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Abstract. - OBJECTIVE: To investigate the
anticancer properties of a chemosynthetic cur-
cumin analog, (1E,6E)-4-((furan-2-yl)methylene)-
1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-
diene-3,5-dione (C,H,,0,, abbreviated MHMD) in
A549 cells.

MATERIALS AND METHODS: Inverted micro-
scope was used to observe the alteration on
cytomorphology. MTT assay was used to detect
cell viability. Acridine-orange staining was used
to measure autophagy, and AnnexinV/PI stain-
ing and Hoechst/PI staining to measure apopto-
sis and necrosis.

RESULTS: MTT assays showed that at 12 h, 24
h, 48 h, MHMD reduced cell viability with an IC;,
of 27.46 pM, 18.86 pM, and 11.23 pM, respectively.
Typical characteristics were observed in concert
with cell death, including treated-cells getting
brighter, rounder, and becoming non-adherent
gradually. Additionally, acridine-orange staining
suggested that autophagy didn’t involve in MH-
MD-induced cell death. However, apoptosis and
necrosis played important roles in MHMD-in-
duced cell death by Hoechst33342/PI staining. It
showed apoptosis was the main cause at low
concentrations (< 4 pM), while with the concen-
trations rising, necrosis was the leading role. An-
nexinV/PI staining again indicated the occur-
rence of apoptosis at 4 pM. Furthermore, the cas-
pases inhibitor z-VAD-fmk could prevent MHMD-
induced cell death, which showed much higher
cell viability than those only treated with MHMD
(4 pM). Moreover, MTT assay also demonstrated
that MHMD did possess a greater anti-prolifera-
tive ability than curcumin.

CONCLUSIONS: The curcumin analog MHMD
is able to induce A549 cell death in a time and
dose-dependent manner via apoptosis and
necrosis. And MHMD could be a more effective
drug than curcumin.
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Introduction

Curcumin, also termed diferuloylmethane, a yel-
low-colored polyphenol extracted from the rhizome
of curcuma longa, was a dietary constituent with
the demonstrated capability of anti-carcinogenic
through diverse mechanisms!. Studies for curcumin
have made it a charming candidate for cancer thera-
pies recently. Curcumin is closely related to pro-
grammed cell death. Apoptosis is a major mode of
cell death induced by curcumin, which includes the
changes in morphological and biochemical in the
cellular consisting of DNA fragmentation, as well
as caspases activity and subsequence PARP cleav-
age; initiating mitochondrial pathways and releas-
ing of cytochrome c'?2. Anti-apoptotic proteins in-
cluding Bcl-2, Bel-xL, XIAP and survivin, PI3K-
AKT activation, as well as the transcription factor
NF-«B are inhibited under the effect of curcumin'.
Curcumin had been shown to induce autophagy by
inhibiting the Akt/mTOR/p70S6K pathway and ac-
tivating ERK1/2 Signaling Pathway?. Nevertheless,
low bioavailability of this prominent anticancer
drug restricts its appliance in clinical trails*>.
Nowadays, a growing number of curcumin
analogs appeared, hoping to be a replacement of
curcumin with a better bioavailability and lower
toxicity. For instances, curcumin analog EF24 had
been demonstrated to disrupt the microtubule cy-
toskeleton and inhibit HIF-1¢. GO-Y030 was
shown to induce apoptosis by suppressing NF-kB
signaling in thyroid, pancreatic cancers and
cholangiocarcinoma cells®; and studies on CDF,
suggested it’s the inhibitor of colon cancer stem-
like cells®. While another analog DM-1, had been
proved to occupy an effect in breast cancer treat-
ment when combined with paclitaxel’®. However,
the precise pathway of these analogs inducing cell
death still remains unknown.
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In this study, we set out to elucidate the anti-
cancer effect of a novel chemically synthetic cur-
cumin analog, (1E, 6E)-4-((furan-2-yl)methyle-
ne)-1,7-bis(4-hydroxy-3-methoxyphe-nyl)hepta-
1,6-diene-3,5-dione (abbreviated MHMD) (Fig-
ure 1), whose chemical structures had been con-
firmed by NMR spectroscopy. We demonstrated
that MHMD could induce A549 lung cancer cells
death through apoptosis and necrosis. A549 cells
showed a nuclear fragment in a caspase-dependent
fashion under 4 uM, and apoptosis was the princi-
ple. While with higher concentrations, more cells
were stained with Propidium Iodide (PI) and cas-
pases inhibitor didn’t seem to lead cells to survive
much as low concentrations did, suggesting necro-
sis was taking in charge. And AnnexinV/PI stain-
ing was another proof of apoptosis induced by
MHMD. Moreover, the bioavailability of MHMD
is about 10 folds higher than curcumin. Still, pro-
found investigation of MHMD on its anticancer
therapy potential is warranted.

