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Abstract The presence of the substituents in the ortho
position of the aromatic ring(s) is helpful to strenghen the
biological activity, highlighting a so-called ortho effect. In
this paper, we synthesized six mono-carbonyl curcumin
analogs with the fluorine group, which imparts a variety of
properties to certain medicines. Then, the cytotoxicity
against A549 and NCI-H460 cells was evaluated by the
MTT assay. The results exhibited that 1d surfaced as an
important lead compound displaying almost 13-fold cyto-
toxicity relative to curcumin against A549 cells. More
importantly, 1d was more stable and more massive uptake
than curcumin, which may be relationship to their cyto-
toxicity, apoptotic acitivity and reactive oxygen species
generation. The generation of reactive oxygen species is
associated with falling apart in the redox buffering system,
and subsequently induces lipid peroxidation, collapse of the
mitochondrial membrane potential and ultimately leads to
apoptosis. These data indicated that ortho effect and leading
fluorine into medicine molecular are successful strategy to
improve anticancer activity of mono-carbonyl curcumin
analogs.
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Introduction

Curcumin, a naturally occurring hydrophobic polyphenol
abundantly found in turmeric, has attracted a particular
interest in the area of cancer chemoprevention and che-
motherapy (Reuter et al. 2008). In the last few decades,
curcumin has been reported to influence multiple signaling
molecules, such as protein reductase, cell survival protein,
inflammatory molecules and so on, owing to its molecular
structure and functionality (Gupta et al. 2011; Anand et al.
2008a, b). Chemically, curcumin contains electrophilic
Michael acceptor pharmacophore, two hydroxyl groups,
two methoxy groups and an active methylene Michael
donor unit (Anand et al. 2011). However, high metabolic
instability and low bioavailability significantly limit the
clinical application of curcumin (Anand et al. 2007). This
prompted interest in designing new analogs to improve the
flaws (Mosley et al. 2007; Anand et al. 2008a, b). Among
them, a series of diarylpentanoids with two identical aro-
matic ring region separated by five carbon spacers, has
shown much more stability in vitro and improved pharma-
cokinetic profiles in vivo (Kudo et al. 2011; Yamakoshi
et al. 2010; Liang et al. 2009; Ohori et al. 2006; Adams
et al. 2004).

Drug candidates with one or more fluorine atoms have
become commonplace. The chief advantage of fluorine, as
fluoro-substituted aryl compounds, is that it imparts a
variety of properties to certain medicines, including
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enhanced binding interactions, metabolic stability, changes
in physical properties, and selective reactivity (Hagmann
2008). On the other hand, the position of the substituents on
the aromatic ring(s) is critically important for their biolo-
gical activity. For example, the presence of a ortho hydro-
xyl group strengthen significantly the cytotoxicity of
cinnamaldehydes (Chew et al. 2010) and chalcones (Gan
et al. 2013), and the potency of curcumin analogs in indu-
cing phase II enzymes (Dinkova-Kostova et al. 2001). The
phenomenon, the presence of the substituents in the ortho
position of the aromatic ring(s) is helpful to strengthen the
biological activity, is highlighing a so-called ortho effect.
Our previous work (Dai et al. 2015; Liu et al. 2016) also
reported that the “ortho effect” could obviously increase the
cytotoxicity of the mono-carbonyl curcumin analogs. This
also indicated that the “ortho effect” may be a successful
stragety to improve the anticancer activity of mono-
carbonyl curcumin analogs. Inspired by the above
remarks, we design and synthesized six mono-carbonyl
curcumin analogs with the presence of ortho fluorine group
(Fig. 1). Further, we evaluated their cytotoxicity against
human cancer cells using standard 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
explored the apoptotic mechanism associated with curcumin
analogs.

Materials and methods

Materials

Roswell Park Memorial Institute (RPMI)-1640 was from
GIBCO. MTT, rhodamine 123, 2′,7′-dichlorofluorescein
diacetate, the reduced (GSH) and oxidized (GSSG) glu-
tathione, glutathione reductase (GR), N-acetylcysteine
(NAC), 2-vinylpyridine (97%), and thiobarbituric acid
were obtained from Sigma. All other chemicals were of the
highest quality available.

