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Abstract

AIM: To investigate the ability of hexahydrocurcumin
(HHC) to enhance 5-fluorouracil (5-FU) in inhibiting the
growth of HT-29 cells by focusing on cyclooxygenase
(COX)-2 expression.

METHODS: Antiproliferative effects of HHC and 5-FU,
alone and in combination, on growth of HT-29 human
colon cancer cells were assessed using 5-diphenyltetra-
zolium bromide (MTT) reduction assay. In combination
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treatment, low doses of 5-FU were used combined with
various concentrations of HHC to minimize the toxic-
ity and side effects of 5-FU. The therapeutic effects of
these drugs on down-regulation of COX-2 mRNA and
protein expression were examined using semi-quanti-
tative reverse transcription—polymerase chain reaction
(RT-PCR) and Western blotting analysis.

RESULTS: MTT reduction assay indicated that HHC
alone markedly decreased the viability of HT-29 human
colon cancer cells compared to control. Semi-quantita-
tive RT-PCR analysis indicated that HHC is a selective
COX-2 inhibitor. This finding was supported by the ob-
servation that HHC significantly down-regulates COX-2
mRNA expression compared to the control (control:
100.05% = 0.03% vs HHC: 61.01% = 0.35%, P < 0.05)
but does not alter COX-1 mRNA. In combined treat-
ment, addition of HHC to a low dose of 5-FU exerts
a synergistic effect against the growth of HT-29 cells
by markedly reducing cell viability to a greater degree
than monotherapy. Semi-quantitative RT-PCR indicated
that 5-FU at the concentration of 5 pmol/L in combina-
tion with HHC at the concentration of 25 umol/L signifi-
cantly down-regulates COX-2 mRNA expression when
compared with values in cells treated with 5-FU or HHC
alone (HHC + 5-FU: 31.93% = 5.69%, 5-FU: 100.66%
+ 4.52% vs HHC: 61.01% + 0.35%, P < 0.05).

CONCLUSION: HHC together with 5-FU exerts a syn-
ergistic effect and may prove chemotherapeutically
useful in treating human colon cancer.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Colorectal cancer is a major cause of cancer death in
many countries. 5-Fluorouracil (5-FU) is a chemotherapy
drug widely used in treating colorectal cancer. However,
the toxicity of 5-FU towards normal cells and resistance
to this drug are major barriers to successful cancer che-
motherapy. Therefore, the combination of 5-FU and
other regimens is often practiced to enhance the efficacy
of 5-FU and also to reduce its toxicity. Previous 7z vitro
and 7 vivo studies of colon cancer have reported that 5-FU
combined with other regimens, such as genistein'' and
geraniol?, are more effective than 5-FU treatment alone.
Curcumin (diferuloylmethane, Figure 1), the major
yellow pigment in turmeric which is obtained from the
rhizome of Curcuma longa L has been traditionally used
in cooking in India and Southeast Asia. It has also been
used in both 7z vitro and in vive studies as a naturally oc-
curring substance to treat a wide variety of cancers, in-
cluding ovarian™, lungm, skin” and colon cancer” ™. Cur-
cumin specifically inhibits mRNA and protein expression
of cyclooxygenase (COX)-2, which is highly expressed in
a variety of human cancers'”"? including colon cancer,
but it does not alter the expression of COX-1, the en-
zyme that maintains normal gastric mucosa and influenc-
es kidney function™'". All these results seem to suggest
that curcumin might have minimal toxicity and is safe
for the treatment of human colon cancer compared with
other traditional chemopreventive agents such as non-
steroidal anti-inflammatory drugs. Although curcumin is
a very important agent in preventing and treating colon
cancet, its disadvantages include poor solubility and poor
absorption in the gastrointestinal tract. Previous reports
have indicated that after oral administration of curcumin,
about 60% of the dose was absorbed and 38% remained
in the large intestine of rats'"” and it is rapidly decom-
posed in human blood"”. Curcumin metabolites were
synthesized to solve these problems'”.
Hexahydrocurcumin (HHC, Figure 1) is one of the
major metabolites of curcumin. Previous studies revealed
that this compound exhibits stronger antioxidant activity
than curcumin'®, Moreover, this compound inhibits the
biosynthesis of prostaglandin (PGEz2) in LPS-stimulated
macrophagesm. PGEz2 is a major product of COX-2
enzymes implicated in colorectal carcinogenesis and has
been shown to stimulate the growth of human colorectal
carcinoma cells. In addition, HHC decreases the level of
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Figure 1 Chemical structures of curcumin (A) and hexahydrocurcumin (B).

