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ABSTRACT

Objective: Incidence rates of colon and liver cancers differ dramatically between 
Northern vs. Southern India. It has been suggested that differences in regional diet 
may play a role, specifically in the disparity in consumption rates of curcumin, an 
active agent of turmeric, and epigallocatechin gallate (EGCG), a compound in green 
tea. Curcumin and EGCG have well-known multi-targeted and beneficial effects as 
chemopreventive agents. However, natural compounds typically require high concen-
trations to be effective, which can also negatively impact healthy cells. Alternatively, 
low-dose combination of these compounds, if proven effective, may be one way to 
avoid this problem. This study proposed to demonstrate the effects of individual and 
combined treatments of EGCG and curcumin on viability and cancer pathway signal-
ing, in hepatocellular carcinoma (HCC) and colorectal cancer (CCR) cell lines.

Methods: HCC and CCR cell lines (HepG2 and SW1417, respectively) were treated 
with curcumin and EGCG in a dose- and time-dependent manner. Regorafenib, a 
chemotherapeutic used to treat colon and liver cancers, was then combined with the 
effective low-dose EGCG/curcumin. Cell viability, proliferation, and expression of 
cancer target genes were assessed.

Results: Low-dose combination of curcumin and EGCG influenced the expression 
of 28 cancer target genes in HepG2 and 14 genes in SW1417. Six of these targets 
were verified by quantitative polymerase chain reaction. Regorafenib treatment elic-
ited an effect similar to curcumin + EGCG treatment in a number of these targets and 
enhanced their regulation when used in combination.

Conclusions: Low-dose combinations of curcumin and EGCG have a beneficial 
effect on regulating important cancer targets in HepG2 and SW1417 cell lines. The 
data suggest a supportive role for phytochemicals as complementary treatments to 
chemotherapy.
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ABBRevIATIOnS

ANGPT2 angiopoietin 2

ARNT aryl hydrocarbon receptor nuclear 
translocator

ARPE-19 adult retinal pigmented epithelium

CRC colorectal cancer

EGCG epigallocatechin-3-gallate

EGF epithelial growth factor

FGF2 fibroblast growth factor 2

HCC hepatocellular carcinoma

HepG2 hepatocellular carcinoma cell line

IGF insulin-like growth factor

IGFBP7 insulin-like growth factor–binding 
protein 7

SERPINF1 serpin family, member 1

SW1417 colorectal cancer cell line

VEGF vascular endothelial growth factor

InTRODUCTIOn

Colorectal cancer (CRC) ranks fourth among the 
most commonly diagnosed cancers as well as the 
fourth highest cause of cancer mortality among 
both men and women in the USA. Hepatocellular 
carcinoma (HCC) ranks fifteenth among cancer 
diagnoses, but is the fifth major cause of can-
cer deaths in males and females in the USA.1 
Interestingly, the incidence of colon cancer is much 
lower in India compared to the USA; however, the 
incidence of liver cancer is higher.2 HCC is the 
result of a complex combination of genetic and 
epigenetic alterations and has the fifth highest mor-
tality rate of all cancers reported.

Genomic studies of HCC suggest that the most fre-
quently dysregulated pathways are those involving 
cell proliferation, migration, and angiogenesis. The 
most important of these pathways include growth 
factor signaling, such as insulin-like growth factor 
(IGF), epidermal growth factor (EGF), and vascu-
lar endothelial growth factor (VEGF).3 Colorectal 
carcinoma has a very complex pathogenesis and 
is influenced by a variety of factors including diet, 
lifestyle, and genetic predisposition.4 There are 
numerous pathways involved in the initiation of 
neoplastic transformation of CRC leading to metas-
tasis and progression. Principle mutations leading 
to initiation and progression of CRC include the 
chromosomal instability pathway (CIN), the DNA 
mismatch repair (MMR) system, inflammatory 
pathways, and abnormal DNA methylation.5,6

It has been estimated that more than half of cancer 
patients incorporate dietary modifications and 
the use of chemopreventive compounds, either 
exclusively or in conjunction with traditional 
chemotherapeutic regimens.7 Chemoprevention typ-
ically refers to the use of either naturally occurring 
or synthetic compounds to inhibit or control can-
cer.8 Polyphenols are a family of compounds which 
are not only potential cancer therapeutics, but 
also excellent agents for chemoprevention. These 
compounds are widely known for their antioxidant 
properties. However, recent studies have shown that 
they can interact with proteins, enzymes, receptors, 
and transcription factors, thereby directly mediat-
ing physiological changes at the molecular level.9 
A number of polyphenols have the ability to alter 
cell cycle regulation, thereby inhibiting prolifera-
tion and inducing apoptosis making it a potential 
candidate for chemoprevention and therapy.10

Curcumin is a hydrophobic polyphenol isolated 
from Curcuma longa. In traditional Ayurveda medi-
cine, it has been used to treat a range of pathologies 
including ulcers, arthritis, psoriasis, jaundice, and 
cancer.11 Curcumin is capable of interacting with 
and regulating multiple molecular targets such 
as growth factors, transcription factors, kinases, 
cytokines, and apoptosis-related proteins.12 It 
binds directly with more than 30 different types of 
proteins including DNA polymerases, focal adhe-
sion kinases (FAK), and protein kinase C (PKC).13 
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Curcumin can also affect the expression of tran-
scription factors by activating or inhibiting them, 
depending on their targets.14

