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Curcumin has a surprisingly wide range of chemo-preventive and chemo-therapeutic activities and is
under investigation for the treatment of various human cancers. However, the clinical application of cur-
cumin has been significantly limited by its instability and poor metabolic property. Although a number of
synthetic modifications of curcumin have been studied intensively in order to develop a molecule with
enhanced bioactivities, few synthetic studies were done for the improvement of pharmacokinetic pro-
files. In the present study, a series of mono-carbonyl analogues of curcumin were designed and synthe-
sized by deleting the reactive B-diketone moiety, which was considered to be responsible for the
pharmacokinetic limitation of curcumin. The results of the in vitro stability studies and in vivo pharma-
cokinetic studies indicated that the stability of these mono-carbonyl analogues was greatly enhanced
in vitro and their pharmacokinetic profiles were also significantly improved in vivo. Furthermore, the
cytotoxic activities of mono-carbonyl analogues were evaluated in seven different tumor cell lines by
MTT assay and the structure-activity relation (SAR) was discussed and concluded. The results suggest
that the five-carbon linker-containing analogues of curcumin may be favorable for the curcumin-based

drug development both pharmacokinetically and pharmacologically.

© 2009 Published by Elsevier Ltd.

1. Introduction

Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadi-
ene-3,5-dione] is a yellow compound isolated from the rhizome
of the herb Curcuma longa L., which has been used for centuries
as a dietary pigment, spice, and traditional medicine in India and
China.!? Recent clinical studies reported that curcumin could be
orally administered up to 12 g/day without any toxic effect in hu-
mans.? During the last two decades, numerous studies have shown
that curcumin possesses multifunctional pharmacological proper-
ties including inducing apoptosis in a variety of tumor cells.*~° Sev-
eral clinical trials of curcumin are currently conducted in patients
with pancreatic cancer, multiple myeloma, rheumatoid arthritis,
cystic fibrosis, inflammatory bowel disease, psoriasis, and other
disorders.'®

Although curcumin is remarkably non-toxic and has promising
anti-inflammation and anti-cancer activities, preclinical and clini-
cal studies indicate that its poor bioavailability and pharmacoki-
netic profiles due to its instability under physiological conditions
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have limited its application in anti-cancer therapies.!®"'? For
example, in a phase I trial, the concentrations of curcumin in plas-
ma and target tissues were as low as 11.1 nM and 1.3 pM, respec-
tively, even with an oral administration of 3.6 g/day'?!> Evidences
from both in vitro and in vivo studies show that the B-diketone
moiety is responsible for the instability and weak pharmacokinetic
profiles of curcumin.!® In vitro, curcumin is unstable at a pH above
6.5 because of the highly reactive p-diketone moiety in the struc-
ture of curcumin.'®!® And in vivo, recent studies indicate that
the pB-diketone moiety appears to be a specific substrate of a series
of aldo-keto reductases'’"'® and can be decomposed rapidly
(Fig. 1).

During the last decade, synthetic modifications of curcumin,
which were aimed at enhancing its bioactivities, have been inten-
sively studied. However, few of these studies were focused on the
improvement of its pharmacokinetic profiles. It is suggested that
the stability and metabolic profiles of curcumin could be enhanced
by deleting the p-diketone moiety. Although previous studies sug-
gest that the presence of the p-diketone moiety may be necessary
for the biological activities of curcumin, recent studies from several
independent groups demonstrated that some curcumin analogues
containing a 5-carbon enone spacer without p-diketone either re-
tained or increased growth-suppressive activities against several
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Curcumin

Figure 1. Chemical structure of curcumin, where the o,B-unsaturated p-diketone (heptadiene-dione) moiety, undergoing keto-enol tautomerism and forming a hydrogen
bond-containing 6-membered ring, may play a important role in the instability and weak pharmacokinetic profile of curcumin.

cancer cells.?®?! Qur previous studies also showed that some
mono-carbonyl analogues of curcumin without the B-diketone
moiety exhibited better anti-bacterial?? and anti-inflammatory?3
activities than those of curcumin. In the present study, we de-
signed and synthesized a series of B-diketone-excluding mono-car-
bonyl analogues of curcumin which exhibited enhanced stability
in vitro and greatly improved pharmacokinetic profiles in vivo.
Further in vitro cell-killing evaluation in seven different cancer
cells showed that some analogues possessed higher cytotoxic
activities than that of their leading compound. We also discussed
the possible cytotoxic structure-activity relation (SAR) of these
5-carbon spacer-containing analogues using three different 5-car-
bon linkers: cyclopentanone (A), acetone (B), and cyclohexanone
(C) and various substitutes on the aryl rings.

2. Results and discussion
2.1. Chemistry

As we previously reported,?? the synthesis of compounds 1 and
2 (shown in Fig. 2) started from the protection of 4-hydroxybenz-
aldehyde with tetrahydropyran-2-yl to afford protected com-
pounds. Compounds 14 and 16 were synthesized by aldol
condensation of the protected compound with acetone (B), cyclo-
pentanone (A), and cyclohexanone (C). Compounds 1 (or 2) were
subsequently obtained by hydrolysis of 14 (or 15) using a catalytic
amount of p-toluenesulfonic acid and compounds 11 (or 10) were
obtained by further etherification with allyl bromide. Other com-
pounds were synthesized by direct coupling of p-fluorobenzald-
hyde with the three ketones in alkaline media (shown in Fig. 2).
The synthesis and structures of heterocyclic analogues are shown
in Table 3. The yield, melt point, and spectral analysis in '"H NMR
and MS of these compounds are shown in Section 4. The diaryl
structure is confirmed by the absence of methyl protons in the
'H NMR spectra of A-class compounds and the absence of two
methylene protons in the spectra of B- and C-class compounds.