Synthesis of the curcumin analogs

General procedure for the synthesis of 1a–1e

The mono-carbonyl curcumin analogs were synthesized
according to the published procedure (Weber et al. 2005).
Briefly, aqueous NaOH (20 wt%, 5 ml) was added dropwise
to a vigorously stirred solution of 2-fluorine benzadehyde
(51 mmol) and ketone (actone, cyclopentanone, cyclohex-
anone, piperid-4-one, and 1-methylpiperid-4-one) (25
mmol) in ethanol (8 ml). After 24 h stirring at room tem-
perature, distilled water (40 ml) was added to the reaction
mixture followed by the neutralization with HCl. The pre-
cipitating yellow solid was filtered off, washed with dis-
tilled water and dried under vacuum. The crude products
were directly charged onto a silica gel column and eluted
with a mixture of ethyl acetate/petroleum to afford the pure
product. Their structures were confirmed by 1H and 13C
nuclear magnetic resonance (NMR) spectroscopy.

Synthesis of 3,5-bis(2-fluorobenzylidene)-4-piperidone (1f)

To a mixture of 3,5-bis(2-fluorobenzylidene)-4-piperidone
(3.5 mmol) and K2CO3 (3.5 mmol) in acetone (10 ml) in an
ice bath, acryloyl chloride (5.3 mmol) was added dropwise
under stirring. The reaction was continued for 24 h at
ambient temperature. After completion of the reaction, by
monitoring with thin layer chromatography (TLC), the
reaction mixture was poured into ice and extracted three
times with EtOAc. The combined organic layers were
washed with H2O, then dried over Na2SO4, and the solvent
was removed in vacuo. The crude products were purified by
silica gel column chromatography eluting with ethyl acet-
ate/petroleum (Kia et al. 2013).

1,5-Bis(2-fluorophenyl)-penta-1,4-dien-3-one (1a) Yield:
71.4%; yellow solid; Rf= 0.34 (petroleum ether/EtOAc
(10:1)); m.p. 65–69 °C; 1H NMR (400MHz, CDCl3), δ 7.85

Fig. 1 Molecular structures of
curcumin and its mono-carbonyl
analogs
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(d, J= 16.4 Hz, 2H, Ar–CH=C× 2), 7.62 (dt, J= 7.6, 1.6
Hz, 2H, Ar–H6× 2), 7.37–7.42 (m, 2H, Ar–H4× 2),
7.12–7.23 (m, 6H, Ar–H3× 2, Ar–H5× 2, =CH–CO–×
2); 13C NMR (100MHz, CDCl3), δ 189.0 (C, C=O), 162.9
(C, C-2), 160.4 (C, C-2), 136.1 (C, Ar–C), 131.9 (C, C-4),
129.4 (C, C-6), 127.6 (C, C-5), 124.5 (C, =CH–CO), 122.9
(C, C-1), 116.4 (C, C-3) (Liu et al. 2016, CAS: 914295-38-
8).

2,5-Bis(2-fluorobenzylidene)-cyclopentanone (1b) Yield:
64.7%, light yellow solid; Rf= 0.25 (petroleum ether/
EtOAc (8:1)); m.p. 204–207 °C; 1H NMR 400MHz
(CDCl3), δ 7.82 (s, 2H, Ar–CH=C× 2), 7.57 (t, J= 8.0 Hz,
2H, Ar–H6× 2), 7.35–7.40 (m, 2H, Ar–H4× 2), 7.17 (t, J
= 8.0 Hz, 2H, Ar–H5× 2), 7.12 (t, J= 8.0 Hz, 2H,
Ar–H3× 2), 3.06 (s, 4H, CH2–CH2)

13C NMR (100MHz,
CDCl3), δ 195.5 (C, C=O), 163.0 (C, C-2), 160.5 (C, C-2),
138.9 (C, Ar–C), 131.0 (C, =CH–CO), 130.1 (C, C-4),
125.7 (C, C-6), 124.0 (C, C-5), 116.0 (C, C-1), 115.8 (C, C-
3), 26.5 (C, C–C) (Liang et al. 2009, CAS: 1158188-88-5).