Curcumin inhibits the expression of activated 
protein 1 (AP1) and nuclear factor (NF)-κB, 
both of which are important transcription factors 
that influence the expression of genes involved 
in inflammation, apoptosis, oncogenesis, and 
lymphoid differentiation.15 It also inhibits the 
expression of signal transducer and activator of 
transcription (STAT) proteins, increased levels 
of which result in angiogenesis.16 Curcumin also 
inhibits the activity of B-catenin, which plays a 
crucial role in cell–cell adhesion, the malfunc-
tioning of which leads to tumorigenesis and 
metastasis.17 Several transcription factors including 
aryl hydrocarbon receptor (ArH), important for cell 
proliferation, gene regulation, and inflammation, 
are activated by curcumin.18 It also plays an impor-
tant role in inhibiting angiogenesis by controlling 
the regulation of the growth factors such as VEGF, 
fibroblast growth factor (FGF), and EGF.19 Finally, 
curcumin exhibits anti-apoptotic and anti-prolifera-
tive effects by regulating additional growth factors 
which control the timing and progression of the cell 
cycle.20 When these molecules are unregulated, they 
lead to malignancy by inducing constitutive cell 
proliferation.

Epigallocatechin-3-gallate (EGCG) is one of 
the major components of green tea, constituting 
approximately 50%–80% of the plant’s active 
agents. EGCG has been shown to have beneficial 
effects against cancer, diabetes, stroke, and obesity. 
Its potency as an antioxidant has been demonstrated 
to suppress the inflammatory process, which is the 
leading cause for transformation due to carcino-
genesis.21 EGCG has the ability to inhibit tumor 
progression by blocking the active site of receptors 
in target cells. It is also known to alter the expres-
sion of the receptors themselves. Further evidence 
suggests that EGCG can bind directly to carcino-
gens and inactivate them, hence its potential in 
cancer prevention.22

EGCG has the ability to promote cell growth 
arrest, activate effector caspases, and downregulate 
NF-κB, making it a potential pro-apoptotic agent.23 
EGCG also inhibits the activity of important cell 
cycle promoters CDK2, CDK4, and CDK6.24 In 

short, both curcumin and EGCG are potent effec-
tors of cellular responses. This study sought to 
demonstrate their potential for chemopreven-
tion and therapy when administered in low-dose 
combinations.

Regorafenib is a relatively new targeted chemother-
apeutic for the treatment of HCC and CRC. It acts 
as a tyrosine kinase inhibitor to block activation of 
EGF and VEGF receptors, thus limiting their ability 
to promote cellular replication and neovasculariza-
tion.25,26 This study sought to demonstrate the effect 
of low-dose treatment of curcumin and EGCG on 
HCC and CRC cell lines compared to regorafenib 
treatment. In addition, we sought to determine 
whether this combination of natural compounds 
would enhance the effect of regorafenib in these 
cell lines.

MATeRIALS AnD MeTHODS

CeLL CULTURe

Adult retinal pigmented epithelial cell line-19 
(ARPE-19), HepG2, and SW1417 cells were pur-
chased commercially from ATCC. ARPE-19 cells 
were selected as a neutral normal control because 
normal colon and liver cells were not both avail-
able as immortalized lines. ARPE-19 cells were 
derived from a 19-year-old male who died of head 
trauma, were not immortalized, and had not been 
passaged more than five times. HepG2 (HCC) cells 
were derived from a 15-year-old male patient, and 
SW1417 (CRC) cells were derived from a 53-year-
old female Caucasian patient.

All cell lines were maintained using standard cell 
culture technique, in Dulbecco’s Modified Eagle 
Medium (DMEM): F-12, 1:1, supplemented with 
1.0% Pen-Strep, 1.0% L-glutamine, and 10% fetal 
bovine serum (FBS) (HyClone). Curcumin, EGCG, 
and regorafenib (Sigma-Aldrich) were purchased 
commercially and then suspended at 1.0 mM in a 
complete culture medium for all treatment assays. 
Curcumin (Lot# BCBP2315v, certified ≥95%) 
was isolated from C. longa, solubilized in <2.0% 
ethanol with 2 M HCl. EGCG (Lot# SLBQ4582v, 
certified ≥99%) was isolated from green tea 
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and solubilized directly in complete medium. 
Regorafenib (Lot# 10589, certified ≥99%) was 
suspended at 1.0 mM in sterile phosphate-buffered 
saline (PBS). Drug treatment assays were per-
formed in 12-well flat-bottom culture plates at a 
density of 1 × 105 cells/well. Dose range for EGCG 
was 0, 10, 50, 100, and 200 μM and curcumin was 
0, 10, 50, 100, and 100 μM. Combination treat-
ments of both compounds were with 5, 10, and 
25 μM. Each single or combined treatment was 
incubated for 24 and 48 h. HepG2 and SW1417 
cells were also treated with 2.5 μM regorafenib, 
alone and in combination with 10 μM EGCG + 
10 μM curcumin for 48 h. All treatment assays 
were performed a minimum of three times fol-
lowed immediately by RNA isolation for later gene 
expression analysis.