2.2. Stability of analogues in vitro

The hydrolytic stabilities of the curcumin analogues were inves-
tigated in buffered 0.3% CMCNa solution at pH 7.4 and 37 °C in so-
dium dihydrogen phosphate buffer. The data shown in Figure 3
represent the distribution of the degradation degree of curcumin
and 20 analogues after being kept in buffer for 75 h. In the condi-
tions above, more than 64% of curcumin degraded, while all of the
analogues degraded much less than curcumin with different distri-
bution on a scale of 0-60%. Four compounds still retained more
than 90% of the original content after 75 h in pH 7.4 buffer. In a re-
cent report, Wang and coworkers'® found that 92% of curcumin de-
graded when added to a 0.1 M phosphate buffer with pH 7.2 for
30 min. Tomren'® also showed a half-life of 10.5 h when curcumin
was kept in pH 8.0 buffer containing 10% cyclodextrins. It can be
postulated that the hydrolytic degradation starts with an attack
from the nucleophilic OH™ ion on the carbonyl carbon in the
keto-enol form of the B-diketone moiety in curcumin. The main

hydrolytic degradation products and mechanisms have been iden-
tified previously.'® Our data showed that the analogues lacking the
B-diketone moiety were much more stable in the pH 7.4 situation.
As a result, the stability of curcumin could be enhanced through
deleting the B-diketone moiety.

2.3. Pharmacokinetic profiles of analogues in vivo

The in vivo pharmacokinetic data showed improved pharmaco-
kinetic profiles of our p-diketone-deleted analogues of curcumin.
We used the compound B02, which only lacks the B-diketone in
the structure compared with curcumin, B33 and curcumin for
pharmacokinetic study in rats. After oral administration at a dose
of 500 mg/kg, respectively, 0.5 ml blood was obtained from fossa
orbitalis veniplex of rats at 0.083, 0.25, 0.5, 1, 2, 4, and 8 h. HPLC
was used to determine the concentration of each compound in
plasma and the DAS software was used for the non-compartmental
pharmacokinetic analysis of the plasma concentration-time data.
The detailed chromatographic conditions, HPLC methodology, line-
arity, accuracy, and precision are shown in the Supplemental file.
The methodological data showed excellent chromatographic spec-
ificity and no interference from blank plasma in these three com-
pounds (shown in Figure S1). The calibration curves of three
compounds were presented in Figure S2 with coefficient of corre-
lation R, =0.9998 (curcumin), 0.9997 (B02), and 0.9992 (B33).
Good inter-day and intra-day precision (SD < 5% in all concentra-
tion, n=3) and high extraction efficiency (recovery > 95%, n =3)
were shown in Tables S1 and S2.

The mean (+SD) plasma concentration-time curves of curcu-
min, BO2 and B33 in the plasma of healthy rats (n = 4) are shown
in Figure 4. The pharmacokinetic parameters were presented in Ta-
ble 1. With 500 mg/kg oral administration, the peak concentration
of curcumin reached only 0.091 pg/ml and decreased to as low as
0.04 pg/ml 2 h after administration. The deletion of B-diketone en-
hanced the peak concentration of B02 to 0.82 pg/ml, and B33, the
2’-bromo substituted mono-carbonyl reach a much higher plasma
concentration of 4.1 pg/ml. Furthermore, there was an apparent
decrease of clearance (CL) comparing curcumin (835.2 L/kg/h) with
B02 (125.4 L/kg/h) and B33 (38.98 L/kg/h). The differences in the
total amount of compounds in plasma, represented by the area un-
der the curve (AUC), also exhibited large increases from curcumin
to mono-carbonyl analogues. Additionally, the half-life of BO2 was
increased twice more than that of curcumin; and there was a quick
absorption of compound B33. In summary, our results in pharma-
cokinetics indicate, to some extent, that the deletion of B-diketone
significantly decreases the degree and speed of metabolism of
curcuminoids, and the mono-carbonyl analogues of curcumin
may possess much better pharmacokinetic profiles than curcumin.

2.4. Cytotoxic properties against tumor cells and structure-
activity relation (SAR)

It has been reported that curcumin possesses a wide-spectrum
of anti-tumor properties.*"® The cytotoxicity against seven human
tumor cell lines of present mono-carbonyl analogues, including
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Figure 2. Structures and synthesis of present compounds. Reagents and conditions: (i) 3,4-dihydro-o-pyran, pyridine-PTSA, CH,Cl,, rt; (ii) acetone, cyclopentanone or
cyclohexanone, NaOH/EtOH, rt; (iii) PTSA, MeOH, rt; (iv) allylbromide, K,COs/acetone, reflux.

BG(C823, CNE, HL-60, KB, LS174T, PC3, and HeLa (shown in Table 2
and 3) were evaluated using the MTT method. Most of the benzene
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Figure 3. The distribution of degradation rate of curcumin analogues after
incubation in pH 7.4 phosphate buffer at 37 °C for 75 h.

ring-containing compounds exhibited anti-proliferation activities
against selected tumor cells (shown in Table 2).

It could be concluded from Table 2 that B-class and C-class com-
pounds possessed much higher activities than the A-class ones did.
For example, there were 18 inactive compounds (ICso > 100 uM) in
A-class with 2 in B-class and 4 in C-class (data not shown). Either
the acetone or cyclohexanone spacer maintained or increased the
cell-killing activity while the cyclopentanone decreased it, which
indicates that the different structures in the central spacer may
play an important role in the cytotoxic properties. In our previous
paper,?* we considered that the presence of cyclohexanone in C-
class compound, which remotely resembles the 6-membered ring
in the enol tautomer in curcumin, may play an important role in
the anti-inflammatory activities by analyzing and comparing the
data of single-crystal X-ray diffraction of C30 and curcumin.
Now, we also think the similarity between the cyclohexanone
spacer and the enol tautomer 6-membered ring is, at least partly,
the reason why C-class compounds possess higher bioactivities
than A-class compounds do. In addition, curcumin exists in two
tautomers: enol form and ketone form. The fact that the B-class
compounds without ring spacers exhibit excellent anti-tumor
properties indicates that the ketone form also contributes to the
cytotoxic potential of curcumin.
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Figure 4. Mean (+SD) plasma concentration-time profiles of curcumin (A), B33 (B), and B02 (C) in the plasma of healthy rats (n = 4), which were administered a single oral
dose of 500 mg compound per kg of body weight.