phorbol ester-induced PGE: production in human co-
lonic epithelial cells (HCECs) but weakly inhibits COX-2
protein®”,

All these results suggest that HHC down-regulates
COX-2 expression, leading us to hypothesize that the
HHC-induced suppression of COX-2 expression may
improve the effectiveness of the 5-FU conventional che-
motherapy drug. The synergistic effect of using 5-FU
in combination with curcumin to inhibit the growth of
HT-29 human colon cancer cell line has already been
demonstrated””. The present study aims to evaluate the
ability of HHC to enhance 5-FU in inhibiting the growth
of HT-29 human colon cancer cells by focusing on the
expression of COX-2.

MATERIALS AND METHODS

Materials

The HT-29 human colon adenocarcinoma cell lines
were obtained from the American Type Culture Collec-
tion. McCoy’s 5A Media Modified medium, fetal bovine
serum (FBS), trypsin, penicillin and streptomycin were
purchased from GIBCO-BRL (Gaitherburg, MD). 5-FU
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St.
Louis, MO, United States). TRIzol® Reagent was purchased
from Invitrogen (Carlsbad, CA). InProm-1I " reverse
transcriptase and GoTag® Flexi DNA polymerase were
obtained from Promega (Madison, United States). COX-1
monoclonal antibody (1:1000 dilutions) and COX-2 poly-
clonal antibody (1:500 dilutions) were obtained from Cay-
man Chemical (Ann Arbor, M1, United States).

Preparation of hexahydrocurcumin

Curcumin was obtained from Curcuma longa as desctibed
previously”. HHC was synthesized from curcumin by
catalytic hydrogenation reaction in ethanol for 5 h, with
palladium on charcoal as a catalyst. The product was
isolated from tetrahydrocurcumin and octahydrocur-
cumin by silica gel column chromatography, followed by
recrystallization with dichloromethane-#-hexane to give
45% vyield of HHC as a white amorphous solid, m.p.
81-82 C. Tetrahydrocurcumin and octahydrocurcumin
were obtained in 28% and 11% yields, respectively, after
repeated column chromatography. The spectroscopic
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(IR, 'H-NMR and mass spectra) data of all the synthe-
sized compounds were identical with those obtained

from the previous report”.

Cell culture and treatment

HT-29 cells were cultured in McCoy’s 5A Media Modi-
fied containing 10% FBS at 37 'C in 5% COz and 90%
relative humidity. In all experiments, cells were seeded
at 1 X 10" cells per well in 96-well plates for cell viability
assay, or 1.5 X 10° cells per well in 6-well plates for RNA
extraction and Western blotting analysis. After plating,
combinations of 5-FU with HHC were added concut-
rently to the culture medium. Cells were harvested after
various times.

Cell viability assay

HT-29 cells were plated in 96-well plates with 100 pL
medium and were exposed to various concentrations of
HHC, 5FU or combination of 5FU and HHC for 24 and
48 h. After incubation, cells were treated with 100 pL
MTT solution (final concentration, 0.5 mg/ml) at 37 C
for an additional 4 h. The formazan crystals were solubi-
lized with 100 pl. DMSO and then the absorbance was
measured at wavelength 540 nm using a microplate reader
(Bio-Tek, Instruments, Winooski, VT, United States).

Analysis of combined effects of 5-FU with HHC

The effectiveness of 5-FU and HHC, alone or in combi-
nation, to inhibit growth of HT-29 cells was evaluated by
measurement of the combination index (CI)", adapted
from the method described by Chou ez al*”. The frac-
tional inhibitory concentrations were calculated by divid-
ing the concentration of the drug in the combination at
1Cso0 by the ICso of the individual drugs. In the following
equation, the sum of the dose of 5-FU and the dose of
HHC give 50% inhibition of cell growth. CI < 1 indi-
cates a synergistic effect; CI = 1, additive effect; and CI >
1, antagonistic effect. CI = (Dose of 5-FU)/[ICs (5-FU)]
+ (Dose of HHC)/[ICso (HHC)].