CeLL vIABILITY AnD CeLL PROLIFeRATIOn

Separate assays for viability and proliferation were 
plated in 12-well flat-bottom assay plates at 1 × 105 
cells/well and treated with EGCG and curcumin 
both separately and in combination, in the previ-
ously described dose range for 24 and 48 h. Cell 
viability was determined by manual counts of all 
samples using a hemocytometer and trypan blue. 
Cell proliferation assays were plated in 96-well 
flat-bottom assay plates at 1 × 104 cells/well and 
were quantified using the CCK-8 Cell Proliferation 
Assay kit (Abcam) according to the manufacturer’s 
protocol. Absorbance was measured at 460 nm 
using a microplate reader. Viability and prolifera-
tion assays were performed a minimum of three 
times, and the data were combined. Statistical 
analysis was performed using one-way analysis of 
variance (ANOVA) for all treatment comparisons, 
followed by multiple-comparison t-test, using Prism 
6 (GraphPad) software.

TOTAL RnA ISOLATIOn AnD cDnA 
SYnTHeSIS

HepG2 and SW1417 cell lines were first incu-
bated for 24 h with 10 μM curcumin + 10 μM 
EGCG. Total RNA was isolated from all samples 
using the RNaqueous-Micro Total RNA Isolation 
Kit (Invitrogen) following the manufacturer’s 
protocol. The eluted RNA was quantified using 

NanoDrop Lite Spectrophotometer (Thermo-
Scientific) and the A

260
/A

280
 ratios were calculated 

to determine the purity of samples. All samples 
were within the optimal range of 2.0 ± 0.1. 
Complementary DNA (cDNA) was synthesized 
from the isolated total RNA using Verso cDNA 
Synthesis Kit by Invitrogen (Thermo-Scientific) 
following the manufacturer’s protocol. cDNA 
aliquots were pooled from individual samples of 
each condition to be used later for quantitative 
polymerase chain reaction (qPCR) gene array 
analysis.

qPCR Gene ARRAYS

Previously prepared probes of cDNA from pooled 
samples of controls and the treatment condition 
(102 μL total) were used to assay expression of 84 
genes using RT2 Profiler—Cancer Pathway Arrays 
(Qiagen). The RT2 arrays were run using a CFX-
96 Touch Thermocycle (Bio-Rad) for 40 cycles, 
following Qiagen’s recommended protocol for this 
instrument.

qPCR vALIDATIOn OF TARGeT GeneS

Gene selection criteria for verification were based 
on the degree of change observed in RT2 assays, 
determined by ΔC

t
, novelty of expression, and 

relevance to the literature. Gene-specific primers 
were designed for candidate genes of interest and 
synthesized by IDT Technologies. All primers 
were tested for efficiency and amplification of 
a single product prior to performing validation 
assays.

A standard curve was constructed using pooled 
cDNA from all samples and run with each gene 
of interest in order to quantify relative expression. 
qPCR was performed using the following proto-
col: 3 min at 95°C, 40 cycles of 95°C for 15 s and 
60°C for 30 s, followed by a dissociation curve. 
Ribosomal 18S was also quantified for all samples 
as the internal standard for normalization. ARNT 
(aryl hydrocarbon receptor nuclear translocator), 
ANGPT2 (angiopoietin 2), FGF2 (fibroblast growth 
factor 2), IGFBP7 (insulin-like growth factor–
binding protein 7), and SERPINF1 (serpin family, 
member 1) were the candidate genes selected for 
validation by qPCR.
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STATISTICAL AnALYSIS

One-way ANOVA was performed for all treatment 
comparisons, cell viability, cell proliferation, and 
qPCR data, followed by multiple-comparison t-test, 
using Prism (GraphPad) software.

ReSULTS

CeLL vIABILITY

In ARPE-19 control cells treated with curcumin 
for 24 h, there was no significant effect on viabil-
ity at any concentration level. However, when the 
incubation was extended to 48 h, viability was 
significantly reduced in cells treated with 10 and 
100 μM curcumin (Figure 1A, B). When ARPE-
19 cells were subsequently treated with EGCG, 
viability was significantly reduced, but only at the 

highest concentrations: 200 μM after both 24- and 
48-h exposures and in 100 μM after 48-h exposure 
(Figure 1C–D).

Hepatocarcinoma (HepG2) cells treated with cur-
cumin at varying concentrations exhibited no effect 
on viability after 24 h, but after 48-h exposure cell 
viability was significantly reduced in the 50-and 
100-μM concentration ranges (Figure 2A, B). 
Similarly, EGCG at 100 and 200 μM significantly 
reduced the cell viability after both 24- and 48-h 
exposure (Figure 2C, D). It should be noted that 
there was no significant interaction between time 
exposure and cell viability in HepG2 cells.

Treatment within the concentration dose range of 
curcumin resulted in a linear reduction in viabil-
ity in colorectal carcinoma (SW1417) cells after 
24 h but after 48 h this effect, though significant, 
plateaued across all concentrations (Figure 3A, B). 
SW1417 cells exhibited mixed effects when treated 
with EGCG. After 24 h, a significant reduction in 

Figure 1: Dose–response of curcumin and EGCG in ARPE cells at 24 and 48 h.
ARPE cells were treated with varying doses of curcumin (A, B) and EGCG (C, D) resulting in a significant effect on viability at the highest doses. Bars 
represent mean ± SEM (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). ARPE, adult retinal pigmented epithelium; EGCG, epigallocatechin 
gallate; SEM, standard error of the mean.
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Figure 3: Dose–response of curcumin and EGCG in SW1417 cells at 24 and 48 h.
SW1417 cells were treated with varying doses of curcumin (A, B) and EGCG (C, D) resulting in a significant effect on viability of SW1417 cells. Bars 
represent mean ± SEM (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). EGCG, epigallocatechin gallate; SEM, standard error of the mean.