Table 1

Pharmacokinetic characteristics of curcumin, B2 and B33 in the plasma of healthy rats
(n = 4) that were administrated a single oral dose of 500 mg compound per kg of body

weight.

Parameters Curcumin B33 B2

AUCo_ (mg h/L) 0.275 +0.236 12.053 £ 4.34 2.964 + 1.004
AUCy_., (mg h/L) 0.672 +£0.218 14.907 +7.31 4.913 +2.896
ty2 (h) 2412 +1.80 292+13 5.964 +4.314
MRTy_, (h) 3.436 + 0.667 2486 +0.53 2.959 +0.476
MRT,_., (h) 22.693 £ 16.16 4.157 +2.06 8.478 + 5.866
CL (L/kg/h) 835.23£379.4 38.98+17.16 125.422 + 55.969
Cimax (pg/ml) 0.091 £0.12 4.1+£0.19 0.822 +0.219
Tmax () 0.50 0.25 1.00

Among the compounds containing 4-OH, 02 compounds with
3’-OCH3-4'-OH possessed much stronger cytotoxicity than 01 com-
pounds with a single 4-OH did. For example, BO1 exhibited low
cytotoxicity against KB, PC3, and Hela cells with high ICso value
(>40 uM), while the ICso of B02 against CNE and LS174T reached
6.8 and 3.7 puM; €01 was inactive against all seven kinds of tumor
cells but C02 showed good inhibitory activities against CNE, KB,
and LS174T cells. The cell-killing effects of both B02 and C02 were
stronger than that of the leading curcumin. Previous reports?>2°
also showed the formation of hydrogen bonding between 3’-
OCHj; and 4’-OH of curcumin decreased the electron-donating abil-
ity of 4-OH. Thus, our data suggest that reduction of the electron-
donating ability of the 4’-substituent may increase the bioactivities
of mono-carbonyl analogues.

Alkylation is a common approach to reduce the electron-donat-
ing ability of OH. Lin and his coworkers found that 1,5-bis(3’,4'-
dimethoxyphenyl)penta-1,4-dien-3-one, dimethoxy BO02, pos-
sessed a high anti-proliferation effect against PC3 and LNCaP cells
with an ICsg < 5.0 uM.?® From the data in Table 2, the conclusion
that a weak electron-donating substitute in the 4’-position may in-
crease the inhibitory activity against tumor cells is reinforced. For
instance, (1) 3',4',5'-trimethoxy substituted compounds B08 and
C08 exhibited broad-spectral cytotoxic activities and the ICso value
of BO8 to PC3 reached 8.8 uM, lower than those of curcumin and
cisplatin; (2) the alkylation of C01 using allyl bromide led to C10
killing KB cells; (3) the 4’-ethoxyl compounds 3 showed cytotoxic-
ity, especially C03 with an ICs¢ =5.6 uM against LS174T; (4) B16,
the compound from alkylized BO1 by tetrahydro-2H-pyran-2-yl,
exhibited the lowest ICsq value (0.3 uM towards HL-60) among all
of present compounds; (5) with the negative effect of cyclopenta-
none, A12, A05, and A15, however, still showed excellent cytotoxic
activities, especially A15 with [Cso=2.4 uM towards CNE and
3.3 uM towards KB. In addition, the strongly electron-donating

4'-(N,N-dimethylamino) compound B25 showed no cytotoxic activ-
ity while the weakly electron-donating 4'-tert-butyl compound B18
exhibited an ICsy value against PC3 that was lower than those of
curcumin and cisplatin. Without the electron-effective moiety in
the 4’-position, compounds 04, 17, and 06 also exhibited excellent
cytotoxic properties. For example, the ICso values of B04 (against
HL-60), B17 (against PC3 and HeLa), and A06 (against HL-60 and
PC3) were all below 10 pM, lower than those of curcumin and cis-
platin. We also analyzed the change of cytotoxicity when an elec-
tron-withdrawing moiety occupied the 4’-position of analogues.
Both B30 and C30 with the 4'-F substitute exhibited broad-spectra
cytotoxicity, but with relatively high ICsq values. Over all, the anal-
ysis of the 4’-position substitutes shows that the cytotoxic activity
of mono-carbonyl analogues: could be increased by occupying the
4'-position with a weak electron-donating substitute or a hydrogen
atom, could be reduced through the induction of a strong electron-
withdrawing substitute and could be lost by the import of a strong
electron-donating substitute.

The electron-withdrawing halogens were used to analyze the
role of a substitute at the 2’-position towards cytotoxic activity.
B33 (2'-Br), C34 (2'-Cl), and €32 (2'-F) showed broad-spectra cyto-
toxicity, and the ICsq of five of the 2’-halogen substituted were
lower than 10 uM. The anti PC3 effect of B35 (2'-CF3) reached
the highest with ICso of 0.4 uM compared with any other tested
compounds. Thus, our data indicate that the electron-withdrawing
substitution at the 2’-position could enhance the cytotoxic activ-
ity. In addition, by comparing the activities of B33, B06, B34,
and B35, we can conclude that the stronger the electronegativity
of the 2’-substituent, the stronger the cytotoxicity against tumor
cells.

