in turn reduces -catenin, resulting in the
suppression of cell proliferating genes like cyclin D1 (Figure 12). In neuroblastoma cell line
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curcumin was shown to suppress cancer cell proliferation through the inhibition of Wnt/catenin signaling (He et al., 2014). Quercetin was also shown to regulate Wnt/-catenin

signaling activity to induce growth suppression of 4T1 murine mammary cancer cells (Kim et
al., 2013). However, these authors (Kim et al., 2013) measured only -catenin and Dickkopfrelated protein 1(DKK1) protein. In another study Shan et al (Shan et al., 2009) measured cyclin

AN
US

D1 in quercetin treated human SW480 colon cancer cells and concluded the involvement of Wnt
signaling pathway in quercetin-mediated inhibition of human SW480 colon cancer cells.
Similarly, He et al (He et al., 2014) showed activation of glycogen synthase kinase -3 (GSK3), a negative regulator of the Wnt/-catenin signaling pathway. GSK-3 is a kinase and the
main role of GSK-3 is to facilitate phosphorylation of -catenin leading to its degradation and

M

resulting suppression of -catenin translocation to the nucleus (Figure 12). The activation of

ED

GSK-3 is reported to be associated with reduced levels of -catenin (He et al., 2014).
In the present study, we carried out systematic investigation of antiproliferative efficacy

PT

following co-treatment with curcumin and quercetin. We measured several players in the Wnt/catenin as well as apoptotic pathways to unravel the mechanism of action of these two agents
known to have anticancer properties. Very few studies have been carried out on the combination

CE

efficacy of curcumin and quercetin, albeit without the underlying mechanism. Efficacy of
curcumin and quercetin has also been studied by adding epigallocatechin in this combination.

AC

This combination was reported to have protective effects against cancer and cardiovascular
disorders (Jagtap et al., 2009). In one study with human gastric cancer MGC-803 cells, Zhang et
al (Zhang et al., 2015a) focused on apoptotic pathway and showed that the combined treatment
with curcumin and quercetin was more effective in inhibiting the proliferation of MGC-803 cells
than the individual treatment. This effect was reported to occur through modulation of AKT and
ERK phosphorylation. The cell-based findings on anticancer effect of curcumin and quercetin
was also evaluated in animal models of carcinogenesis. In benzo(a)pyrene -induced mouse
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model of lung carcinogenesis, the combined efficacy of curcumin and quercetin was examined
(Liu et al., 2015), which sowed that benzo(a)pyrene induced lipid peroxides and reactive oxygen
species were significantly improved following treatments with curcumin and quercetin. While
direct measurement of tumor reduction was not investigated in this study (Liu et al., 2015), the
improvement in antioxidant status was suggested to have protective effects. Similarly, in

CR
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chemically-induced colon and mammary gland carcinogenesis model in rats, curcumin and
quercetin combination therapy with high concentration of curcumin and quercetin was effective
as chemopreventive agent in the colon cancer model, but weakly effective in mammary cancer
model (Pereira et al., 1996). At least one clinical study was carried out on the combination

treatment with curcumin and quercetin in patients with familial adenomatous polyposis (Cruz-
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Correa et al., 2006). Patients were treated with 480 mg of curcumin and 20 mg of quercetin three
times daily for 6 months. These authors reported positive results of combination therapy in
reducing the number and size of adenomatous polyps. However, because of low number of
patients (n=5), these results need to be validated in a larger randomized double-blind, placebocontrolled clinical studies.

M

Thus, the present investigation provides more in-depth information on curcumin and
quercetin-mediated modulation of two main pathway of cancer cell proliferation, namely Wnt/-

ED

catenin signaling and apoptotic pathways. As shown in figure 11, curcumin and quercetin
modulate several players in the apoptotic pathways, including Bcl-2, caspase 3/7 and PARP. In

PT

terms of modulation of players in the Wnt/-catenin signaling pathways, we demonstrated that
many key proteins are altered in favor of inhibition of cancer cell proliferation. As shown in

CE

figure 12 A, Wnt remains bound with heparan sulfate glycosaminoglycan, especially glypican-3,
a member of the glypican-related integral membrane heparan sulfate proteoglycans (GPC3) and a

AC

marker of hepatocellular carcinoma (Sung et al., 2003). Factors that induce sulfatase 2 (SULF2)
enzyme releases Wnt (Lai et al., 2010), facilitating the formation of a complex with LRP5/6 and
frizzled protein. Curcumin/Quercetin possibly destabilizes the Wnt-Fz-LRP6 complex via downregulation of Dvl2 and Axin resulting in the repression of Wnt responsive gene cyclin D1
(Figure 12 B) and downstream players like COX2. In the absence of Wnt, cytoplasmic β-catenin
forms a complex with Axin, Adenomatous polyposis coli (APC), GSK3 and casein kinase 1
(CK1). CK1 and GSK3 sequentially phosphorylate β-catenin to facilitate β-catenin ubiquitination
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and proteasomal degradation. This prevents β-catenin from reaching the nucleus, and repressing
Wnt target genes.
In conclusion, given the limitations of natural products in maintaining efficacious
concentration in the circulation because of less than optimal pharmacokinetic properties, we
believe that the combination therapy of curcumin and quercetin together with small molecules

certain type of cancers like colon cancer and skin cancer.
6.