Figure 2: Dose–response of curcumin and EGCG in HepG2 cells at 24 and 48 h.
HepG2 cells were treated with varying doses of curcumin (A, B) and EGCG (C, D) resulting in a significant effect on viability of HepG2 cells. Bars 
represent mean ± SEM (n = 3; **P < 0.01, ***P < 0.001, ****P < 0.0001). EGCG, epigallocatechin gallate; SEM, standard error of the mean.



Journal of Restorative Medicine 2021; x: page 7    

Chemotherapeutic Effects of Curcumin and EGCG

viability was observed in the 50-, 100-, and 200-
μM concentrations; however, in the 48-h exposure, 
a linear decrease in viability was observed in the 
same concentrations, which was also significant 
(Figure 3C, D).

When curcumin and EGCG were combined in 
varying concentrations, we observed no significant 
effect on the viability of HepG2 cells after 24-h 
exposure (Figure 4C). However, when the exposure 
time was increased to 48 h, low-dose combina-
tions of 5 μM curcumin + 5 μM EGCG and 10 μM 
curcumin + 10 μM EGCG significantly reduced 
viability (Figure 4D). Likewise, in SW1417 cells 
incubated with combination doses for 24 h, viability 
was significantly reduced in the 10 μM curcumin 
+ 10 μM EGCG concentration (Figure 4A). After 
48 h, viability was also significantly reduced by 
combinations of 5 μM curcumin + 10 μM EGCG, 
10 μM curcumin + 10 μM EGCG, and 25 μM 
curcumin + 10 μM EGCG, suggesting that 10 μM 
curcumin + 10 μM EGCG had the most consistent 
effect on viability in both cell lines. This concen-
tration was therefore selected for the combination 
treatments (Figure 4B).

In the control ARPE-19 cells, we observed small 
but significant reduced viability when cells were 
exposed to the combined compounds for 24 h; how-
ever, this effect was not observed after 48 h (Figure 
5A, B). This suggests that in healthy tissue there 
may be an initial effect, but normally functioning 
cells may have the ability to recover quickly, avoid-
ing cell death. Statistical analysis was performed by 
one-way ANOVA followed by multiple-comparison 
t-test using Prism 6 (GraphPad).

CeLL PROLIFeRATIOn ASSAYS

The viability assays were confirmed in a time- 
and dose-dependent manner by monitoring cell 
proliferation and cell death using the CCK-8 Cell 
Proliferation Assay kit (Abcam). Cell prolifera-
tion was observed to decrease as concentrations 
of curcumin and EGCG increased in both HepG2 
and SW1417 cell lines after 48 h (Figure 6A–F). 
In ARPE-19 cells, a significant decrease in pro-
liferation was observed only in the highest doses 
when treated both separately with curcumin and 
EGCG and in combination (data not shown). The 

Figure 4: Combination dose–response of curcumin and EGCG in HepG2 and SW1417 cells at 24 and 48 h.
SW1417 cells treated with 10 μM E + 10 μM C for 24 h (A) and 10 μM E + 5 μM C, 10 μM E + 10 μM C, and 10 μM E + 25 μM C for 48 h (B) showed 
a significant effect on viability. HepG2 cells treated with varying combined doses of curcumin and EGCG for 24 h (C) or 48 h (D) showed a significant 
effect on viability for 10 μM EGCG + 10 μM curcumin. Bars represent mean ± SEM (n = 3; *P < 0.05). EGCG, epigallocatechin gallate; SEM, standard 
error of the mean.
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maximum effect on cell proliferation was observed 
in HepG2 cells treated with 100 μM curcumin 
(Figure 6A) and both HepG2 and SW1417 cells 
treated with 100–200 μM EGCG (Figure 6B, E). 
EGCG had the greatest overall effect of reducing 
proliferation in both cell lines, confirming the pre-
liminary cell viability results.

When the cells were treated with a combination 
of 10 μM curcumin and 10 μM EGCG, ARPE-19 
cells did not show any reduction in proliferation, 
suggesting this dose would be non-cytotoxic for 
therapeutic use in normal cells. However, when 
treated with 100 μM curcumin + 100 μM EGCG, 
a significant reduction in proliferation was 
observed, suggesting that at higher concentrations 
this combination could potentially be cytotoxic 

to healthy cells. In both SW1417 and HepG2 cell 
lines, proliferation was significantly decreased 
when treated with both the 10 μM curcumin + 
10 μM EGCG and 100 μM curcumin + 100 μM 
EGCG combinations (Figure 6C, F), suggesting 
this drug combination may be a potential cancer 
therapeutic for both liver and colon cancers even 
at low doses.