Recent studies showed that the benzene in the structure of
curcumin was not the unique aromatic ring for the bioactivity. We
also evaluated the cytotoxic properties of mono-carbonyl ana-
logues containing other aromatic rings (shown in Table 3). Among
these compounds, both B40 with a furan ring and B41 with a thi-
ophene ring were broad-spectra cytotoxic compounds. A44 and
pyrrole-containing A45 exhibited strong inhibition against
LS174T. The ICso value of C45 towards KB cells reached 2.3 uM,
which was much lower than that of curcumin. And the analogues
containing styryl and naphtalin also exhibited inhibitory activities
against different tumor cells. Thus, our data indicate that the sub-
stitution of benzene by other aromatic rings may maintain or en-
hance the cytotoxic activities of mono-carbonyl analogues of
curcumin.

In summary, the SAR analysis of mono-carbonyl analogues of
curcumin is shown in Figure 5. At 2’-position, a strong electron-
withdrawing substituent may increase bioactivity and the more

27,28
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Table 2
Structure and cytotoxicity of present compounds against seven tumor cells.
Compound R ICs0 pmol/L

BGC 823 CNE HL-60 KB LS 174T PC3 Hela

A3 4'-OCH,CHj; 240+39
A4 2/-0CH3-3'-0CH3 249 +54.0
A5 3',4'-(0-CH,-0) 225+47.1
A6 2/-0CH; 23+09 53+2.0
A8 3',4',5'-(0CH3)3
A12 3'-(0OCH,CHCH;)-4’-0CHj3 32.6+6.6
A15 4'-OCH,CH,CH,N(CH3), 24+15 33+1.8
A16 4'~(Tetrahydro-2H-pyran-2-yl)oxy 39.1+7.0
A25 4'-N(CH3),
A30 4'-F 1.2+03
A33 2'-Br 32.8+5.0 109 +15.8 24744
A34 2'-Cl 87.2+18.7 96.0 +26.6
A35 2'-CF3 <9.34 213+43.9
Bl 4'-OH 415+11.6 489+9.2 217 £33.9
B2 3'-0OCH3-4'-OH 6.8+1.6 3.7+0.7
B4 2/-0CH3-3'-0CH3 244+26 4.5%3.6 243+39 48.0+10.7
B6 2'-0CH; <12.6 <12.6 161+42.3
B8 3',4',5'-(0CH3)3 98.7+15.0 148 +22.5 8.8+1.1 95.0+20.0
BIO 4'-0CH,CH=CH, 64.6+15.8
B16 4'~(Tetrahydro-2H-pyran-2-yl)oxy 0.3+0.16 434+11.8
B17 2'-CH3-5'-CH3 17726 103+19.3 52+2.1 6.1+1.0
B18 4'-C(CH3)3 89.8+24.0 12.0+29 21.8+6.3
B30 4'-F - - - 94.6 +14.3 98.8+19.1 152+29
B33 2/-Br 16.1+2.6 4.0+0.6 15.4+6.0 342+7.8
B34 2'-Cl 8.6t2.6 59.0+12.0
B35 2'-CF; <10.0 <3.70 035%0.1
C2 3'-0OCH5-4’-OH 17.6£6.9 <10.10 46+2.5
Cc3 4'-OCH,CHj; 85.8+28.2 56+1.3
ca 2/-0CH3-3'-0CH3 55.3+16.6 179 £67.0 84.5 £23.1
c8 3',4',5'-(0CH3)3 293+74 117 £39.9 22.7+11.0 27.5+10.1
CI0 4'-0CH,CH=CH, 85.3+29.2
(6] 3’-0OCH3-4'-OCH,CHCH, 102 + 40.6
c16 4'~(Tetrahydro-2H-pyran-2-yl)oxy 134 +44.7 39+0.8
C17 2'-CH3-5'-CH3 35.3+10.8
Cc18 4'-C(CH3)3 78.9+25.6
c30 4'-F 87.3+26.9 77.9+20.7 58.1+154 150 £41.3 74+24
C31 3'-Br 159+6.5 11.5+£3.6 15.7+74
C32 2/-F 130+32.3 74.1+24.8 458 £9.6 155+3.1
C33 2/-Br 55.3+14.6
C34 2'-Cl 44+0.9 98.3+17.8 6.7+1.5 42+21 13.8+3.2
C35 2'-CF; 54.0+19.9 46.3+15.9
Cur Curcumin 16.7+23 32.8+6.7 11609 35.9+21.0 6.4+1.0 15.0+2.9 17522
DDP Cisplatin 12.1+£2.0 50+1.1 59.4+18.2 3.1+0.7 27+13 19.6 £6.2 10.8+3.8

electronegative the moiety is, the more cytotoxic the compound
is. At the 4/'-position, a weak electron-donating substituent is
most favorable to the cytotoxic activity of the compound, a strong
electron-donating moiety may remove the cytotoxic bioactivity
and a strong electron-withdrawing one may reduce it. Towards
the 5-carbon linker, the acetone and cyclohexanone spacers are
much more favorable than the cyclopentanone one. And, the
introduction of a heteroaromatic ring is also pharmacologically
accessible.

None of our analogues can inhibit the growth of all seven tumor
cells. It has been reported that curcumin exerts anti-cancer func-
tion through various pathways.?® Therefore, the reduced anti-tu-
mor spectra of analogues compared with curcumin may indicate
a different molecular mechanism and targets between curcumin
and analogues for inducing tumor cell apoptosis. The underlying

molecular mechanism and the development of new anti-cancer
analogues of curcumin are the focus of our continuing research.