Conflict of Interest

CR
IP
T

currently employed for cancer therapy could be a possibility to evaluate efficacy in inhibiting

Nishtha Srivastava is a student of veterinary science at Manor College of Veterinary

AN
US

Technology, Jenkintown, PA. Rai Ajit K Srivastava is currently employed at Gemphire
Therapeutics, Livonia, MI. There is no conflict of interest.
7.

Funding of Research

M

The research carried out here was funded through an internship to Nishtha S. Srivastava
by Integrated Pharma Solutions, Philadelphia.
AUTHOR CONTRIBUTIONS

ED

8.

PT

Nishtha Srivastava conducted experiments and participated in the interpretation and writing of the
manuscript. Rai Ajit Srivastava designed experiment, reviewed research data, interpreted the results and

8.

CE

wrote the manuscript.

References

AC

Abdulkhaleq, L.A., Assi, M.A., Noor, M.H.M., Abdullah, R., Saad, M.Z. & Taufiq-Yap, Y.H.
(2017) Therapeutic uses of epicatechin in diabetes and cancer. Veterinary world, 10, 869872.
Aggarwal, B.B. (2010) Targeting inflammation-induced obesity and metabolic diseases by
curcumin and other nutraceuticals. Annu Rev Nutr, 30, 173-199.
Aggarwal, S., Ichikawa, H., Takada, Y., Sandur, S.K., Shishodia, S. & Aggarwal, B.B. (2006)
Curcumin (diferuloylmethane) down-regulates expression of cell proliferation and

17

ACCEPTED MANUSCRIPT

antiapoptotic and metastatic gene products through suppression of IkappaBalpha kinase
and Akt activation. Mol Pharmacol, 69, 195-206.
Aherne, S.A. & O'Brien, N.M. (1999) Protection by the flavonoids myricetin, quercetin, and
rutin against hydrogen peroxide-induced DNA damage in Caco-2 and Hep G2 cells.
Nutrition and cancer, 34, 160-166.

CR
IP
T

Ahmad, W., Ijaz, B., Shabbiri, K., Ahmed, F. & Rehman, S. (2017) Oxidative toxicity in
diabetes and Alzheimer's disease: mechanisms behind ROS/ RNS generation. Journal of
biomedical science, 24, 76.
Andersson, U., Wang, H., Palmblad, K., Aveberger, A.C., Bloom, O., Erlandsson-Harris, H.,
Janson, A., Kokkola, R., Zhang, M., Yang, H. & Tracey, K.J. (2000) High mobility group
1 protein (HMG-1) stimulates proinflammatory cytokine synthesis in human monocytes.
J Exp Med, 192, 565-570.

AN
US

Asgharpour, A., Cazanave, S.C., Pacana, T., Seneshaw, M., Vincent, R., Banini, B.A., Kumar,
D.P., Daita, K., Min, H.K., Mirshahi, F., Bedossa, P., Sun, X., Hoshida, Y., Koduru,
S.V., Contaifer, D., Jr., Warncke, U.O., Wijesinghe, D.S. & Sanyal, A.J. (2016) A dietinduced animal model of non-alcoholic fatty liver disease and hepatocellular cancer. J
Hepatol, 65, 579-588.

M

Bengmark, S. (2006) Curcumin, an atoxic antioxidant and natural NFkappaB, cyclooxygenase-2,
lipooxygenase, and inducible nitric oxide synthase inhibitor: a shield against acute and
chronic diseases. JPEN. Journal of parenteral and enteral nutrition, 30, 45-51.

ED

Boly, R., Gras, T., Lamkami, T., Guissou, P., Serteyn, D., Kiss, R. & Dubois, J. (2011)
Quercetin inhibits a large panel of kinases implicated in cancer cell biology. Int J Oncol,
38, 833-842.

CE

PT

Boulares, A.H., Yakovlev, A.G., Ivanova, V., Stoica, B.A., Wang, G., Iyer, S. & Smulson, M.
(1999) Role of poly(ADP-ribose) polymerase (PARP) cleavage in apoptosis. Caspase 3resistant PARP mutant increases rates of apoptosis in transfected cells. J Biol Chem, 274,
22932-22940.

AC

Byun, E.B., Yang, M.S., Choi, H.G., Sung, N.Y., Song, D.S., Sin, S.J. & Byun, E.H. (2013)
Quercetin negatively regulates TLR4 signaling induced by lipopolysaccharide through
Tollip expression. Biochem Biophys Res Commun, 431, 698-705.
Chen, H., Zhang, Z.S., Zhang, Y.L. & Zhou, D.Y. (1999) Curcumin inhibits cell proliferation by
interfering with the cell cycle and inducing apoptosis in colon carcinoma cells.
Anticancer Res, 19, 3675-3680.
Chen, J., Li, L., Su, J., Li, B., Chen, T. & Wong, Y.S. (2014) Synergistic apoptosis-inducing
effects on A375 human melanoma cells of natural borneol and curcumin. PLoS One, 9,
e101277.