Gene eXPReSSIOn ASSAY BY RT2 ARRAYS

A minimum two-fold change in gene expres-
sion was the criteria for identifying an effect of 
treatment. In HepG2 cells, 28 cancer genes were 
identified as having met the minimum change in 
expression as a result of treatment. Fourteen of 

Figure 5: Combination dose–response of curcumin and EGCG in ARPE cells at 24 and 48 h.
ARPE cells treated with multiple combinations of curcumin and EGCG showed significantly reduced viability at 24 h (A), but which recovered after 48 h 
(B). Bars represent mean ± SEM (n = 3; *P < 0.05, **P < 0.01). ARPE, adult retinal pigmented epithelium; EGCG, epigallocatechin gallate; SEM, standard 
error of the mean.
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these were downregulated relative to controls, and 
14 were determined to be upregulated. In SW1417, 
a total of 14 genes were affected by treatment. 
Six of these were downregulated and eight were 
upregulated (Table 1). The effect on gene expres-
sion in both identically treated cell lines was very 
distinct, suggesting that these compounds may have 
different mechanisms of action in different tumor 
types.

The determination of candidate gene expression 
was done by selecting genes, which showed sig-
nificantly more than two-fold increase or decrease 
when treated with a combination of 10 μM cur-
cumin + 10 μM EGCG compared to untreated 
control cells. The candidate genes were further 
filtered based on their significant role in tumori-
genesis, proliferation, and apoptosis. ARNT, FGF2, 
IGFBP7, and SERPINF1 were genes selected for 

Figure 6: Cell proliferation in HepG2 and SW1417 cells.
In nearly every case, proliferation was significantly inhibited when treated with a range of doses of curcumin and EGCG, both separately and in 
 combination (A–C, E, F). In SW1417 cells treated with curcumin this effect was not significant (D). Bars represent mean ± SEM (n = 3; **P < 0.01, 
***P < 0.001, ****P < 0.0001). EGCG, epigallocatechin gallate; SEM, standard error of the mean.
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the confirmation of expression changes in HepG2 
cells; ANGPT2 and IGFBP7 were the genes 
selected for the confirmation of expression changes 
in SW1417 cells (Table 2). qPCR verified gene 
expression in both cell lines for controls, 10 μM 
curcumin + 10 μM EGCG-treated (E + C), rego-
rafenib-treated, and regorafenib combined with 10 
μM curcumin + 10 μM EGCG.

vALIDATIOn OF CAnDIDATe Gene 
eXPReSSIOn BY qPCR

Changes in expression of four of the five candidate 
genes were validated by qPCR and amplification 
of the target genes was confirmed by observing a 

single dissociation peak in all cases (Figure 7A–F). 
The same genes were then assayed for up- or down-
regulation when the cells were treated with 2.5 μM 
regorafenib separately, and in combination with 10 
μM EGCG + 10 μM curcumin (E + C). The results 
were analyzed to determine whether regorafenib 
alone affected the target genes similar to the natural 
compounds and how expression of the genes was 
affected by subsequent addition of the natural com-
pounds to regorafenib treatment.

Low-dose curcumin + EGCG downregulated 
expression of FGF2 and IGFBP7 in both liver and 
colon cancer cell lines (Figure 7B, D, F). Neither 
regorafenib alone nor in combination with 10 μM 
EGCG + 10 μM curcumin had this effect. ARNT 

Table 1: Effect of 10 μM curcumin + 10 μM EGCG on expression of cancer targets in HepG2 and SW1417 cells.

Gene   HepG2 CCL

Acyl-CoA synthetase long-chain fm 4  ACSL4  +1.23  −0.68
Apoptotic peptidase activating factor 1  APAF1  −0.76  –
Angiopoietin 2  ANGPT2  –  +4.9
Aryl hydrocarbon receptor nuclear translocator  ARNT  +2.59  –
Aurora kinase A  AURKA  −1.23  –
BCL2-like 11  BCL2L11  +0.99  –
Baculoviral IAP repeat-containing 3  BIRC3  −2.52  –
Carbonic anhydrase IX  CA9  −3.26  –
Caspase 7  CASP7  +1  +1.68
Caspase 9  CASP9  +0.91  –
Chemokine ligand 2  CCL2  −1.32  +3.59
Cyclin D3  CCND3  +1.74  –
Cadherin 2, type 1, N-cadherin (neural)  CDH2  −2.16  –
Cytochrome c oxidase 5A  COX5A  −1.23  +0.94
Dyskeratosis congenita 1, dyskerin  DKC1  +1.07  +2.16
E2F transcription factor 4  E2F4A  –  +1.35
Excision repair cross-complementing rodent repair deficiency complementation group 3  ERCC3  +1.58  +2.21
V-Ets erythroblastosis virus E26 oncogene homolog 2  ETS2  −1.01  –
Fibroblast growth factor 2  FGF2  −5.21  –
Forkhead box C2 (MFH-1, mesenchyme forkhead 1)  FOXC2  +1.32  −1.02
Insulin-like growth factor–binding protein 3  IGFBP3  −0.98  −0.97
Insulin-like growth factor–binding protein 7  IGFBP7  −4.31  −1.53
Keratin 14  KRT14  −0.97  –
Polymerase beta (DNA directed)  POLB  +0.92  –
Serpin peptidase inhibitor, clade F, member 1  SERPINF1  +2.01  −0.97
S-phase kinase-associated protein 2 (p45)  SKP2  +0.89  –
Solute carrier family 2 (facilitated glucose transporter), member 1  SLC2A1  −1.25  –
Snail homolog 1 (Drosophila)  SNAI1  +0.85  –
Snail homolog 3 (Drosophila)  SNAI3  –  −0.98
T-box 2  TBX2  +0.93  –
Tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase  TNKS  –  −0.9
Vascular endothelial growth factor C  VEGFC  −1.09  –