3. Conclusion

The clinical application and development of curcumin have
been limited by its instability and poor metabolic property. In this
paper, we present a series of mono-carbonyl analogues of curcu-
min with enhanced stability in vitro and improved pharmacoki-
netic profiles in vivo. Subsequently, the cytotoxic activities of
mono-carbonyl analogues against seven tumor cells were evalu-
ated by MTT method. The SAR analysis found that curcumin ana-
logues with the acetone or cyclohexanone spacer, 4'-weak
electron-donating substitutes and 2’-electron-withdrawing substi-
tutes are beneficial to increasing the cytotoxic activity. In addition,
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Table 3

Synthesis, structures, and cytotoxicity of non-benzene aromatic ring analogues against seven tumor cells.

cyclopentanone
alkali / alcohol

RWR A

|
O
R/LKH

R
Br._0
w0 T+

R R

S s
M) a2 QI-
/

N

-

(0]
acetone
- . RW R B S Br_s
alkali / alcohol o 43 [ ) 4 [ )| 45 |
‘ cyclohexanone - SOX
: RSN YR € X X
alkali / alcohol 46 47
Compound ICs0 p1g/ml
BGC 823 CNE HL-60 KB LS 174T PC3 HeLa
Ad4 9.0+2.5
Ad5 92429
A46 38.1+£13.5
A47 117 £30.0
B40 30.9+6.4 24.5+7.4 58.8+11.9 343198 16.8 £ 6.4
B41 154 +24.8 123+19.2 79.5+12.8 103+2.8 62+22
B42 138 +£24.1
B46 39.7£9.2 69.2£17.2
B47 36.5 + 14.4
C40 65.8 +24.3 21.8+3.3
ca1 86.0 £ 17.4
c43 249 + 92.6 77.6+1.1
c45 23+06
c47 15.6+4.0 29.4+9.0 24.3+8.1 61.5+27.1 499+18.4
4. Experimental
4.1. Chemical synthesis
HsCO.

:/\O:OCHa
OH

HO
Delete the beta-diketone moiety
to obtain the structurally stable
mono-carbonyl analogues

O

Figure 5. The SAR conclusion of mono-carbonyl analogues of curcumin from
present data. (A) A strong electron-withdrawing substituent in 2’-position may
increase bioactivity and the more electronegative is the moiety, the more cytotoxic
is the compound. (B) A weak electron-donating substituent in 4’-position is most
favorable to the anti-tumor activity of compound, a strong electron-donating
moiety may remove the bioactivity and a strong electron-withdrawing one may
reduce it. (C) The acetone and cyclohexanone spacers are much more favorable than
the cyclopentanone one. (D) The introduction of heteroaromatic ring is also
pharmacologically accessible.

the displacement of a benzene ring by a heteroaromatic ring could
maintain or even enhance the cytotoxic activities of mono-car-
bonyl analogues. It is suggested, therefore, that five-carbon linker
analogues of curcumin, which are synthetically accessible may be
both pharmacokinetically and pharmacologically favorable for cur-
cumin-based anti-tumor drug development. Our data also provide
a few novel leading compounds for the development of structurally
stable mono-carbonyl analogues of curcumin.

Melting points were determined on a Fisher-Johns melting
apparatus and were uncorrected. '"H NMR spectra were recorded
on a Varian INOVA-400 spectrometer. The chemical shifts were
presented in terms of parts per million with TMS as the internal
reference. Electron-spray ionization mass spectra in positive mode
(ESI-MS) data were recorded on a Bruker Esquire 3000+ spectrom-
eter. Column chromatography purifications were carried out on Sil-
ica Gel 60 (E. Merck, 70-230 mesh). The synthesis and spectral
properties of compounds 1-3, 7-11, 13-16, 25, 30, 31, 33, 40,
and 47 were reported in our previous papers.?>?3 The general pro-
cedure of synthesis of 4-6, 12, 17-19, 32, 33-35, and 41-46 is de-
scribed as following. An amount of 7.5 mmol acetone (B-class),
cyclopentanone (A class), or cyclohexanone (C-class) was added
to a solution of 15 mmol arylaldehyde in MeOH (10 ml). The solu-
tion was stirred at room temperature for 20 min, followed by drop-
wise addition of NaOCH3/CH30H (1.5 ml, 7.5 mmol). The mixture
was stirred at room temperature and monitored with TLC. When
the reaction was finished, the residue was poured into saturated
NH4Cl solution and filtered. The precipitate was washed with
water and cold ethanol, and dried in vacuum. The solid was puri-
fied by chromatography over silica gel using CH,Cl,/CH30H as
the eluent to yield compounds.

4.1.1. (2E,5E)-2,5-Bis(2,3-dimethoxybenzylidene)cyclo-
pentanone (A4)

Yellow powder, 66.9% yield, mp 142 °C. 'H NMR (CDCls) 6 = 3.02
(4H, s, CH,-CH,), 3.99 (12H, s, O-CH3 x 4),6.96 (2H, d, ] = 8 Hz, Ar-
H® x 2), 7.11 (2H, t, J= 7.8 Hz, Ar-H> x 2), 7.18 (2H, d, /= 7.6 Hz,
Ar-H* x 2), 7.93 (2H, s, CH=C x 2). ESI-MS m/z: 381.29 (M+1)",
calcd for C,3H,405: 380.4.
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4.1.2. (2E,5E)-2,5-Bis(2-methoxybenzylidene)cyclopentanone (A6)
Yellow powder, 88.7% yield, mp 150-152 °C [155 °C, 1it.3°].

4.1.3. (2E,5E)-2,5-Bis(3-(allyloxy)-4-methoxybenzylidene)-
cyclopenta-none (A12)

Yellow powder, 53.8% yield, mp 129-130°C. '"H NMR (CDCl5)
6=3.09 (4H, s, CH,-CH,), 3.93 (6H, s, O-CH3 x 2), 4.67 (4H, t,
J=4.2Hz, 0-CH, x 2), 533 (2H, dd, ] =9.2 Hz, CH,*=C x 2), 5.45
(2H, dd, J=16Hz, CH,*=Cx2), 6.11 (2H, m), 6.95 (2H, d,
J=8.4Hz, Ar-H®x2), 7.16 (2H, s, Ar-H?>x2), 7.24 (2H, d,
J=8.4Hz, Ar-H> x 2), 7.62 (2H, s, CH=C x 2). ESI-MS m/z: 430.41
(M-1)", calcd for Cy7H,505: 432.51.