RNA extraction and reverse transcription-polymerase
chain reaction

After the HT-29 cells were treated for 24 h, total RNA
was extracted using TRIzol reagent (Life Technologies,
Carlbad, CA, United States). A volume of 1 ug total RNA
from each sample was subjected to reverse transcription
using ImProm-IT™ Reverse Transcription system (Pro-
mega Madison, WI, United States). PCR amplification
was performed in a reaction volume of 20 pl. containing
2 pL of cDNA product and GoTag® DNA polymerase
(Promega, United States) using a PerkinElmer 9600 ther-
mal cycler. Amplification of the constitutively-expressed
enzyme d-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The oligo-
nucleotide primers used were: human COX-1, 5-TGC
CCAGCTCCTGGCCCGCCGCTT-3' (sense), 5'-GT-
GCATCAACACAGGCGCCTCTTC-3' (antisense); hu-
man COX-2, 5-TTCAAATGAGATTGTGGAAAAT-3'
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(sense), 5~ AGATCATCTCTGCCTGAGTATCTT-3' (an-
tisense); GAPDH, 5-TCCCTCAAGATTGTGAGCAA-3'
(sense), and 5'-AAATGAGCCCCAGCCTTCTCC-3'
(antisense). The temperature cycling conditions of ampli-
fication were as follows: 15 min at 95 C, then 25 cycles
at 95 C for 1 min, 55 C for 1 min, 72 “C for 1 min, and
a final extension at 72 'C for 10 min. The amplification
products were electrophoresed on a 1.0% agarose gel, vi-
sualized by ethidium bromide staining, and photographed
gel images were scanned using an image analysis system
(Gel Doc 1000; Bio-Rad, Hercules, CA, United States).
The intensities of specific COX-1 or COX-2 bands were
quantitated in relation to GAPDH bands amplified from
the same cDNA using Gene Tools analysis software (Syn-
gene, Cambridge, United Kingdom).

Western blotting analysis

Western blotting analysis was performed to measure pro-
tein expression of COX-1, COX-2 or B-actin. Cell lysates
were prepared by treating the HT-29 cells in RIPA lysis
buffer (1 X PBS, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate and 0.1% SDS) for 30 min. The lysates were soni-
cated twice for 20 s on ice and then were centrifuged at
10 000 X g for 10 min to sediment the particulate material.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed under reducing conditions on 8% poly-
acrylamide gels. The resolved proteins were transferred to
PVDF (Millipore, Bedford, MA, United States) and the
membranes were incubated with antibodies against hu-
man COX-1 or COX-2 (Cayman Chemical Co.) protein
in blocking solution. After washing with PBS plus 0.5%
Tween-20, the membranes were then incubated with the
secondary antibody goat anti-mouse IgG HRP in block-
ing solution for 2 h at room temperature. After washing,
membrane blots were developed using the Immobilon
Western (Millipore) chemiluminescence kit and finally ex-
posed to X-ray film.

Statistical analysis

All values are represented as mean F SE. Statistical com-
patisons between different treatment results were analyzed
by one-way analysis of variance followed by the Dunnett
test. The significance was taken when P-values were less
than 0.05.

RESULTS

Antiproliferative effect of 5-FU, HHC alone and their
combination on HT-29 colon cancer cells

After the HT-29 colon cancer cells were exposed to vari-
ous concentrations of HHC or 5-FU alone for 24 and
48 h, HHC significantly decreased the viability of HT-29
colon cancer cells as compared to control (Figure 2A,
upper panel). The growth inhibition ability of HHC on
HT-29 cells was time- and concentration-dependent. A
similar result was also observed in the 5-FU-treated group
(Figure 2B, lower panel). The half-maximal inhibitory con-
centration of HHC and 5-FU for inhibiting the growth
of HT-29 colon cancer cells at 24 and 48 h exposure was
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Figure 2 Antiproliferative effect of hexahydrocurcumin and 5-fluorouracil
on HT-29 human colon cancer cells. HT-29 cells were exposed to different
concentrations of 5-fluorouracil (5-FU) (A) and hexahydrocurcumin (HHC) (B)
for 24-48 h and then cell viability was measured by 5-diphenyltetrazolium bro-
mide assay. 5-FU or HHC significantly decreased cell viability concentration-
dependently. Data are expressed as mean + SE. °P < 0.05 vs control (n = 3).

represented by 1Cso. The respective ICso values for 24 and
48 h of HHC exposure were 77.05 * 1.53 and 56.95 *
2.75, and for 5-FU were 39.13 + 2.32 and 38 + 2.21.