18

ACCEPTED MANUSCRIPT

Choi, H.Y., Lim, J.E. & Hong, J.H. (2010) Curcumin interrupts the interaction between the
androgen receptor and Wnt/beta-catenin signaling pathway in LNCaP prostate cancer
cells. Prostate cancer and prostatic diseases, 13, 343-349.
Chou, T.C. & Talalay, P. (1984) Quantitative analysis of dose-effect relationships: the combined
effects of multiple drugs or enzyme inhibitors. Adv Enzyme Regul, 22, 27-55.

CR
IP
T

Chun, K.S. & Surh, Y.J. (2004) Signal transduction pathways regulating cyclooxygenase-2
expression: potential molecular targets for chemoprevention. Biochem Pharmacol, 68,
1089-1100.
Clevers, H. (2006) Wnt/beta-catenin signaling in development and disease. Cell, 127, 469-480.

AN
US

Cruz-Correa, M., Shoskes, D.A., Sanchez, P., Zhao, R., Hylind, L.M., Wexner, S.D. &
Giardiello, F.M. (2006) Combination treatment with curcumin and quercetin of adenomas
in familial adenomatous polyposis. Clinical gastroenterology and hepatology : the
official clinical practice journal of the American Gastroenterological Association, 4,
1035-1038.

M

Degryse, B., Bonaldi, T., Scaffidi, P., Muller, S., Resnati, M., Sanvito, F., Arrigoni, G. &
Bianchi, M.E. (2001) The high mobility group (HMG) boxes of the nuclear protein
HMG1 induce chemotaxis and cytoskeleton reorganization in rat smooth muscle cells. J
Cell Biol, 152, 1197-1206.

PT

ED

Del Curatolo, A., Conciatori, F., Cesta Incani, U., Bazzichetto, C., Falcone, I., Corbo, V.,
D'Agosto, S., Eramo, A., Sette, G., Sperduti, I., De Luca, T., Marabese, M., Shirasawa,
S., De Maria, R., Scarpa, A., Broggini, M., Del Bufalo, D., Cognetti, F., Milella, M. &
Ciuffreda, L. (2018) Therapeutic potential of combined BRAF/MEK blockade in BRAFwild type preclinical tumor models. Journal of experimental & clinical cancer research :
CR, 37, 140.

CE

Duvoix, A., Blasius, R., Delhalle, S., Schnekenburger, M., Morceau, F., Henry, E., Dicato, M. &
Diederich, M. (2005) Chemopreventive and therapeutic effects of curcumin. Cancer Lett,
223, 181-190.

AC

Egert, S., Wolffram, S., Bosy-Westphal, A., Boesch-Saadatmandi, C., Wagner, A.E., Frank, J.,
Rimbach, G. & Mueller, M.J. (2008) Daily quercetin supplementation dose-dependently
increases plasma quercetin concentrations in healthy humans. J Nutr, 138, 1615-1621.
Fukuda, K., Hibiya, Y., Mutoh, M., Koshiji, M., Akao, S. & Fujiwara, H. (1999) Inhibition by
berberine of cyclooxygenase-2 transcriptional activity in human colon cancer cells.
Journal of ethnopharmacology, 66, 227-233.
Gugler, R., Leschik, M. & Dengler, H.J. (1975) Disposition of quercetin in man after single oral
and intravenous doses. Eur J Clin Pharmacol, 9, 229-234.

19

ACCEPTED MANUSCRIPT

Gulati, N., Laudet, B., Zohrabian, V.M., Murali, R. & Jhanwar-Uniyal, M. (2006) The
antiproliferative effect of Quercetin in cancer cells is mediated via inhibition of the PI3KAkt/PKB pathway. Anticancer Res, 26, 1177-1181.
Half, E. & Arber, N. (2009) Colon cancer: preventive agents and the present status of
chemoprevention. Expert opinion on pharmacotherapy, 10, 211-219.

CR
IP
T

Harris, Z., Donovan, M.G., Branco, G.M., Limesand, K.H. & Burd, R. (2016) Quercetin as an
Emerging Anti-Melanoma Agent: A Four-Focus Area Therapeutic Development
Strategy. Frontiers in nutrition, 3, 48.

AN
US

Harwood, M., Danielewska-Nikiel, B., Borzelleca, J.F., Flamm, G.W., Williams, G.M. & Lines,
T.C. (2007) A critical review of the data related to the safety of quercetin and lack of
evidence of in vivo toxicity, including lack of genotoxic/carcinogenic properties. Food
Chem Toxicol, 45, 2179-2205.
Hashimoto, T., Kikkawa, U. & Kamada, S. (2011) Contribution of caspase(s) to the cell cycle
regulation at mitotic phase. PLoS One, 6, e18449.

M

He, M., Li, Y., Zhang, L., Li, L., Shen, Y., Lin, L., Zheng, W., Chen, L., Bian, X., Ng, H.K. &
Tang, L. (2014) Curcumin suppresses cell proliferation through inhibition of the
Wnt/beta-catenin signaling pathway in medulloblastoma. Oncol Rep, 32, 173-180.