Materials and Methods

Chemicals and Cell Culture

RPMI Medium 1640 was purchased from
GIBCO, Carlsbad, CA, USA. Newborn Calf
Serum was purchased from DingGuo Biotechnol-
ogy Co.Ltd., China. Trypsin was purchased from

Sango Biotech Co., Ltd. (Shanghai, China) and
MTT was purchased from Genview, Genview, IL,
USA. Acridine orange, Hoechst33342 and Pro-
pidium Iodide (PI) were purchased from Sigma
Aldrich, St Louis, MO, USA. A549 cells were
maintained in 1640 medium supplemented with
10% Newborn calf serum, 1% garamycin at
37°C in 5% CO, incubator. Cells were cultured
in 96-well plates for cell viability assay, in 24-
well plates for acridine orange staining or
Hoechst/PI dual-staining analysis.

Cell Viability Assay

Cell viability was measured by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. A549 cells were seeded
(2x10* cells/well) in 96-well plates (Corning,
USA) and incubated for 24 h. Then cells were
treated with the different concentrations of
MHMD at the designed time points. Caspases in-
hibitor z-VAD-fmk (20 uM) was added 30 min
earlier before cells were treated with drugs.
Then, 20 ul MTT (5 mg/ml) was added to each
well four hours ahead of time when drugs
stopped working. Thereafter, 100 ul dymethyl
sulfoxide (DMSO) per well was used to dissolve
MTT-formazan. Optical density was measured
colorimetrically at a wavelength of 490 nm with
a microplate Spectrophotometer (Bio-Tek Epoch,
China).
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Figure 1. A, The chemical structures of curcumin and its analog MHMD. MHMD has a molecular formula C,sH,,0, with a
molecular weight of 446.14 g/mol, which was dissoveld in DMSO (0.1 M) as a stock solution. B, Effects of MHMD on cell vi-
ability. A549 cells were treated with MHMD at the indicated concentrations (0-20 uM) for 12, 24 or 48 h fa), and curcumin at
the indicated concentrations (0-60 uM) for 24 h (b), and cell viability was performed by MTT assay. Each point represents as
the mean+SD of at least triplicate experiments (*p < 0.05, **p < 0.01,n = 5.).

3135



G.-Z. Zhou, F-K. Cao, J.-M. Chang, G.-C. Sun, X.- Chen

Acridine orange, Hoechst 33342/PI
Staining and AnnxinV/PI Staining

Cells were treated with different concentrations
of MHMD for indicated times, and stained with
acridine orange (5 pg/ml) for 40 s, washed with
PBS solution twice. Thereafter, the acidic vacuoles
were detected under a fluorescence microscope
(Nikon TE2000-U, Shizvoka, Japan). For Hoechst
33342/PI dual-staining, treated A549 cells were
firstly stained with Hoechst 33342 (10 pg/ml) for
10 min and then stained with PI (10 pg/ml) for an-
other 10 min. After washed with PBS twice, the cell
nucleus was observed under the fluorescence mi-
croscope. AnnexinV/PI staining was operated using
Annexin V- FITC Apoptosis Detection Kit, Bey-
otime institute of biotechnology, China.

Data Analysis

Each experiment was conducted at least three
times. The data shown were expressed as the
mean+SD and the p value was used the Student’s
t-test (*p < 0.05, **p < 0.0l,n=50orn=>5).

Results

MHMD Reduced A549 Cells Viability

To assess the effect of MHMD, A549 cells were
treated with MHMD at the indicated concentra-
tions (5, 10 and 20 uM) for 12, 24 or 48 h, and cell
viability was performed by MTT assay. The re-
sults showed that MHMD induced A549 cell death
in a time and dose-dependent manner with an
IC50 of 27.46 uM, 18.86 uM and 11.23 pM, re-
spectively (Figure 1B.a). And as we can see, cur-
cumin in 60 pM had the same anti-proliferative
ability as MHMD only in 4 uM (Figure 1B).

Alteration of A549 Cells
in Cytomorphology

Cell morphology alteration was examined with
an inverted microscope. A549 cells were treated
with different concentrations (5, 10 and 20 uM),
and pictures were taken at indicated times rang-
ing from O h to 24 h. MHMD made A549 cells
smaller in size compared to control group, and
also the treated cells became rounded and granu-
lar. As time passed, cells were refractile and de-
tached from the cell sheet (Figure 2).

Detection of MHMD-Induced Cell Death

There are three main cell death pathways:
apoptosis, necrosis and autophagy. MHMD could
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induce the A549 cell death, so next work is to
identify which pathway is involved. Generally,
autophagosomes fuse with lysosomes forming
antophagolysosomes which are acidic vacuoles
(AVO) that can bind acridine-orange in the
process of cells autophagy. In that case AVOs
could be investigated by the appearance of red
fluorescence under a fluorescence microscope.
However, our research showed that AVOs could
not be detected in MHMD-treated A549 cells by
acridine orange staining analysis (data not
shown), which suggested that MHMD may not
induce A549 cell autophagy.