4.1.4. (2E,5E)-2,5-Bis(2,5-dimethylbenzylidene)cyclopentanone
(A17)

Yellow powder, 81.4% yield, mp 141-143 °C. 'H NMR (CDCl5)
5=2.36 (6H, s, Ar°-CHs x 2), 2.41 (6H, s, Ar’>-CHj; x 2), 3.00 (4H,
s, C-CH; x 2), 7.08 (2H, d, J=8Hz, Ar-Hs x 2), 7.14 (2H, d,
J=8Hz, Ar-Hy x 2),7.30 (2H, s, Ar-Hg x 2), 7.79 (2H, s, CH=C x 2).
ESI-MS m/z: 318.34 (M—1)*, calcd for C3H50: 320.47.

4.1.5. (2E,5E)-2,5-Bis(4-tert-butylbenzylidene)cyclopentanone
(A18)

Yellow powder, 61.9% yield, mp 186-188 °C. 'H NMR (CDCls)
5=1.35 (18H, s, C-CHs x 6), 3.11 (4H, s, CH,—-CH,), 7.47 (4H, d,
J=8.4Hz, Ar-H,¢ x 2), 7.56 (4H, d, J=8.4 Hz, Ar-Hss x 2), 7.59
(2H, s, CH=C x 2). ESI-MS m/z: 373.17 (M+1)", calcd for C,7H3,0:
372.54.

4.1.6. (2E,5E)-2,5-Bis(4-tert-butoxybenzylidene)cyclo-
pentanone (A19)

Yellow powder, 74.5% yield, mp 219-220 °C. '"H NMR (CDCl3) 6 =
1.40 (18H, s, C-CH; x 6), 3.10 (4H, s, CH,—CH,), 7.05 (4H, d,
J=8.8Hz, Ar-H,¢ x 2), 7.53 (4H, d, J=8.8 Hz, Ar-H;35 x 2), 7.57
(2H, s, CH=C x 2). ESI-MS m/z: 404.17 (M"), calcd for C;;H3,0s:
404.54.

4.1.7. (2E,5E)-2,5-Bis(2-fluorobenzylidene)cyclopentanone (A32)

Yellow powder, 91.0% yield, mp 207-209 °C. '"H NMR (CDCl5)
5=3.05 (4H, s, CH,-CH;), 7.09-7.22 (4H, m, Ar-H), 7.38 (2H, m,
Ar-H), 7.58 (2H, m, Ar-H), 7.82 (2H, s, CH=C x 2). ESI-MS m|z:
297.10 (M+1)", calcd for C;9H 4F,0: 296.31.

4.1.8. (2E,5E)-2,5-Bis(2-chlorobenzylidene)cyclopentanone
(A34)
Yellow powder, 87.5% yield, mp 155-158 °C [150-152 °C, lit.3"].

4.1.9. (2E,5E)-2,5-Bis(2-(trifluoromethyl)benzylidene)cyclo-
penta-none (A35)

Yellow powder, 79.4% yield, mp 90-91°C. 'H NMR (CDCls)
§=2.93 (4H, s, CH,~CH>), 7.45 (2H, m, Ar-H), 7.54 (4H, m, Ar-H),
7.74 (2H, m, Ar-H), 7.88 (2H, s, CH=C x 2). ESI-MS m/z: 397.87
(M+1)*, calcd for C,1H14F0: 396.33.

4.1.10. (2E,5E)-2,5-Bis(thiophen-2-ylmethylene)cyclopenta-
none (A41)
Yellow powder, 80.1% yield, mp 222-223 °C [226 °C, lit.3"].

4.1.11. (2E,5E)-2,5-Bis((3-methylthiophen-2-yl)methylene)
cyclopenta-none (A42)

Yellow powder, 61.7% yield, mp 230-232 °C. '"H NMR (CDCl5)
§=2.46 (6H, s, CHsz x 2), 3.03 (4H, s, CH,-CH,), 7.00 (2H, d,
J=52Hz, 4-H x 2), 748 (2H, d, J=5.2 Hz, 5-H x 2), 7.87 (2H, s,
CH=C x 2). ESI-MS m/z: 300.26 (M"), calcd for C;7H;60S;: 300.44.

4.1.12. (2E,5E)-2,5-Bis((5-methylthiophen-2-yl)methylene)
cyclopenta-none (A43)

Yellow powder, 56.4% yield, mp 196-199 °C. '"H NMR (CDCl5)
6=2.56 (6H, s, CHz x 2), 2.97 (4H, s, CH,-CH;), 6.83 (2H, d,
J=3.6Hz, 3'-H x 2), 7.20 (2H, d, J=3.6 Hz, 4'-H x 2), 7.69 (2H, s,
CH=C x 2). ESI-MS m/z: 301.05 (M+1)*, caled for C;7H;60S,:
300.44.

4.1.13. (2E,5E)-2,5-Bis((1-methyl-1H-pyrrol-2-yl)methylene)
cyclo-pentanone (A45)

Yellow powder, 92.2% yield, mp >250°C. 'H NMR (CDCl5)
=292 (4H, s, CH,-CH;), 3.79 (6H, s, N-CH3 x 2), 6.29 (2H, t,
J=2.6Hz, 4-H x 2), 6.62 (2H, d, J=3.6 Hz, 3'-H x 2), 6.84 (2H, s,
5'-H x 2),7.53 (2H, s, CH=C x 2). ESI-MS m/z: 267.64 (M+1)", calcd
for Cy17H18N,0: 266.34.

4.1.14. (1E,4E)-1,5-Bis(2,3-dimethoxyphenyl)penta-1,4-dien-3-
one (B4)
Yellow powder, 71.2% yield, mp 118-120 °C [108 °C, 1it.3°].