ED

Huang, A.C., Lin, S.Y., Su, C.C., Lin, S.S., Ho, C.C., Hsia, T.C., Chiu, T.H., Yu, C.S., Ip, S.W.,
Lin, T.P. & Chung, J.G. (2008) Effects of curcumin on N-bis(2-hydroxypropyl)
nitrosamine (DHPN)-induced lung and liver tumorigenesis in BALB/c mice in vivo. In
vivo (Athens, Greece), 22, 781-785.

CE

PT

Jagtap, S., Meganathan, K., Wagh, V., Winkler, J., Hescheler, J. & Sachinidis, A. (2009)
Chemoprotective mechanism of the natural compounds, epigallocatechin-3-O-gallate,
quercetin and curcumin against cancer and cardiovascular diseases. Curr Med Chem, 16,
1451-1462.

AC

Jang, E.M., Choi, M.S., Jung, U.J., Kim, M.J., Kim, H.J., Jeon, S.M., Shin, S.K., Seong, C.N. &
Lee, M.K. (2008) Beneficial effects of curcumin on hyperlipidemia and insulin resistance
in high-fat-fed hamsters. Metabolism: clinical and experimental, 57, 1576-1583.
Jiang, Q.G., Li, T.Y., Liu, D.N. & Zhang, H.T. (2014) PI3K/Akt pathway involving into
apoptosis and invasion in human colon cancer cells LoVo. Mol Biol Rep, 41, 3359-3367.
Jiao, Y., Wilkinson, J.t., Di, X., Wang, W., Hatcher, H., Kock, N.D., D'Agostino, R., Jr.,
Knovich, M.A., Torti, F.M. & Torti, S.V. (2009) Curcumin, a cancer chemopreventive
and chemotherapeutic agent, is a biologically active iron chelator. Blood, 113, 462-469.

20

ACCEPTED MANUSCRIPT

Karunagaran, D., Rashmi, R. & Kumar, T.R. (2005) Induction of apoptosis by curcumin and its
implications for cancer therapy. Current cancer drug targets, 5, 117-129.
Kim, H., Seo, E.M., Sharma, A.R., Ganbold, B., Park, J., Sharma, G., Kang, Y.H., Song, D.K.,
Lee, S.S. & Nam, J.S. (2013) Regulation of Wnt signaling activity for growth
suppression induced by quercetin in 4T1 murine mammary cancer cells. Int J Oncol, 43,
1319-1325.

CR
IP
T

Kurup, V.P., Barrios, C.S., Raju, R., Johnson, B.D., Levy, M.B. & Fink, J.N. (2007) Immune
response modulation by curcumin in a latex allergy model. Clinical and molecular
allergy : CMA, 5, 1.

AN
US

Lai, J.P., Oseini, A.M., Moser, C.D., Yu, C., Elsawa, S.F., Hu, C., Nakamura, I., Han, T.,
Aderca, I., Isomoto, H., Garrity-Park, M.M., Shire, A.M., Li, J., Sanderson, S.O., Adjei,
A.A., Fernandez-Zapico, M.E. & Roberts, L.R. (2010) The oncogenic effect of sulfatase
2 in human hepatocellular carcinoma is mediated in part by glypican 3-dependent Wnt
activation. Hepatology, 52, 1680-1689.
Lee, K.W., Kang, N.J., Heo, Y.S., Rogozin, E.A., Pugliese, A., Hwang, M.K., Bowden, G.T.,
Bode, A.M., Lee, H.J. & Dong, Z. (2008) Raf and MEK protein kinases are direct
molecular targets for the chemopreventive effect of quercetin, a major flavonol in red
wine. Cancer Res, 68, 946-955.

ED

M

Liao, Y.R. & Lin, J.Y. (2014) Quercetin, but not its metabolite quercetin-3-glucuronide, exerts
prophylactic immunostimulatory activity and therapeutic antiinflammatory effects on
lipopolysaccharide-treated mouse peritoneal macrophages ex vivo. Journal of
agricultural and food chemistry, 62, 2872-2880.

PT

Liu, Y., Wu, Y.M. & Zhang, P.Y. (2015) Protective effects of curcumin and quercetin during
benzo(a)pyrene induced lung carcinogenesis in mice. European review for medical and
pharmacological sciences, 19, 1736-1743.

CE

MacDonald, B.T., Tamai, K. & He, X. (2009) Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Developmental cell, 17, 9-26.

AC

Maithilikarpagaselvi, N., Sridhar, M.G., Swaminathan, R.P., Sripradha, R. & Badhe, B. (2016)
Curcumin inhibits hyperlipidemia and hepatic fat accumulation in high-fructose-fed male
Wistar rats. Pharmaceutical biology, 1-7.
Milacic, V., Banerjee, S., Landis-Piwowar, K.R., Sarkar, F.H., Majumdar, A.P. & Dou, Q.P.
(2008) Curcumin inhibits the proteasome activity in human colon cancer cells in vitro
and in vivo. Cancer Res, 68, 7283-7292.
Moon, Y.J., Wang, L., DiCenzo, R. & Morris, M.E. (2008) Quercetin pharmacokinetics in
humans. Biopharmaceutics & drug disposition, 29, 205-217.