Then, we identified whether MHMD-induced
A549 cells death via apoptosis or necrosis. The
Hoechst/PI dual-staining assay was used. Hoechst
is a reactive dye that combines with DNA specifi-
cally, which is capable of entering into normal cy-
tomembrance and staining nucleolus in blue. Con-
trast to Hoechst, PI is a nucleic acid dye that only
has access to impaired cytomembrance and stains
nucleolus in red. In our results, MHMD-treated
cells were seriously shrunk than control cells. A
severe nuclear fragmentation was examined under
4 uM (Figure 3A i, j) while it couldn’t be found on
cells pretreated with the caspases inhibitor z-
VAD-fmk at 48 h (Figure 3(A) k). Simultaneously,
those cells preprocessed with z-VAD-fmk showed
much higher cell viability than that only treated
with 4 uM MHMD at the same time (Figure 3B).
However, there were no significant differences in
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Figure 2. Morphology alteration of MHMD treated cells.
Cells were incubated with MHMD (0-20 uM) for indicated
times. Images of morphology were taken under inverted mi-
croscope (magnification: 400x).
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Figure 3. A, Detection of apoptosis and necrosis in MHMD treated A549 cells. Cells were treated with MHMD (0-20 uM) in
the presence or absence of z-VAD-fmk for indicated times. A, Treated cells were stained with Hoechst and PI. Images were
taken by fluorescence microscope. B, MTT assay was used to detect cell viability. Data were presented as mean + SD of at
least triplicate experiments (*p < 0.05, **p < 0.01, n* = 5). C, Cells were treated with MHMD (4 uM) for indicated times and
then stained with AnnexinV and PI. Images were taken by fluorescence microscope.

the presence or absence of z-VAD-fmk at 24 h
(Figure 3A c, d, 3B). With increasing of MHMD
concentrations, more cells were stained with PI
(Figure 3A e-g, 3A I-n). In accordance with MTT,
cell viability with z-VAD-fmk was still higher
when concentrations went up to 20 uM at 48 h
(Figure 3B). It could be easily found that z-VAD-
fmk didn’t work as significantly as low concentra-
tions did (Figure 3B).

To further confirm the activation of apoptosis
induced by MHMD, AnnexinV/PI staining was
performed. A marker for apoptotic cells is the An-
nexinV conjugated with the fluorochrome FITC
for it has a strong binding affinity to phos-
phatidylserine (PS), which redistributes from the
inner to the outer membrane. Cells treated with
MHMD (4 uM) showed AnnexinV positively. And
PI positive cells represented cells undergoing the
late stage of apoptosis or necrosis (Figure 3C).
This data was much in agreement with Hoechst/PI
staining that MHMD did induce cell apoptosis.

Discussion
In this study, curcumin analog MHMD was

firstly certificated to be a potential anticancer
agent, which exerts its activity through apoptosis

and necrosis pathways. MHMD could effectively
inhibit cell proliferation. Evidences had been
gained that MHMD induced apoptosis in A549
cancer cells, while necrosis was gradually taking
in charge as the concentration of MHMD in-
creased. Nuclear fragmentation disappeared at 4
UM in the presence of z-VAD-fmk when time up
to 48 h, suggesting that caspases are essential for
MHMD-induced cell death. In addition, much
higher cell viability of cells pretreated with z-
VAD-fmk at 4 uM (Figure 3B) suggested that
caspases did take part in the process of MHMD-
induced cell death. What’s more, no difference
by MTT and Hoechst/PI analysis of treated A549
cells (MHMD at 4 uM) in the presence or ab-
sence of z-VAD-fmk at 24 h implied caspases
didn’t work yet at that time. The phenomena that
more cells were stained with PI as concentrations
went up and the little higher cell viability with
cells pretreated with z-VAD-fmk at 20 pM cer-
tificated that necrosis was the major mode of cell
death at higher concentrations, though apoptosis
was took part at the same time. However, the no
increased AVOs in A549 cells, promoting that au-
tophagy didn’t join in. Whereas, other methods
to detect autophagy should be done, but it could
be hardly viewed AVOs based on cellular mor-
phology either.