2,6-Bis(2-fluorobenzylidene)-cyclohexanone (1c) Yield:
80.0%, yellow powder; Rf= 0.23 (petroleum ether/EtOAc
(8:1)); m.p. 97–100 °C; 1H NMR 400MHz (CDCl3), δ 7.83
(s, 2H, Ar–CH=C× 2), 7.31–7.40 (m, 4H, Ar–H6× 2,
Ar–H4× 2), 7.17 (t, J= 8.0 Hz, 2H, Ar–H5× 2), 7.09 (t, J
= 8.0 Hz, 2H, Ar–H3× 2), 2.80 (t, J= 4.0 Hz, 4H,
CH2–CH2–CH2), 1.75–1.81 (m, 2H, CH2–CH2–CH2);

13C
NMR 100MHz (CDCl3), δ 189.6 (C, C=O), 162.1 (C, C-
2), 159.6 (C, C-2), 138.2 (C, Ar–C), 130.7 (C, =CH–CO),
130.3 (C, C-4), 129.7 (C, C-6), 123.7 (C, C-5), 115.9 (C, C-
1), 115.6 (C, C-3), 28.5 (C, CH2–CH2–CH2), 23.0 (C, CH2–

CH2–CH2) (Liang et al. 2009, CAS: 1158188-80-7).

3,5-Bis(2-fluorobenzylidene)-4-piperidone (1d) Yield:
63.5%, light yellow solid; Rf= 0.25 (petroleum ether/
EtOAc (1:1)); m.p. 138–142 °C; 1H NMR 400MHz
(CDCl3), δ 7.87 (s, 2H, Ar–CH=C× 2), 7.34–7.40 (m, 2H,
Ar–H6× 2), 7.26–7.29 (m, 2H, Ar–H4× 2), 7.16 (t, J= 8.0
Hz, 2H, Ar–H5× 2), 7.11 (t, J= 8.0 Hz, 2H, Ar–H3× 2),
4.04 (s, 4H, CH2–NH–CH2);

13C NMR 100MHz (CDCl3),
δ 187.3 (C, C=O), 162.1 (C, C-2), 159.6 (C, C-2), 136.5 (C,
Ar–C), 131.0 (C, =CH–CO), 130.9 (C, C-4), 128.9 (C, C-
6), 123.0 (C, C-5), 116.0 (C, C-1), 115.8 (C, C-3), 48.1
(C–NH–C), 48.0 (C–NH–C) (Wu et al. 2013, CAS:
342808-40-6).

3,5-Bis(2-fluorobenzylidene)-1-methyl-4-piperidone (1e)
Yield: 60.6%, yellow powder; Rf= 0.37 (petroleum ether/
EtOAc (4:1)); m.p. 136–140 °C; 1H NMR 400MHz
(CDCl3), δ 7.90 (s, 2H, Ar–CH=C× 2), 7.34–7.39 (m, 2H,
Ar–H6× 2), 7.27 (t, J= 8.0 Hz, 2H, Ar–H4× 2), 7.17 (t, J
= 8.0 Hz, 2H, Ar–H5× 2), 7.10 (t, J= 8.0 Hz, 2H,

Ar–H3× 2), 3.65 (s, 4H, CH2–NH–CH2), 2.41 (s, 3H,
–CH3);

13C NMR 100MHz (CDCl3), δ 186.0 (C,
C=O),162.1 (C, C-2), 159.6 (C, C-2), 134.7 (C, Ar–C),
130.9 (C, =CH–CO), 130.7 (C, C-4), 129.5 (C, C-6), 123.9
(C, C-5), 116.0 (C, C-1), 115.8 (C, C-3), 56.9 (C,
CH2–NH–CH2), 45.5 (C, N–CH3), (Wu et al. 2013, CAS:
1434133-36-4).