21

ACCEPTED MANUSCRIPT

Murota, K., Shimizu, S., Miyamoto, S., Izumi, T., Obata, A., Kikuchi, M. & Terao, J. (2002)
Unique uptake and transport of isoflavone aglycones by human intestinal caco-2 cells:
comparison of isoflavonoids and flavonoids. J Nutr, 132, 1956-1961.
Muthian, G. & Bright, J.J. (2004) Quercetin, a flavonoid phytoestrogen, ameliorates
experimental allergic encephalomyelitis by blocking IL-12 signaling through JAK-STAT
pathway in T lymphocyte. J Clin Immunol, 24, 542-552.

CR
IP
T

Nam, J.S., Sharma, A.R., Nguyen, L.T., Chakraborty, C., Sharma, G. & Lee, S.S. (2016)
Application of Bioactive Quercetin in Oncotherapy: From Nutrition to Nanomedicine.
Molecules (Basel, Switzerland), 21, E108.
Newman, D.J., Cragg, G.M. & Snader, K.M. (2003) Natural products as sources of new drugs
over the period 1981-2002. Journal of natural products, 66, 1022-1037.

AN
US

Pan, M.H., Huang, T.M. & Lin, J.K. (1999) Biotransformation of curcumin through reduction
and glucuronidation in mice. Drug Metab Dispos, 27, 486-494.

M

Pereira, M.A., Grubbs, C.J., Barnes, L.H., Li, H., Olson, G.R., Eto, I., Juliana, M., Whitaker,
L.M., Kelloff, G.J., Steele, V.E. & Lubet, R.A. (1996) Effects of the phytochemicals,
curcumin and quercetin, upon azoxymethane-induced colon cancer and 7,12dimethylbenz[a]anthracene-induced mammary cancer in rats. Carcinogenesis, 17, 13051311.
Polsky, D. & Cordon-Cardo, C. (2003) Oncogenes in melanoma. Oncogene, 22, 3087-3091.

ED

Qiao, Q., Jiang, Y. & Li, G. (2013) Inhibition of the PI3K/AKT-NF-kappaB pathway with
curcumin enhanced radiation-induced apoptosis in human Burkitt's lymphoma. Journal of
pharmacological sciences, 121, 247-256.

CE

PT

Rafiee, P., Binion, D.G., Wellner, M., Behmaram, B., Floer, M., Mitton, E., Nie, L., Zhang, Z. &
Otterson, M.F. (2010) Modulatory effect of curcumin on survival of irradiated human
intestinal microvascular endothelial cells: role of Akt/mTOR and NF-{kappa}B. Am J
Physiol Gastrointest Liver Physiol, 298, G865-877.

AC

Ranelletti, F.O., Maggiano, N., Serra, F.G., Ricci, R., Larocca, L.M., Lanza, P., Scambia, G.,
Fattorossi, A., Capelli, A. & Piantelli, M. (2000) Quercetin inhibits p21-RAS expression
in human colon cancer cell lines and in primary colorectal tumors. Int J Cancer, 85, 438445.
Rendon-Mitchell, B., Ochani, M., Li, J., Han, J., Wang, H., Yang, H., Susarla, S., Czura, C.,
Mitchell, R.A., Chen, G., Sama, A.E., Tracey, K.J. & Wang, H. (2003) IFN-gamma
induces high mobility group box 1 protein release partly through a TNF-dependent
mechanism. J Immunol, 170, 3890-3897.

22

ACCEPTED MANUSCRIPT

Reuter, S., Eifes, S., Dicato, M., Aggarwal, B.B. & Diederich, M. (2008) Modulation of antiapoptotic and survival pathways by curcumin as a strategy to induce apoptosis in cancer
cells. Biochem Pharmacol, 76, 1340-1351.
Rice-Evans, C.A., Miller, N.J. & Paganga, G. (1996) Structure-antioxidant activity relationships
of flavonoids and phenolic acids. Free Radic Biol Med, 20, 933-956.

CR
IP
T

Rogerio, A.P., Dora, C.L., Andrade, E.L., Chaves, J.S., Silva, L.F., Lemos-Senna, E. & Calixto,
J.B. (2010) Anti-inflammatory effect of quercetin-loaded microemulsion in the airways
allergic inflammatory model in mice. Pharmacological research : the official journal of
the Italian Pharmacological Society, 61, 288-297.
Russo, M., Nigro, P., Rosiello, R., D'Arienzo, R. & Russo, G.L. (2007) Quercetin enhances
CD95- and TRAIL-induced apoptosis in leukemia cell lines. Leukemia, 21, 1130-1133.

AN
US

Russo, M., Palumbo, R., Tedesco, I., Mazzarella, G., Russo, P., Iacomino, G. & Russo, G.L.
(1999) Quercetin and anti-CD95(Fas/Apo1) enhance apoptosis in HPB-ALL cell line.
FEBS Lett, 462, 322-328.
Saini, S., Arora, S., Majid, S., Shahryari, V., Chen, Y., Deng, G., Yamamura, S., Ueno, K. &
Dahiya, R. (2011) Curcumin modulates microRNA-203-mediated regulation of the SrcAkt axis in bladder cancer. Cancer Prev Res (Phila), 4, 1698-1709.

M

Salvesen, G.S. & Dixit, V.M. (1997) Caspases: intracellular signaling by proteolysis. Cell, 91,
443-446.