To determine the antiproliferative effect of HHC
combined with 5-FU, the HT-29 colon cancer cells were
exposed to 5-FU at 5 or 25 umol/L in combination with
HHC at 5 or 25 pmol/L concurrently for 24 h and 48 h
and then evaluated by MTT assay. After 24 and 48 h of
exposure to two doses of HHC (5 and 25 pumol/L) and
high dose of 5-FU (25 umol/L), matked inhibition of the
growth of HT-29 colon cancer cells was observed when
compared with those treated with 5-FU or HHC alone.
Furthermote, exposure to low dose of 5-FU (5 umol/L)
together with high dose of HHC (25 umol/L) for 24 and
48 h markedly inhibited the viability of HT-29 colon can-
cer cells when compared with those treated with HHC or
5-FU alone (Figure 3). It was noteworthy that the inhibi-
tory effect of HHC at 25 p,rnol/ L with a low dose of 5-FU
was not different from its effect in combination with a
high dose of 5-FU. These results indicated that a low
dose of 5-FU could effectively be used in combination
with high dose of HHC to inhibit the growth of HT-29
colon cancer cells. In addition, the interactions of these
two drugs at 25 umol/L HHC and 5 umol/L 5-FU for
24 and 48 h were evaluated by the CI at the ICso level as
described in materials and methods. The combination of
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25 umol/L HHC with 5 umol/L 5-FU for 24 and 48 h
resulted in a synergistic effect (CI < 1) on the inhibition
of the growth of HT-29 colon cancer cells when CI =
0.46 + 0.01 and 0.57 % 0.02, respectively.

Combination therapy down-regulation of COX-2 mRNA
expression

The MTT results showed that a low dose of 5-FU
(5 pmol/L) togethet with HHC at 25 pmol/L decteased
the viability of HT-29 colon cancer cells to a markedly
greater extent than 5-FU or HHC exposure alone. More-
over, this treatment showed the quantitative synergistic
inhibitory effect; therefore, this combination was chosen
to further investigate the effects on COX-2 mRNA ex-
pression in HT-29 cells. In this study, we observed that
5-FU alone did not decrease the COX-2 mRNA. How-
evet, 5-FU combined with HHC markedly reduced the
COX-2 expression compared to HHC or 5-FU alone
(P < 0.05) (Figure 4). Furthermore, we also observed
the combination’s effects on the expression of COX-1
mRNA. The result indicated that the level of COX-1 was
not altered by treatment with 5-FU or HHC alone, or
their combination.

Inhibition of COX-2 protein by the combination of 5-FU
with HHC

To investigate the combination’s effect on the level of
COX-2 protein, HT-29 colon cancer cells were treated
with 5-FU (5 umol/L) together with HHC (25 pmol/L).
The results are shown in Figure 5. It is evident that the
combination treatment of 5-FU and HHC reduced the
COX-2 protein level to a markedly greater degree than
did 5-FU or HHC alone (P < 0.05). We further exam-
ined the combination’s effect on the level of COX-1
protein. The results show that 5-FU alone, HHC alone
or 5-FU together with HHC did not alter the level of
COX-1 protein.

DISCUSSION

The toxicity and the resistance to 5-FU have been major
obstacles in successful colorectal cancer chemotherapy.
In addition, COX-2 up-regulation is directly involved
in colorectal carcinogenesism’zﬂ. Therefore, a combined
treatment of 5-FU with non-toxic agents that can inhibit
COX-2 activity might be useful for treating colon carci-
nogenesis.