1-Acryloyl-3,5-Bis(2-fluorobenzylidene)-4-piperidone
(1f) Yield: 65.8%, yellow powder; Rf= 0.42 (petroleum
ether/EtOAc (1:1)); m.p. 121–124 °C; 1H NMR 400MHz
(CDCl3), δ 7.89 (d, J= 16.0 Hz, 2H, Ar–CH=C× 2),
7.17–7.42 (m, 8H, Ar–H6× 2, Ar–H4× 2, Ar–H5× 2,
Ar–H3× 2), 6.15–6.28 (m, 2H, CH=CH2), 5.55 (dd, J=
8.0, 4.0 Hz, 1H, CH=CH2), 4.66–4.85 (m, 4H, CH2–NH–
CH2);

13C NMR 100MHz (CDCl3), δ 185.9 (C, C=O),
165.5 (C, CH2–CH–C=O), 133.3 (C, C-2), 131.6 (C,
Ar–C), 130.9 (C, =CH–CO), 130.7 (C, CH=CH2), 130.4
(C, C-4), 128.9 (C, C-6), 126.5 (C, CH=CH2), 124.3 (C, C-
5), 122.4 (C, C-1), 116.0 (C, C-3), 46.6 (C–NH–C), 43.8
(C–NH–C) (Kia et al. 2013, CAS: 1428474-91-2).

Cell culture

Human lung cancer cells (NCI-H460) and human lung
carcinoma cells (A549) were obtained from the Shanghai
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences, and were cultivated in RPMI 1640 at
37 °C in a humidified atmosphere with 5% CO2.

MTT assay

A549 and NCI-H460 cells were seeded at a density of 3×
103/well in 96-well plates and incubated for 24 h. Then cells
were treated for another 48 h with compounds at the
selected concentration before the MTT assay.

Stability assay

Stability of curcumin and 1d (10 μM) in RPMI 1640 sup-
plemented with 10% (v/v) heat-inactivated fetal calf serum
at 25 °C (The common international guideline for long-term
stability studies specifies 25± 2 °C (ICH Harmonized Tri-
partite Guideline 2003)) was monitored at their band max-
imum for 120 min (at 10-min intervals) by using a
multiwall-plate reader.

Cell apoptosis analysis

A549 cells (3× 105 cells/well) were seeded into six-well
plates. On the following day, the cells were treated with
curcumin or 1d for another 24 h. The treated cells were

Med Chem Res



collected and labeled with Annexin V-FITC/PI according to
the manufacturer’s instructions. A total of 5000 cells per
sample were collected and analyzed by flow cytometry.

Intracellular reactive oxygen species (ROS)
measurement

Intracellular ROS levels were determined according to 2′,7′-
dichlorofluorescein fluorescence assay as described pre-
viously (Liu et al. 2016). A549 cells (3× 105 cells/well)
were cultured in six-well and allowed to grow for 24 h.
After 6 h of treatment with the test compounds in the
absence or presence of GSH or NAC, A549 cells were
incubated with 3 μM DCFH-DA for 30 min at 37 °C in the
dark. Then the cells were washed with PBS and analyzed
immediately for 2′,7′-dichlorofluorescein fluorescence
intensity by flow cytometry.

Uptake and metabolic stability assay

A549 cells (3× 105 cells/well) were seeded into six-well
plates. On the following day, the cells were treated with
curcumin or 1d for 0.5, 1, 2, 4, or 6 h, followed by washing
twice with ice-cold PBS. They were extracted with ice-cold
methanol (1 ml/well) for 10 h at 4 °C. Then the suspension
was centrifuged for 5 min (9400×g, at 4 °C), and the
supernatant was then scanned using a UV/Visible spectro-
photometer (Dai et al. 2015).

Measurement of GSH and GSSG levels

A microtiter plate assay for total GSH and GSSG content in
A549 (3× 105 cells/well) was performed by the glutathione
reductase-DTNB recycling assay (Vandeputte et al. 1994),
and the related details were described in our previous papers
(Liu et al. 2016).