EGCG, epigallocatechin gallate.
Values represent difference in threshold cycle (ΔC

t
) denoting upregulation ( +) or downregulation ( −) in cells treated with  

10 μM curcumin + 10 μM EGCG relative to untreated condition.
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was significantly upregulated by 10 μM E + 10 
μM C but treatment with regorafenib resulted in a 
significant downregulation. Adding 10 μM E + 10 
μM C to the regorafenib treatment was not able to 
reverse this effect (Figure 7A). SERPINF1 was also 
significantly upregulated by 10 μM E + 10 μM C, 
but was unaffected by regorafenib. However, when 
10 μM E + 10 μM C was added to regorafenib, the 
same upregulation of SERPINF1 was observed 
(Figure 7C). qPCR did not confirm an effect of low-
dose curcumin + EGCG on ANGPT2. However, 
regorafenib significantly downregulated its expres-
sion and, when combined with 10 μM E + 10 μM 
C, this effect was enhanced (Figure 7E).

DISCUSSIOn

The combination of curcumin and EGCG in low 
concentration significantly affected the survival and 
proliferation of HelpG2 and SW1417 cells in vitro. 
In much higher concentrations, these compounds 
had a similar effect on the normal ARPE-19 con-
trols as well. However, when consumed in the diet 
under normal circumstances, the active compounds 
are assimilated by the body in very small amounts, 
thus preventing toxicity but also limiting its thera-
peutic potential. However, recent studies report that 
newer formulations of curcumin and its essential 
oils have demonstrated greatly enhanced bioavail-
ability without increasing levels of cytotoxicity.27

The regulation of important genes involved in 
cancer initiation and proliferation in both HCC and 

CRC was also highly affected. The comparative 
analysis of the molecular targets of curcumin com-
bined with EGCG and regorafenib demonstrated 
that the low-dose curcumin and EGCG combi-
nation was significantly effective and targeted. 
Curcumin and EGCG induced an additive effect of 
regorafenib in two of the candidate genes. Hence, 
curcumin and EGCG may have promising applica-
tions in cancer therapy when used in combination, 
and an additive effect when used to supplement 
treatment with regorafenib. Additional studies are 
needed to observe the effects of higher dose com-
binations of curcumin and EGCG, with regorafenib 
and other candidate chemotherapeutics.

The ARNT is essential for normal growth and 
development of cells.28 It is a transcription fac-
tor which is important for the regulation of ArH 
and hypoxia-inducible factor 1α (HIF-1α), both 
of which play a vital role in cancer proliferation.29 
ARNT expression plays an important role in tumor 
growth.30 Depletion or downregulation of ARNT 
in normal cells can lead to abnormal angiogenesis, 
defective hematopoiesis, and problems related to 
cardiac and cranial dysfunction.31

Metastasis results in cancer lethality, leading 
to an increase in malignancy and resistance to 
anti-cancer drugs.32 Huang et al. demonstrated 
that the loss of ARNT led to a pro-metastatic 
phenotype, and its expression is reduced in 
advanced CRC.33 This suggests that upregulation 
of ARNT may be significantly effective in reduc-
ing metastasis in cancer. In this study, treatment 
with the chemotherapy drug regorafenib resulted 

Table 2: Candidate genes selected for validation by qPCR in HepG2 and SW1417 cells.

GenBank #  Abbreviation  Scientific name  ΔCt
a

HepG2    
 NM_001197325.1  ARNT  Aryl hydrocarbon receptor nuclear translocator  +2.59
 NM_002006.4  FGF2  Fibroblast growth factor 2  −5.21
 NM_001253835.1  IGFBP7  Insulin-like growth factor–binding protein 7  −4.31
 NM_002615  SERPINF1  Serpin family F member 1  +2.01
SW1417    
 NM_001147  ANGPT2  Angiopoietin 2  +4.90
 NM_001253835.1  IGFBP7  Insulin-like growth factor–binding protein 7  −1.53

qPCR, quantitative polymerase chain reaction.
aValues represent the difference in threshold cycle. Positive values = upregulation; negative values = downregulation.
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Figure 7: qPCR confirmation of gene expression in HepG2 (A–D) and SW1417 (E, F) cells.
Downregulation of growth factors by E + C was confirmed (B, D, F), but regorafenib downregulated only FGF2 (B). ARNT upregulation by E + C in 
HepG2 cells was confirmed (A), but regorafenib had the opposite effect on this gene. SERPINF1 was upregulated by E + C but not regorafenib (C). 
Regorafenib combined with E + C did not reverse this effect. ANGPT2 expression was unaffected by E + C alone (E), but enhanced downregulation of 
regorafenib when combined with E + C. Bars represent mean ± SEM (n = 6; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). ARNT, aryl hydrocarbon 
receptor nuclear translocator; FGF2, fibroblast growth factor 2; qPCR, quantitative polymerase chain reaction; SERPINF1, serpin family, member 1.
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in downregulation of ARNT in HepG2 cells. The 
combination of curcumin and EGCG, when used 
with regorafenib, was not able to reverse this 
effect. Conversely, the HepG2 cells treated only 
with the low-dose combination of curcumin and 
EGCG showed significant upregulation of the 
gene, suggesting that it may be effective in target-
ing angiogenesis and inhibiting metastasis.