4.1.15. (1E,4E)-1,5-Di(benzo[d][1,3]dioxol-5-yl)penta-1,4-dien-
3-one (B5)
Yellow powder, 55.3% yield, mp 182-183 °C [178 °C, 1it.>].

4.1.16. (1E4E)-1,5-Bis(2-methoxyphenyl)penta-1,4-dien-3-one
(B6)
Yellow powder, 92.8% yield, mp 118-120 °C [120-122 °C, lit.?3].

4.1.17. (1E,4E)-1,5-Bis(2,5-dimethylphenyl)penta-1,4-dien-3-
one (B17)

Yellow powder, 93.4% yield, mp 140-142 °C. '"H NMR (CDCl5)
6=2.36 (6H, s, Ar°~CH; x 2), 2.44 (6H, s, Ar>-CH; x 2), 7.00 (2H,
d,J=16 Hz, CO-CH x 2), 7.12 (4H, s, Ar-H3¢ x 2), 7.47 (2H, s, Ar-
Ha x 2), 8.00 (2H, d, J=16 Hz, CH=C x 2). ESI-MS m/z: 294.70
(M™), calcd for C1Hy60: 294.43.

4.1.18. (1E,4E)-1,5-Bis(4-tert-butylphenyl)penta-1,4-dien-3-one
(B18)

Yellow powder, 67.0% yield, mp 139-140°C. 'H NMR (CDCls)
8=1.34 (18H, s, C-CHs x 6), 7.06 (2H, d, J= 16 Hz, CO-CH x 2),
7.44 (4H, d, J=8Hz, Ar-H,g x 2), 7.56 (4H, d, J=8Hz, Ar-
Hss x 2), 7.73 (2H, d, J=16 Hz, CH=C x 2). ESI-MS m/z: 347.98
(M+1)", calcd for Cys5H300: 346.50.

4.1.19. (1E4E)-1,5-Bis(2-(trifluoromethyl)phenyl)penta-1,4-
dien-3-one (B35)
Yellow powder, 76.6% yield, mp 131-132 °C[131-133 °C, lit.3"].

4.1.20. (1E,4E)-1,5-Di(thiophen-2-yl)penta-1,4-dien-3-one (B41)
Yellow powder, 43.1% yield, mp 118-120 °C [115-117 °C, lit.34].

4.1.21. (1E4E)-1,5-Bis(3-methylthiophen-2-yl)penta-1,4-dien-
3-one (B42)

Yellow powder, 55.9% yield, mp 148-150°C. '"H NMR (CDCl5)
§=239 (6H, s, CH3 x 2), 6.74 (2H, d, J=15.2 Hz, CO-CH; x 2),
7.90 (2H, d, J=4.8 Hz, 4-H x 2), 7.28 (2H, d, J=4.8 Hz, 5'-H x 2),
7.92 (2H, d, J=15.2 Hz, CH=C x 2). ESI-MS m/z: 275.23 (M+1)*,
calcd for Cy5H40S,: 274.40.

4.1.22. (2E,6E)-2,6-bis(benzo[d][1,3]dioxol-5-ylmethylene)
cyclohexa-none (C5)
Yellow powder, 71.1% yield, mp 180-182 °C [189-190 °C, lit.3*].

4.1.23. 2,6-Bis(2,5-dimethylbenzyl)cyclohexanone (C17)
Yellow powder, 86.5% yield, mp 137-138 °C. '"H NMR (CDCl3)
6=1.71 (2H, dd, J=8.0 Hz, CHy), 2.29 (6H, s, Ar°-CHj; x 2), 2.34
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(6H, s, Ar>~CHj; x 2), 2.76 (4H, t, ] = 7.6 Hz, C-CH, x 2), 7.05 (2H, d,
J=7.6Hz, Ar-H3x2), 7.06 (2H, s, Ar-H®x2), 7.12 (2H, d,
J=7.6 Hz, Ar-H* x 2), 7.87 (2H, s, CH=C x 2). ESI-MS m/z: 334.78
(M*), caled for Cy4H300: 334.49.

4.1.24. (2E,5E)-2,5-Bis(2-fluorobenzylidene)cyclopentanone (C32)

Yellow powder, 93.1% yield, mp 100-102 °C. '"H NMR (CDCl5)
8=1.79 (2H, m), 2.81 (4H, t, J = 5.8 Hz, CH,-CH,), 7.07-7.17 (4H,
m, Ar-H), 7.31-7.40 (4H, m, Ar-H), 7.83 (2H, s, CH=C x 2). ESI-
MS m/z: 311.70 (M+1)*, calcd for CyoH;6F,0: 310.35.

4.1.25. (2E,6E)-2,6-Bis(2-chlorobenzylidene)cyclohexanone (C34)

Yellow powder, 92.0% yield, mp 94-95°C. 'H NMR (CDCls)
6=1.76 (2H, m), 2.78 (4H, t, J = 6 Hz, CH,-CH,;), 7.27 (4H, m, Ar-
H), 7.33 (2H, m, Ar-H), 7.45 (2H, m, Ar-H), 7.91 (2H, s, CH=C x 2).
ESI-MS m/z: 344.17 (M+1)*, calcd for CyoH6Cl,0: 343.26.

4.1.26. (2E,6E)-2,6-Bis(2-(trifluoromethyl)benzylidene)
cyclohexanone (C35)

Yellow powder, 66.7% yield, mp 107-108 °C. 'H NMR (CDCls)
6=1.72 (2H, m), 2.63 (4H, t, J=5.2 Hz, CH,-CH,), 7.33 (2H, d,
J=7.2Hz, Ar-H® x 2), 7.44 (2H, t, ] = 7.6 Hz, Ar-H* x 2), 7.55 (2H, t,
J=7.4Hz, Ar-H> x 2),7.71 (2H, d, ] = 7.6 Hz, Ar-H> x 2), 7.96 (2H, s,
CH=C x 2). ESI-MS m/z: 411.77 (M+1)", calcd for C,,H;¢Fs0: 410.37.