Determination of thiobarbituric acid-reactive substance

Lipid peroxidation was measured according to the protocol
as described previously (Dai et al. 2015). A549 cells were
cultured at a density of 3× 105 cells/well in six-well and
allowed to grow for 24 h. After treatment with the test
compounds at the indicated concentrations for 15 h, A549
cells were harvested. Then the cells were resuspended in
200 μl ice-cold water and lysed by three cycles of freezing
and thawing. The absorbance of resulting supernatants was
read at 532 nm, and lipid peroxidation was expressed as
MDA equivalence (pmol MDA/mg protein)

Analysis of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was mea-
sured following the details described as our previous work
(Dai et al. 2015). A549 cells (3× 105 cells/well) were
seeded into six-well plates and allowed to grow for 24 h.
After 12 h of treatment with the test compounds in the
absence or presence of GSH or NAC, A549 cells were
incubated with 5 μM Rhodamine 123 for 30 min at 37 °C
and analyzed using a flow cytometry.

Statistical analysis

Data were expressed as the mean ± SD of the results
obtained from at least three independent experiments. Sig-
nificant differences (P< 0.05) between the means of two
groups were analyzed by Student’s t-test.

Results and discussion

Synthesis

Compounds proposed in this work were synthesized
employing a previously described procedure (Weber et al.
2005; Kia et al. 2013) (Fig. 1). 1a–1e were synthesized via
Aldol condensation from commercially available 2-fluorine
benzadehyde and different ketone at moderate to good yield
(Fig. 1) after purification by silica gel column chromato-
graphy. 1f was synthesized by 1e and acryloyl chloride at
room temperature under dry air until TLC analysis showed
complete conversion (Kia et al. 2013). The desired product
was obtained at 65.8% yield after silica gel filtration. All
compounds were characterized by 1H NMR and 13C NMR.

Cytotoxicity and SAR

It has been reported that mono-carbonyl curcumin possesses
a wild-spectrum of anti-cancer properties (Liang et al. 2009;
Wu et al. 2013). The mono-carbonyl curcumin, containing a
piperid-4-one structure, effectively inhibited the prolifera-
tion of prostate cancer cells and breast cancer cells (Adams
et al. 2005). Therefore, MTT assays were used to assess the
antiproliferative effect of curcumin and its analogs on A549
and NCI-H460 cancer cells. The IC50 values listeded in
Table 1 allowed us to identify the following SAR. (1)
Almost all of the mono-carbonyl curcumin analogs with the
ortho fluorine substituents were stronger than that of the
leading curcumin. Especially, 1d (3,5-bis(2-fluor-
obenzylidene)-4-piperidone) was about 13-times more
active than curcumin against A549 cells. This result may be
owing to the “ortho effect” and the much more stability of
1d in RPMI 1640 supplemented with 10% (v/v) heat-
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inactivated fetal calf serum than curcumin (Fig. 2). The
stragety, deleting the β-diketone moiety could enhance the
stability of curcumin, has been reported by Liang et al.
(2009). (2) Notably, the compound 1d exhibited the strongest
cytotocity against A549 cells. This result may be related to

the 4-piperidone pharmacophore, which display a broad-
spectrum of biological activity (Nunes et al. 2016), including
anticancer, antimicrobial and anti-inflammatory. (3) More
importantly, 1e and 1f showed potent cytotocity against
A549 and NCI-H460 cancer cells. 1d showed
good inhibitory activity against A549 cells with low IC50

value (4.2 µM), whereas low cytotoxicity against NCI-H460
cells with high IC50 value (>100 µM). This phenomenon
may be due to the 4-piperidone pharmacophore. Zou
et al. (2016) also reported that 1dwas identified as selectively
toxic to cancer cells. Therefore, 1d was selected for further
investigation of anti-cancer mechanisms against A549 cells.