ED

Schmidt, E.V. (2004) The role of c-myc in regulation of translation initiation. Oncogene, 23,
3217-3221.

PT

Shan, B.E., Wang, M.X. & Li, R.Q. (2009) Quercetin inhibit human SW480 colon cancer growth
in association with inhibition of cyclin D1 and survivin expression through Wnt/betacatenin signaling pathway. Cancer investigation, 27, 604-612.

CE

Shapiro, H. & Bruck, R. (2005) Therapeutic potential of curcumin in non-alcoholic
steatohepatitis. Nutrition research reviews, 18, 212-221.

AC

Shtutman, M., Zhurinsky, J., Simcha, I., Albanese, C., D'Amico, M., Pestell, R. & Ben-Ze'ev, A.
(1999) The cyclin D1 gene is a target of the beta-catenin/LEF-1 pathway. Proc Natl Acad
Sci U S A, 96, 5522-5527.
Spagnuolo, C., Russo, M., Bilotto, S., Tedesco, I., Laratta, B. & Russo, G.L. (2012) Dietary
polyphenols in cancer prevention: the example of the flavonoid quercetin in leukemia.
Ann N Y Acad Sci, 1259, 95-103.

23

ACCEPTED MANUSCRIPT

Sundram, V., Chauhan, S.C., Ebeling, M. & Jaggi, M. (2012) Curcumin attenuates beta-catenin
signaling in prostate cancer cells through activation of protein kinase D1. PLoS One, 7,
e35368.
Sung, Y.K., Hwang, S.Y., Park, M.K., Farooq, M., Han, I.S., Bae, H.I., Kim, J.C. & Kim, M.
(2003) Glypican-3 is overexpressed in human hepatocellular carcinoma. Cancer science,
94, 259-262.

CR
IP
T

Swamy, M.V., Citineni, B., Patlolla, J.M., Mohammed, A., Zhang, Y. & Rao, C.V. (2008)
Prevention and treatment of pancreatic cancer by curcumin in combination with omega-3
fatty acids. Nutrition and cancer, 60 Suppl 1, 81-89.
Tang, Y., Zheng, S. & Chen, A. (2009) Curcumin eliminates leptin's effects on hepatic stellate
cell activation via interrupting leptin signaling. Endocrinology, 150, 3011-3020.

AN
US

Tanigawa, S., Fujii, M. & Hou, D.X. (2008) Stabilization of p53 is involved in quercetin-induced
cell cycle arrest and apoptosis in HepG2 cells. Biosci Biotechnol Biochem, 72, 797-804.
Teiten, M.H., Gaascht, F., Cronauer, M., Henry, E., Dicato, M. & Diederich, M. (2011) Antiproliferative potential of curcumin in androgen-dependent prostate cancer cells occurs
through modulation of the Wingless signaling pathway. Int J Oncol, 38, 603-611.

M

Tuorkey, M.J. (2014) Curcumin a potent cancer preventive agent: Mechanisms of cancer cell
killing. Interventional medicine & applied science, 6, 139-146.

ED

Vallianou, N.G., Evangelopoulos, A., Schizas, N. & Kazazis, C. (2015) Potential anticancer
properties and mechanisms of action of curcumin. Anticancer Res, 35, 645-651.

PT

Varalakshmi, C., Ali, A.M., Pardhasaradhi, B.V., Srivastava, R.M., Singh, S. & Khar, A. (2008)
Immunomodulatory effects of curcumin: in-vivo. International immunopharmacology, 8,
688-700.

CE

Vareed, S.K., Kakarala, M., Ruffin, M.T., Crowell, J.A., Normolle, D.P., Djuric, Z. & Brenner,
D.E. (2008) Pharmacokinetics of curcumin conjugate metabolites in healthy human
subjects. Cancer Epidemiol Biomarkers Prev, 17, 1411-1417.

AC

Wang, L., Tu, Y.C., Lian, T.W., Hung, J.T., Yen, J.H. & Wu, M.J. (2006) Distinctive antioxidant
and antiinflammatory effects of flavonols. Journal of agricultural and food chemistry, 54,
9798-9804.
Wang, Q., Sun, A.Y., Simonyi, A., Jensen, M.D., Shelat, P.B., Rottinghaus, G.E., MacDonald,
R.S., Miller, D.K., Lubahn, D.E., Weisman, G.A. & Sun, G.Y. (2005) Neuroprotective
mechanisms of curcumin against cerebral ischemia-induced neuronal apoptosis and
behavioral deficits. J Neurosci Res, 82, 138-148.

24

ACCEPTED MANUSCRIPT

Wang, S., Yu, S., Shi, W., Ge, L., Yu, X., Fan, J. & Zhang, J. (2011) Curcumin inhibits the
migration and invasion of mouse hepatoma Hca-F cells through down-regulating
caveolin-1 expression and epidermal growth factor receptor signaling. IUBMB Life, 63,
775-782.
Wang, X., Martindale, J.L. & Holbrook, N.J. (2000) Requirement for ERK activation in
cisplatin-induced apoptosis. J Biol Chem, 275, 39435-39443.