Curcumin, a specific COX-2 inhibitor, is usually used
in combination with traditional chemotherapy or other
regimens both 7 vitro, in vive and also in clinical studies
of colon cancer. Many reports have indicated that cur-
cumin enhanced the cytotoxic effect of celecoxib in sev-
eral human colon cancer cell lines”™”. This effect has also
been obsetrved in colorectal cancer models™. Moteover,
curcumin enhances the cytotoxic effect of 5-FU and de-
creases the COX-2 protein expression better than single
agent treatment” ). However, several studies over the
past three decades have reported that curcumin exhibits
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Figure 3 Combination effects of 5-fluorouracil and hexahydrocurcumin on proliferation of HT-29 colon cancer cells. The HT-29 cells were exposed to
5-fluorouracil (5-FU) (5 and 25 umol/L), hexahydrocurcumin (HHC) (5 and 25 umol/L) and their combination for 24 h (A) and 48 h (B) and then harvested for 5-diphe-
nyltetrazolium bromide assay. Combination treatment of 5-FU and HHC significantly decreased cell viability compared to the 5-FU or HHC monotherapy. Data are

expressed as mean + SE. °P < 0.05 vs 5-FU or HHC monotherapy (n = 3).

poor bioavailability due to poor absorption, low serum
levels and rapid metabolism. Therefore, the pharmaco-
logical activity of curcumin may be mediated in part by
its metabolites™".

In the present study, we investigated the anti-carcino-
genic effects of HHC on growth of HT-29 human colon
cancer cells. We found that HHC was sufficient for inhib-
iting the growth of human colon cancer cells by decreas-
ing the viability of HT-29 cells through down-regulation
of COX-2 mRNA and protein expression. Moreovetr,
HHC did not alter COX-1 mRNA and protein expres-
sion. These results agreed with previous study, which
suggested that HHC could sensitize the cancer cells to
chemotherapeutic drugs by decreasing phorbol ester-
induced PGE: production in HCECs™. PGE: is a major
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product of COX-2 enzymes. Moreovet, it has been dem-
onstrated that HHC exhibited higher antioxidant activity
than its curcumin progenitorm] and it has been suggested
that the hydrogenation at the conjugated double bonds
of the central seven-carbon chain and a keto group of
the B-diketone of curcumin to HHC markedly enhances
antioxidant activity.

Based on these results, it is reasonable to assume that
HHC is a safe and effective agent for the treatment of
colon cancer, and that this compound is more stable than
curcumin. The present investigation deals with the study
of the combination effect of HHC with 5-FU chemo-
therapy drug. Our results indicated that HHC in combi-
nation with even a low concentration of 5-FU (5 ymol/L)
was sufficient to decrease the viability of HT-29 colon
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(4 9

Boishidengs  WIG | www.wjgnet.com

cancer cells. Moreover, this combination showed a syner-
gistic effect on antiproliferation against colon cancer cells
(CI < 1) and down-regulated the expression of COX-2
mRNA and protein, compared to either 5-FU or HHC
monotherapy. Based on these results, we suggest that the
addition of HHC could enhance the inhibiting effects of
5-FU on the growth of HT-29 human colon cancer cells.
Morteover, the combination of these drugs that are differ-
ent in their modes of action could prove much safer and
more effective than cancer monotherapy””. In addition,
this combination did not alter the COX-1 mRNA and
protein levels. It is thus reasonable to assume that this
therapeutic approach may have no toxic effect and en-
ables the use of 5-FU chemotherapy drug at a lower and
safer concentration, which would be highly desirable for
long-term treatment of colon cancer.

In conclusion, this study illustrates that HHC is a spe-
cific COX-2 inhibitor that plays an important role in car-
cinogenesis. It has been demonstrated for the first time
in this study that the addition of HHC to 5-FU standard
chemotherapy in HT-29 human colon cancer cells can
enhance the growth inhibition and down-regulation
of COX-2. Thus, the combination of these two drugs
should have a great potential to be used to treat human
colon cancet.
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report the anti-carcinogenic effects of HHC on growth of human colon cancer
cells. Furthermore, HHC has ability to enhance 5-FU in inhibiting the growth of
HT-29 human colon cancer cells and down-regulates the expression of COX-2
mRNA and protein.

Applications

This report illustrates the action of HHC combined with 5-FU, and this study
may represent a future strategy to provide much safer and more effective treat-
ment for patients with colon cancer.

Terminology

HHC is one of the major curcumin metabolites. Curcumin is the major yellow
pigment in turmeric which is obtained from the rhizome of Curcuma longa L,
traditionally used in cooking in India and Southeast Asia.

Peer review

This is a good descriptive study in which authors investigate ability of HHC to
enhance 5-FU in inhibiting the growth of HT-29 cells by focusing on COX-2
expression. The results are interesting and suggest that HHC together with 5-FU
exerted a synergistic effect and may prove chemotherapeutically useful in treat-
ing human colon cancer.
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