Induction of apoptosis

It is known that apoptosis assay may provide important
information to preliminary investigation of the mode of
action. In the previous study (Zou et al. 2016), 1d
could induce the apoptosis of SGC-7901 and BGC-823
cells. Therefore, we detected the apoptosis-inducing
activity of 1d using flow cytometry. As illustrated in Fig.
3, 1d was a potent inducer of apoptosis in the dose-
dependent way. Treatment with 50 μM 1d for 24 h resulted

Fig. 2 Stability assessment on curcumin (10 μM) and 1d (10 μM) in
RPMI 1640 supplemented with 10% (v/v) heat-inactivated fetal calf
serum at 25 °C by monitoring the decrease in their maximun
absorbance

Table 1 Cytotoxicity of curcumin and its analogs against A549 and NCI-H460 cells.

a The IC50 value is the concentration of a compound tested to cause 50% inhibition of cell viability after 48 h of treatment, and is expressed as the
mean± SD for three determinations

Med Chem Res



in 48.1% late apoptotic cells. This result suggest that the
anti-cancer effect of 1d is associated with the induction of
A549 cell apoptosis.

Intracellular ROS generation

ROS generation has been implicated as an upstream signal
that can trigger signaling transduction culminating in
apoptosis (Pelicano et al. 2004). In the previous report (Wu
et al. 2017), 1d analog could induce apoptosis of lung
cancer cell by promoting the generation of ROS. So, 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) as a fluorescent
probe was used to measure ROS generation. As shown in
Fig. 4, 1d caused a substantial increase in the ROS level in a
dose-dependent fashion. Especically, 1d induced sig-
nificantly higher ROS accumulation than curcumin. More
importantly, treatment with 30 μM 1d for 6 h, the maximum
ROS accumulation with a six-fold increase relative to the
control. The high ROS-generation ability should be
responsible for the better cytotoxicity of 1d. The results also
indicated that there may be a tight link among the ROS-
generating ability, cytotoxicity and apoptosis-inducing
activity. As expected, both GSH and NAC substantially
reduced the ROS generation induced by 30 μM 1d in
A549 cells. The results further indicated that the ROS
generation is the key regulator of 1d-induced apoptosis and
cytotoxicity.

Cell uptake

The stability of mono-carbonyl analogs were greatly
enhanced in vitro and their pharmacokinetic profiles were
also significantly improved in vivo (Liang et al. 2009). The
introduction of fluorine into a molecule can also enhance its
metabolic stability (Hagmann 2008). We next compared the
cellular uptake of 1d and curcumin in A549 cells to explain
the stronger cytotoxicity, ROS-generation ability and

Fig. 3 Flow cytometric analysis
for apoptotic induction of A549
cells treated with curcumin and
1d for 24 h. Each experiment
was performed in triplicate

Fig. 4 Effects of GSH (5 mM) and NAC (5 mM) on the ROS gen-
eration induced by 1d at the indicated concentrations against A549
cells. Each experiment was performed in triplicate
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apoptotic activity induced by 1d. As illustrated in Fig. 5,
curcumin was well absorbed to reach a peak value after 30
min of incubation, but it was rapidly metabolized for 6 h.
Nevertheless, 1d reached a peak value after 2 h of incuba-
tion and was fairly stable for 4 h. This result was in
accordance with the ROS-generating ability and the cyto-
toxicity of curcumin and 1d. It was also emphasized that
incorporating of fluorine group and 4-piperidone pharma-
cophore into small molecules could effectively enhance its
biological activity. Taken together, the higher uptake of 1d
may partly explain the better cytotoxic activity of 1d than
curcumin.

Determination of redox balance in NCI-H460 cell

A sustained flux of ROS usually resulted in an imbalance of
intracellular redox state, which was estimated by the ratio of
GSH and its disulfide GSSG (Klaunig and Kamendulis
2004). Adams et al. (2005) reported that 1d significantly
decreased the intracellular GSH content in HT29 human
colon adenocarcinoma cells. Therefore, we tested the
changes of the ratio of GSH and GSSG that induced by 1d.
As shown in Fig. 6, the ratios of GSH/GSSG were sharply
decreased in a dose-dependent fashion after treatment with
1d at the indicated concentrations. Especially, after treat-
ment with 30 μM 1d for 6 h, the ratio of GSH/GSSG with a
two-fold decrease relative to the control. This result indi-
cated that 1d not only elevated the ROS generation, but also
disrupted the redox state of the A549 cells. Notably, a
comparison of Fig. 4 with Fig. 6 clearly indicates that the
ROS generation and collapse of intracellular redox buffer-
ing system induced by 1d occur almost simultaneously. The
results also indicated that there may be a relationship
between the collapse of the redox buffering system and the
ROS generation.