3137



G.-Z. Zhou, F-K. Cao, J.-M. Chang, G.-C. Sun, X.- Chen

We have demonstrated the two mechanisms of
curcumin analog MHMD-induced cell death.
Curcumin owns hydroxyl groups and methoxy
groups which had been reported to be essential
for its antioxidant, anti-inflammatory and anti-
proliferative activity. MHMD possesses the same
two groups with curcumin. In addition, as with
most curcumin analogs that are confirmed to in-
duce cell death at a low drug level, MHMD could
be another more potent compound than curcum-
in, which acted with higher concentrations in
many cell lines*%!°. Our data demonstrated that
MHMD in 4 yM and curcumin in 60 uM have
the same ability to inhibit cell proliferation in 24
h. MHMD is at least 10 folds more effective than
curcumin. Curcumin, together with its analogs, is
closely related to apoptosis. Our results gave evi-
dence for MHMD-induced visible apoptosis at
the concentration under 4 uM; though its regula-
tive pathways are unknown, MHMD is already
seemed to be a promising anticancer drug. Nev-
ertheless, higher concentrations in which necro-
sis is the major mode of cell death are probably
not delightful. It’s said that necrosis has proin-
flammatory and tumor promoting potential'!. In
that case, necrotic cell death may do more dam-
age than good in the end.

Conclusions

We revealed that MHMD induced cell death
through apoptosis and necrosis, rather than au-
tophagy, and MHMD could be as a novel poten-
tial anticancer potential agent.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (31101931 and 81172240), High-Level
Talents Fund from Henan University of Technology
(2010BS016) and Plan for Scientific Innovation Talent of
Henan University of Technology (11CXRC13), Plan for
Youth Backbone Teachers Cultivation of Henan University
of Technology (to Guangzhou Zhou).

Conflict of Interest

The Authors declare that they have no conflict of interests.

3138

References

1) RAVINDRAN J, PRASAD S, AGGARWAL BB. Curcumin and
cancer cells: how many ways can curry kill tumor
cells selectively? AAPS J 2009; 11: 495-510.

2) ViolA G, BorTtoLozzi R, HAMEL E, Moro S, BRUN P
CASTAGLIUOLO |, FERLN MG, Basso G. MG-2477, a
new tubulin inhibitor, induces autophagy through
inhibition of the Akt/mTOR pathway and delayed
apoptosis in A549 cells. Biochem Pharmacol
2012; 83: 16-26.

3) SHINoJIMA N, Yokovava T, Konbo S, Konpo Y. Roles
of the Akt/mTOR/p70S6K and ERK1/2 signaling
pathways in curcumin-induced autophagy. Au-
tophagy 2007; 3: 635-637.

4) THomas SL, ZHONG D, ZHou W, MALK S, LioTta D,
SNYDER JP HAMEL E, GIANNAKAKOU P. EF24, a novel
curcumin analog, disrupts the microtubule cy-
toskeleton and inhibits HIF-1. Cell Cycle 2008; 7:
2409-2417.

5) Sato A, Kubo C, YAMAKOSHI H, UEHARA Y, OHORI
H, IsHiokAa C, IwABUCHI Y, SHIBATA H. Curcumin
analog GO-Y030 is a novel inhibitor of IKKbeta
that suppresses NF-kappaB signaling and in-
duces apoptosis. Cancer Sci 2011; 102: 1045-
1051.

6) KANwAR SS, YU Y, NAUTIYAL J, PATEL BB, PADHYE S,
SARKAR FH, Masumpar AP. Difluorinated-curcumin
(CDF): a novel curcumin analog is a potent in-
hibitor of colon cancer stem-like cells. Pharm Res
2011; 28: 827-838.

7) FAIAO-FLORES F, SuAREzZ JA, PArDI PC, MARIA DA. DM-
1, sodium 4-[5-(4-hydroxy-3-methoxyphenyl)-3-
oxo-penta-1,4-dienyl]-2-methoxy-phenolate: a
curcumin analog with a synergic effect in combi-
nation with paclitaxel in breast cancer treatment.
Tumour Biol 2012; 33: 775-785.

8) SHIBATA H, YAmAKOSHI H, SATO A, OHORI H, Kakupo Y,
Kubo C, TAKAHASHI Y, WATANABE M, TAKANO H, IsHIO-
kA C, NopA T, IwasucH! Y. Newly synthesized cur-
cumin analog has improved potential to prevent
colorectal carcinogenesis in vivo. Cancer Sci
2009; 100: 956-960.

9) MUKHOPADHYAY A, BANERJEE S, STAFFORD LJ, Xia C, Liu
M, AGGARWAL BB. Curcumin-induced suppression
of cell proliferation correlates with down-regula-
tion of cyclin D1 expression and CDK4-mediated
retinoblastoma protein phosphorylation. Onco-
gene 2002; 21: 8852-8861.

10) O’SuLLIVAN-CoYNE G, O'SuLLivAN GC, O'DONOVAN
TR, Piwocka K, McKENNA SL. Curcumin induces
apoptosis-independent death in oesophageal
cancer cells. Br J Cancer 2009; 101: 1585-1595.

11) HanaAHAN D, WEINBERG RA. Hallmarks of cancer:
the next generation. Cell 2011; 144: 646-674.