CR
IP
T

Zhang, J., Du, Y., Wu, C., Ren, X., Ti, X., Shi, J., Zhao, F. & Yin, H. (2010a) Curcumin
promotes apoptosis in human lung adenocarcinoma cells through miR-186* signaling
pathway. Oncol Rep, 24, 1217-1223.
Zhang, J., Zhang, T., Ti, X., Shi, J., Wu, C., Ren, X. & Yin, H. (2010b) Curcumin promotes
apoptosis in A549/DDP multidrug-resistant human lung adenocarcinoma cells through an
miRNA signaling pathway. Biochem Biophys Res Commun, 399, 1-6.

AN
US

Zhang, J.Y., Lin, M.T., Zhou, M.J., Yi, T., Tang, Y.N., Tang, S.L., Yang, Z.J., Zhao, Z.Z. &
Chen, H.B. (2015a) Combinational Treatment of Curcumin and Quercetin against Gastric
Cancer MGC-803 Cells in Vitro. Molecules (Basel, Switzerland), 20, 11524-11534.

M

Zhang, Y.P., Li, Y.Q., Lv, Y.T. & Wang, J.M. (2015b) Effect of curcumin on the proliferation,
apoptosis, migration, and invasion of human melanoma A375 cells. Genetics and
molecular research : GMR, 14, 1056-1067.

ED

Zhongfa, L., Chiu, M., Wang, J., Chen, W., Yen, W., Fan-Havard, P., Yee, L.D. & Chan, K.K.
(2012) Enhancement of curcumin oral absorption and pharmacokinetics of curcuminoids
and curcumin metabolites in mice. Cancer chemotherapy and pharmacology, 69, 679689.

PT

Tables
Table 1

CE

IC50 of test and the reference agents. Cells were grown as described in the materials and methods
section and the data were graphed using Prism GraphPad version 6 to determine the IC50.

AC

Table 2

Isobologram-derived data on the analysis of synergistic effect of curcumin and quercetin
combination studies. The combination index (CI) <1 indicates synergism; >1 antagonism; and =1
additive.
Figure Legends:
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Figure 1
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CE
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curcumin, quercetin.

ED

The chemical structure of the test agents used in the present study. Epigallocatechin, berberine,
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Figure 2

Effect of test agents on anticancer activity in MTT assay. Panel A, 96-well MTT assay showing

ED

inhibition of cancer cell proliferation; Panel B, IC50 of test agents in two cancer cell lines,
HCT116 and A549; Panel C, Concentration curve of inhibition of A549 cell proliferation; Panel

AC

CE

PT

D, Concentration curve of inhibition of HCT116 cell proliferation.
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Figure 3

ED

Combination Effect of Curcumin and Quercetin on Inhibition of Cancer Cell Proliferation. Panel
A, Effect on proliferation of A549 cells treated with quercetin or curcumin alone or in

PT

combination; Panel B, Effect on proliferation of HCT116 cells treated with quercetin or
curcumin alone or in combination; Panel C, Effect on proliferation of Melanoma cancer cells

CE

(A375) treated with quercetin or curcumin alone or in combination; Panel D, Effect on
proliferation of Breast cancer cells (MCF7) treated with quercetin or curcumin alone or in

AC

combination.
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Figure 4.

Isobologram of results from combination studies of curcumin and quercetin using MTT assay.
The co-treatments with test agents were carried out as described in the materials and methods
section. Panel, isobologram of curcumin and quercetin treatment in A549 cells; Panel B,
isobologram of curcumin and quercetin treatment in A375 cells. Additive, synergestic and

M

antagonistic effects derived from isobologram are schematically shown. In both cell lines,

AC

CE

PT

ED

curcumin and quercetin combination showed synergism.

Figure 5

29

ACCEPTED MANUSCRIPT

Effect of Curcumin and Quercetin co-treatment on Caspase 3/7 Activity. Panel A, Effect on
Caspase 3/7 activity in melanoma cancer cells (A375) treated with quercetin or curcumin; Panel
B, Effect on Caspase 3/7 activity in melanoma cancer cells (A375) treated with quercetin or
curcumin alone or in combination. 2
concentrations (2, 4, 8

concentration of curcumin and 3 different

) of quercetin were used; Panel C, Bar graph of data shown in Panel C

CR
IP
T

for comparison with bar graph in Panel D; Panel D, Bar graph of combination effect of curcumin
and quercetin on caspase 3/7 activity in A375 cells treated with 2 M each of curcumin and

PT

Figure 6

ED

M
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US

quercetin.

Inhibition of Proliferation of Melanoma Cells (A375) by Curcumin and Quercetin in Colony

CE

Growth Proliferation Assay. Panel A, Concentration effect of curcumin on proliferation of A375

AC

cells; Panel B, Concentration effect of quercetin on proliferation of A375 cells.

30

AN
US

CR
IP
T

ACCEPTED MANUSCRIPT

M

Figure 7

Combination Effect of Curcumin and Quercetin on Inhibition of Proliferation of Melanoma Cells

ED

(A375) in Colony Growth Proliferation (CGP) Assay. Panel A, Concentration effect of curcumin
(2 M) alone on inhibition of proliferation of melanoma cells (A375) in CGP Assay; Panel B,

PT

Quercetin 8 M with varying concentration of curcumin; Panel C, Quercetin 4 M with varying

AC

CE

concentration of curcumin; Panel D, Quercetin 2 M with varying concentration of curcumin.
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Figure 8

Effect of wnt3A on Growth of Melanoma Cell Line, A375.