Lipid peroxidation

The major components of plasma membrane lipids are
vulnerable to the attack of ROS and resulting in lipid per-
oxidation, which was increased as measured the amount of
MDA. Combined 1d and rapamycin could increase the level
of lipid peroxidation product in tumor tissues (Chen et al.
2016). Exposure of the cells to 1d at the indicated con-
centration for 15 h, we found that the malondialdehyde
levels were significantly increased in a dose-dependent
fashion (Fig. 7). This result also indicated that 1d promoted
the ROS generation. Especially, after treatment with 30 μM
1d for 15 h, the amount of MDA with about one-fold
increase relative to the control.

The loss of MMP

Disruption of MMP is one of the earliest events in apoptosis
(Lopez and Tait 2015). Curcumin has been demonstrated to
induce mitochondrial depolarization (Morin et al. 2001). 1d
could also induce a depolarization of mitochondrial mem-
brane potential in human breast cancer cells and human
prostate cancer cells (Adams et al. 2005). In order to
determined the involvement of mitochondrial in 1d medi-
ated apoptosis in A549 cells, we monitored the changes on
mitochondrial membrane potential with Rhodamine 123 by
flow cytometry. Exposure of the cells to 1d and curcumin at
the indicated concentrations, we found that 1d was more
active than curcumin in the collapse of mitochondrial
membrane potential. It is a remarkable fact that 1d exhibited
perfect dose-dependent fashion (Fig. 8). These results
indicated that treatment of 1d against A549 cells triggers the
loss of MMP. As expected, the addition of glutathione or N-

Fig. 5 Cellcular uptake of curcumin and 1d (30 μM) estimated by
absorbance measurement of methanol-extracted cell lysates as a
function of the incubation period Fig. 6 The changes of GSH/GSSG ratios in A549 cells after treatment

with 1d at the indicated concentrations for 6 h. Each experiment was
performed in triplicate
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acetylcysteine remarkably blocked the loss of mitochondrial
membrane potential induced by 30 μM 1d. The results also
indicated that ROS production may be the upstream reg-
ulator in mitochondrial deficit.

Conclusions

In conclusion, we design and synthesized six mono-carbonyl
curcumin analogs with the presence of ortho fluorine group,
which imparts a variety of properties to certain medicines,
and evaluated their cytotoxicity against A549 and NCI-H460
cells by the MTT assay. Compound 1d surfaced as a potent
lead compound displaying the most potent cytotoxicity. More
importantly, 1d showed good inhibitory activity against
A549 cells, whereas low cytotoxicity against NCI-H460
cells. Mechanistic investigation reveals that the compound
could effectively promote the ROS generation. The ROS
generation is closely related with the imbalance of redox
buffering system, and subsequently causes lipid peroxidation
and loss of mitochondrial membrane potential, ultimately
leading to cell apoptosis (Fig. 9). The more cytotoxic activity
and ROS-generating ability of 1d may be origin from its
more stablity, more massive uptake and the 4-piperidone
pharmacophore. This work further indicated that ortho effect
and incorporating of fluorine into medicine molecular are
successful strategy to improve anticancer activity of mono-
carbonyl curcumin analogs.
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Fig. 7 MDA concentrations of A549 cells was determined after
treatment with 1d at the indicated concentrations for 15 h. Values are
expressed as MDA equivalents (pmol)/ mg protein. Each experiment
was performed in triplicate

Fig. 8 Effects of GSH (5 mM) and NAC (5 mM) on the loss of
mitochondrial membrane potential induced by 1d at the indicated
concentrations in A549 cells for 12 h. Each experiment was performed
in triplicate

Fig. 9 Curcumin analog 1d
induce reactive oxygen species-
mediated apoptosis in A549
cells
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