4.1.27. (2E,6E)-2,6-Bis((5-methylthiophen-2-yl)methylene)
cyclohexa-none (C43)

Yellow powder, 71.9% yield, mp 165-167 °C. '"H NMR (CDCl5)
6=1.93 (2H, m), 2.54 (6H, s, CHs3 x 2), 2.88 (4H, t, J=4.8 Hz,
CH,-CH,), 6.80 (2H, d, J = 3.6 Hz, 3'-H x 2), 7.18 (2H, d, ] = 3.6 Hz,
4'-H x 2),7.89 (2H, s, CH=C x 2). ESI-MS m/z: 315.96 (M+1)", calcd
for C18H13052: 314.46.

4.1.28. (2E,6E)-2,6-Bis((1-methyl-1H-pyrrol-2-yl)methylene)
cyclo-hexanone (C45)

Yellow powder, 59.6% yield, mp 172-173 °C. '"H NMR (CDCl5)
§=1.89 (2H, m), 2.85 (4H, t, J = 5.6 Hz, CH,-CH,), 3.76 (6H, s, N-
CH; x 2), 6.26 (2H, t, J = 3.6 Hz, 4-H x 2), 6.57 (2H, d, ] = 3.6 Hz,
3’-H x 2), 6.82 (2H, s, 5-H x 2), 7.80 (2H, s, CH=C x 2). ESI-MS
m(z: 381.23 (M+1)", calcd for C;gHzoN,0: 280.36.

4.2. Hydrolytic stability

An Agilent 1100 HPLC system equipped with a Hypersil ODS2
column (5 pm x 4.6 mm x 200 mm) was used in this study. The
hydrolytic stabilities of the curcumin and analogues were investi-
gated in phosphate-buffered 0.3% (w/v) sodium carboxymethycel-
lulose (CMCNa) solutions at pH 7.4. Two milligrams of samples
were weighed accurately and dissolved in 1 ml CMCNa solution
by vortex. After stored in the dark at 37 °C for indicated time, the
mixture was vortaxed and the sample was analyzed by HPLC.
The peak areas were recorded and the degradation rate was calcu-
lated by the following formulation:
peak area in O h — peak area in 75 h

peak area in O h

Degradation rate = x 100%

4.3. Pharmacokinetic study in vivo

4.3.1. Chromatographic conditions

An Agilent 1100 HPLC system equipped with a Hypersil ODS2
column (5 pm x 4.6 mm x 200 mm)was used in this study. The mo-
bile phase for curcumin consisted of a mixture of acetonitrile and
water (containing 1% HAC) in the ratio 45:55 (v/v) for curcumin,
35:65 (v/v) for B02, and 70:30 (v/v) for B33. The HPLC system was
operated isocratically at a flow rate of 1.0 ml/min and performed

at a controlled temperature of 25 °C. Fluorescence detection was
performed with excitation and emission wave lengths set at
420 nM (for curcumin), 380 nm (for B02), and 320 nm (for B33).

4.3.2. Development of HPLC method

The methods used to determine selectivity, standard solution,
linearity, sensitivity, precision, and recovery for the establishment
of HPLC method were shown in the Supplemental file.

4.3.3. Pharmacokinetic study

The procedures utilized in the animal study were approved by
the Wenzhou Medical College Animal Policy and Welfare Commit-
tee. Sprague-Dawley male rats with body weights ranging from
160 to 200 g were used for the studies of pharmacokinetics of cur-
cumin and its analogues. All rats were housed in a temperature-
controlled room with a 12 h light/dark cycle. 12 rats were ran-
domly divided into three groups: curcumin, B02, and B33. Com-
pounds, solubilized by the aid of 1% CMCNa, were given orally by
gavages with the same dose of 500 mg/kg, respectively. Blood sam-
ples (0.5 ml) were obtained from the fossa orbitalis veniplex at
0.083, 0.25, 0.5, 1, 2, 4, and 8 h after administration. After collec-
tion, each blood sample was immediately centrifuged for 3 min
and the plasma was separated and stored at —20 °C until analysis.

4.3.4. Sample preparation

Samples were determined after extraction by organic solvent.
To 400 pl extractant of ethyl acetate/chloroform, 200 pl of plasma
was added. The mixture was vortexed for 3 min and centrifuged at
12,000g for 5 min, and then the organic phase was transferred to a
new vial, dried in vacuum at 40 °C. The dried residue was reconsti-
tuted with 100 pl of methanol and vortexed for 1 min. The super-
natant was collected and a volume of 20 pl was injected into the
HPLC system.

4.3.5. Data analysis

A non-compartmental pharmacokinetic analysis with DAS soft-
ware was applied to plasma concentration-time data. The pharma-
cokinetic parameters such as area under the concentration-time
curve (AUC), mean residence time (MRT), total clearance (CL/F),
and biological half-life (t;,) for each compound were estimated.

5. MTT (methyl thiazolyl tetrazolium) assay

Tumor cells were seeded into 96-well plates at a density of 5000
cells per well in 1640 medium, supplemented with 5% heat-inacti-
vated calf serum, 100 U/ml penicillin, and 100 pg/ml streptomycin.
The cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO,. All experiments were carried out 24 h after cells
were seeded. Tested compounds were dissolved in DMSO and di-
luted with 1640 medium to the final concentrations of 100, 33.3,
11.1, and 3.7 pg/ml. The tumor cells were incubated with test com-
pounds for 72 h before the MTT assay. A fresh solution of MTT
(5 mg/ml) prepared in NaCl solution (0.9%) was added to each sin-
gle well of the 96-well plate. The plate were then incubated in a
CO,, incubator for 3 h, cells dissolved with 100 pl DMSO, and then
analyzed in a multi-well-plate reader at 570 nM. Cisplatin was ap-
plied as positive control.
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