Serpin family 1 (SERPINF1), also known as 
pigment epithelium-derived factor (PEDF), is a 
multifunctional protein responsible for inhibiting 
metastasis and angiogenesis.34 SERPINF1 plays 
a vital role in stimulating the maturation of the 
vascular environment and induction of apoptosis 
in cancer cells.35,36 SERPINF1 can also inhibit the 
proliferation and migration of cancer cells that are 
induced by VEGF.37 Xu et al. demonstrated that 
when the SERPINF1 is downregulated, the levels 
of thioredoxin domain-containing 5 (TXNDC5) 
increase. TXNDC5 is a key factor in the migra-
tion and proliferation of tumor cells, and the 
formation of vascular networks in endothelial 
cells.38

Our data indicated a significant increase in the 
levels of SERPINF1 in HepG2 cells when treated 
with the curcumin and EGCG combination, sug-
gesting a potential role in the reduced viability 
and proliferation that was observed. In contrast, 
regorafenib alone had no effect on the expression 
of SERPINF1. However, when HepG2 cells were 
treated with regorafenib along with curcumin + 
EGCG, SERPINF1 expression was upregulated to 
the same level as curcumin + EGCG. This find-
ing suggests several things: (1) regorafenib does 
not play a role in the regulation of SERPINF1, 
(2) regorafenib does not inhibit the activity of 
low-dose curcumin + EGCG in upregulating 
SERPINF1, and (3) low-dose curcumin + EGCG 
may be a beneficial and non-cytotoxic supplement 
to chemotherapy by increasing anti-angiogenic 
support, promoting apoptosis and inhibit-
ing metastasis. Further studies on the effect of 
curcumin + EGCG on SERPINF1 regulation are 
certainly warranted.

FGF2 belongs to the fibroblast growth factor 
family. Studies have shown that FGFs play a 
vital role in hematopoiesis, tissue regeneration, 
and embryonic development. In normal cells, 

FGF2 activity is highly regulated, and its activity 
is terminated via receptor internalization. FGF2 
is also a prognostic marker for different types 
of cancers.39 In tumor cells, FGF2 signaling is 
dysregulated and is one of the key promoting fac-
tors for carcinogenesis.40 The overexpression of 
FGFR2 is followed by C-terminal exon retraction, 
leading to disrupted internalization.41 FGF2 is 
known to be a potent angiogenic growth factor as 
well. Its overexpression induces dysregulation of 
FGFR1 and FGFR2, leading to increased cell pro-
liferation, metastasis, and angiogenesis.42 FGF2 
also controls the expression of genes regulating 
the cell cycle, adhesion, and differentiation in 
endothelial cells.43

In this study, treatment with curcumin and EGCG 
combined, and regorafenib alone, both resulted 
in significant downregulation of FGF2 in HepG2 
cells. However, adding curcumin + EGCG to the 
regorafenib treatment did not further suppress the 
expression of FGF2. This demonstrates that low-
dose curcumin and EGCG combination treatment 
may be equally effective as regorafenib in tar-
geted therapy for FGF2 in liver cancer treatment.

It is well known that ANGPT2 plays a vital role 
in tumorigenesis by increasing the initiation 
of tumor vessel sprouts.44 It is also known that 
ANGPT2 leads to the dissociation of cell–cell 
interaction in endothelial cells by induction of 
permeability.45 In normal cells, ANGPT2 can 
act as a regulator for endocrine function; how-
ever, it is primarily important for the initiation 
of vascularization.46 Studies have shown that 
levels of ANGPT2 are highly increased in tumor 
cells making them more susceptible to amplified 
angiogenesis.47

The cancer array data indicated an unexpected 
increase in the expression of ANGPT2 levels 
in HepG2 cells treated with a combination of 
curcumin and EGCG. However, qPCR follow-
up showed no significant difference in ANGPT2 
expression between the treated cells and controls. 
The same cells treated with regorafenib showed 
a significant decrease in ANGPT2 expression, 
and when curcumin + EGCG was combined 
with regorafenib, the effect of regorafenib was 
enhanced. This suggests once again that low-
dose curcumin + EGCG may be an effective 
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supplement to regorafenib therapy. Due to the 
inconsistency of the gene expression data how-
ever, follow-up assays need to be performed to 
further observe the effect of these compounds on 
ANGPT2 expression in HepG2 cells.

IGF plays an important role in the carcinogenesis 
of both HCC and CRC. IGFBP7 binds to IGF, 
thereby blocking its activation.48 The expression 
of IGFBP7 and its correlation with various tumor 
types is inconsistent. For example, IGFBP7 has 
been implicated in promoting tumor cell prolifera-
tion and angiogenesis in brain endothelial cells,49 
whereas it was anti-angiogenic and pro-apoptotic in 
CRC.50 Hence, it is critical to understand the nature 
of a specific cancer type and the precise behavior 
of IGFBP7 in a particular tumor, for targeted gene 
therapies to be successful. In CRC, IGFBP7 can 
promote anchorage-independent growth in malig-
nant cells, when it is expressed by the tumor cells 
themselves.51 Conversely, other studies have shown 
that the loss of IGFBP7 resulted in activation of the 
IGF pathway leading to increased proliferation of 
hepatocarcinoma cells.52