M

Left Panel, Growth of L cells overexpressing Wnt3A protein; Middle Panel, Spent media from L
cell without Wnt3A expression did not induce A375 growth; Right Panel, Spent media from L
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cell overexpressing Wnt3A expression induced A375 growth.
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Figure 9

M

Effect of curcumin and quercetin on wnt signaling pathway proteins.

A375 melanoma cancer cells were treated with indicated concentrations (3.1 to 50 µM) of

ED

curcumin and quercetin for 24 hours followed by harvesting the cells and preparing whole cell
extract. Total cell protein (30-50 µg) was mixed 1:1 with sample buffer (20% glycerol, 4% SDS,

PT

10% 2-ME, 0.05% bromophenol blue, and 1.25 M Tris– HCl, pH 6.8) loaded onto a 10% SDS–
PAGE gel, and electrophoresis performed. Separated proteins in the gel were transferred to

CE

nitrocellulose membrane and incubated with the primary antibodies of indicated proteins
followed by HRP-conjugated anti-IgG antibody and detected by ECL. Equal loading of the

AC

protein on the blots was evaluated using Bradford assay as well as ß-actin band. Left panel
shows detected protein bands and the right panel shows plotting of the intensity of the scanned
proteins shown on left panel.
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Figure 10

ED

Effect of curcumin and quercetin on apoptotic pathway proteins.
Cells were treated and processed as described in Figure 9. Transferred proteins on the

PT

nitrocellulaose membrane were identified using appropriate antibodies against PARP, c-PARP,
ERK, pERK, BCL2, and internal standard actin. Left panel shows detected protein bands and the

AC

CE

right panel shows plotting of the intensity of the scanned proteins shown on left panel.
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Figure 11.

Curcumin and quercetin activate players in the apoptotic pathway. As shown, curcumin and

ED

quercetin inhibit Bcl2 expression, which in turn modulate downstream players in the apoptotic
pathway shown by orange arrow. Additionally, quercetin, but not curcumin inhibit ERK1/2

AC

CE

PT

phosphorylation to activate caspase 3/7.
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Figure 12.

Curcumin/ Quercetin Mediated Modulation of Wnt/ β-catenin Signaling Pathway. Panel A:

ED

Wnt/β-catenin Signaling Pathway and Sites of Curcumin/quercetin Action. As shown, in the
presence of Wnt ligand, Wnt pathway gets activated though binding of Wnt to transmembrane

PT

Frizzled (Fz) receptor, resulting the formation of a complex (Wnt-Fz-LRP6) with LRP5/6 that
triggers recruitment of the scaffolding protein Dishevelled (Dvl) resulting phosphorylation of

CE

LRP5/6 and recruitment of Axin to the receptors. These events disrupt Axin-mediated
phosphorylation/degradation of β-catenin. As a result, cytoplasmic β-catenin rises and travels to

AC

the nucleus to serve as TCF/LEF co-activator and induces Wnt responsive genes. The possible
sites of action of curcumin and quercetin are shown by bold orange arrows. Down-regulation of
SULF2 enables Wnt to remain bound with the membrane heparin sulphate proteoglycan and
turning on β-catenin degradation pathway shown in Panel B. Curcumin/Quercetin possibly also
destabilizes the Wnt-Fz-LRP6 complex via down-regulation of Dvl2 and Axin resulting in the
repression of Wnt responsive gene cyclin D1 and downstream players like Cox2. Panel B. In the
absence of Wnt, cytoplasmic β-catenin forms a complex with Axin, APC, GSK3 and CK1. CK1
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and GSK3 sequentially phosphorylate β-catenin to facilitate β-catenin ubiquitination and
proteasomal degradation. This prevents β-catenin from reaching the nucleus, and repressing Wnt
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target genes.
HSGAG, Heparan sulfate glycosaminoglycan; Dvl, deshevelled; TCF/LEF, T-cell
factor/lymphoid enhancer factor; GPC3, Glypican-3- a member of the glypican-related integral
membrane heparan sulfate proteoglycans; APC, Adenomatous polyposis coli; LRP5/6, LDL
receptor related protein 5/6; CK1, casein kinase.
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Table-1

A549
IC50 (μM)

HCT116
IC50 (μM)

A375
IC50 (μM)

MCF7
IC50 (μM)

Curcumin

4.8

9.8

8.5

18

Quercetin

11.8

25

Curcumin + 2 μM
Quercetin

2.0

3.1

Curcumin + 4 μM
Quercetin

0.7

3.3

Curcumin + 8 μM
Quercetin

<0.5

Doxorubicin

0.76

50

45

4.8

16

3.0

7.5
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Test Agent

3.1

1.5

ND

1.15

1

ND

AC

CE
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M

1

1.5
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Single
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CUR, curcumin; Quer, quercetin
CI=COMBINATION INDEX; CI>1 Antagonism; CI=1 Additive effect; CI<1 synergism
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