In this study, low-dose curcumin + EGCG signifi-
cantly downregulated the expression of IGFBP7, 
suggesting it may play a role in inhibiting cell 
proliferation via blocking of IGFBP2. Regorafenib 
alone had no effect on the expression of IGFBP7 in 
HepG2 cells; however, when it was used in com-
bination with curcumin and EGCG, IGFBP7 was 
upregulated, though not significantly. In SW1417 
cells, regorafenib significantly upregulated 
IGFBP7, but this effect was not enhanced when 
regorafenib was used in combination with curcumin 
+ EGCG. The very real but disparate effect of 
these treatments, both individually and combined, 
on IGFBP7 is not fully understood. The possibil-
ity exists that IGFBP7 plays a different role in the 
progression of each of these tumor types. However, 
the data do suggest that curcumin + EGCG may 
have a beneficial effect in controlling cell prolifera-
tion and inducing apoptosis in both HCC and CRC. 
Future studies are planned to further investigate this 
question.

Studies in rodents have demonstrated that poor 
solubility, absorption, rapid metabolism, and excre-
tion result in only approximately 20% of ingested 
curcumin being actually bioavailable.53,54 Efforts to 

enhance the clinical therapeutic effects of curcumin 
have employed the use of nanoparticle technology 
to deliver higher concentrations directly to cells 
rather than by oral ingestion.55,56 In mouse studies 
however, EGCG was found to be highly soluble 
and have widespread uptake in numerous tissues 
and organs.57 One novel approach to improving 
curcumin delivery is the development of metal 
polyphenol networks, which essentially conjugate 
curcumin and EGCG with iron chloride, not only 
making it water soluble but enhancing its efficacy 
against cancer cells as well.58 The approach of using 
low-dose combinations of curcumin and EGCG in 
this study is an attempt to simulate dietary intake 
and bioavailable levels in humans. The hypothesis 
being that even the dietary-level bioavailability of 
these compounds may be exerting a cytoprotective 
effect sufficient to account in part for the discrep-
ancy in rates of colon and liver cancers observed in 
different regions of India. A number of additional 
contributing variables would naturally account for 
the observed differences in cancer rates. However, 
the gene expression data reported here suggest that 
even at very low concentrations these compounds 
have a significant impact on important cancer path-
ways at the cellular level.

The benefits of dietary polyphenols extend to 
the gut microbiome as well. There is a growing 
body of evidence demonstrating that polyphenolic 
compounds not only promote the growth and pro-
liferation of beneficial flora (probiotics) in the gut, 
but also inhibit the production of harmful micro-
organisms.59–61 Due to its prebiotic and antioxidant 
activity, curcumin also supports host immune 
function, reducing inflammation and oxidative cell 
and tissue damage.62 Cancer is well known to have 
multiple evasive strategies against the immune 
system. Like many polyphenols, the compounds 
used in this study are potent anti-inflammatories, 
which reduce the risk of collateral tissue damage, 
thereby potentially limiting additional chromo-
somal injury.

COnCLUSIOnS

HepG2 and SW1417 cell lines treated with low-
dose curcumin and EGCG showed significantly 
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decreased viability and attenuated proliferation. 
This low-dose treatment also affected the regula-
tion of gene targets critical for regulation of cell 
cycle and angiogenic processes in tumor cells. 
When this low-dose treatment was combined with 
regorafenib, it was able to enhance the effect of 
regorafenib on these same genes in most cases. This 
suggests that the addition of low-dose curcumin 
and EGCG to regorafenib chemotherapy may 
allow for reduced levels of drug administration, 
thus reducing the level of negative side effects as 
well. These data also suggest that the addition of 
both curcumin and EGCG (via green tea) to the 
average diet on a regular basis may act as a potent 
chemopreventive measure. Since these compounds 
are bio-assimilated at low levels, this would reduce 
the risk of cellular damage that high concentrations 
may potentially impose. It is also important to note 
that chemotherapeutics are, by definition, cytotoxic 
and therefore capable of imposing physiological 
risks, including organ failure, to the patient as well. 
Therefore, if phytochemical supplementation of 
chemotherapeutic treatment is able to enhance the 
efficacy of these drugs while reducing the required 
effective dose, patient outcomes may also be 
improved.

Limitations of this study include a lack of sup-
porting data from an in vivo model, which might 
demonstrate the potential of phytochemicals in 
this treatment regimen to reverse tumor growth. 
In addition, further inquiry needs to be done on 
the role of additional gene targets which were 
affected by this regimen. Both of these issues are 
being considered for future studies. This study 
also lacks the use of a negative control com-
pound. However, while there are many natural 
compounds and their analogs that have been the 
basis of modern therapeutics, there are relatively 
few that have been shown to be effective against 
cancer, particularly at the low doses used in this 
study. Cancer cells are masters of survival, to the 
point of parasitizing healthy neighboring cells,63 
which is why chemotherapeutics are necessarily 
so toxic by nature. One objective of this study is 
to accentuate the effectiveness of low doses of the 
selected natural compounds to target cancer cells 
without negatively impacting normal control cells. 
This may support their potential usefulness as co-
therapeutics. Finally, the authors acknowledge the 

complexity of potential dietary, compound/com-
pound and drug/compound interactions, which has 
not been addressed here and is beyond the scope 
and focus of this study.
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