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A series of novel symmetric and asymmetric allylated mono-carbonyl analogs of curcumin (MACs) were
synthesized using an appropriate synthetic route and evaluated experimentally thru the LPS-induced
expression of TNF-a and IL-6. Most of the obtained compounds exhibited improved water solubility as
a hydrochloride salt compared to lead molecule 8f. The most active compound 7a was effective in
reducing the Wet/Dry ratio in the lungs and protein concentration in bronchoalveolar lavage fluid.
Meanwhile, 7a also inhibited mRNA expression of several inflammatory cytokines, including TNF-a, IL-6,
IL-1b, and VCAM-1, in Beas-2B cells after Lipopolysaccharide (LPS) challenge. These results suggest that
7a could be therapeutically beneficial for use as an anti-inflammatory agent in the clinical treatment of
acute lung injury (ALI).

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Acute lung injury (ALI) is an infrequent but potentially life-
threatening illness in critically ill patients [1,2]. Histologically, ALI
in humans is characterized by a severe acute inflammatory
response in the airspaces and lung parenchyma. Major pathological
changes include neutrophil accumulation, inflammatory mediator
production, increased vascular permeability, parenchymal injury
and severely impaired gas exchange [3e5]. Several studies indicate
that some inflammatory factors associated with lung injury, such as
Interleukin (IL)-6, IL-1b, and tumor necrosis factor (TNF)-a, but the
underlying mechanisms of ALI mediated by these inflammatory
factors are still uncertain [6e8]. Despite recent advances in many
new treatment strategies, the mortality of ALI still remains more
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served.
than 40% [9,10]. Thereby, the development of novel agents for
treatment of ALI is still urgently needed.

Curcumin, a yellow substance derived from the rootstalk of the
turmeric plant (Curcuma longa), has been extensively investigated
for its anti-inflammatory activity [11e13], chemopreventative and
anti-tumor properties [14e16]. However, its poor aqueous solubi-
lity and relatively low bioavailability, have been highlighted as
major limitation for application as revealed in phase I/II studies
[17,18]. We previously synthesized a series of novel mono-carbonyl
analogs of curcumin (MACs), deleting b-diketone moiety and hav-
ing allylic and prenylic substituents at different positions showing
potential anti-inflammatory activities (Fig. 1) [19]. Some of our
molecules, such as compound 8f, significantly enhanced chemical
stability and exhibited effective protection against LPS-induced
death in septic mice. Unfortunately, as with many other curcumin
derivatives, they continued to have a low water solubility and
incomplete structure-activity relationship (SAR) data.

In an ongoing effort to develop novel anti-inflammatory thera-
peutics, we hypothesized that the piperidone system containing a
nitrogen-atom in compounds may play important roles in their
solubility by conversion to the salt form. Additionally, optimization
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Fig. 1. Chemical structures of 8f and structural design of new allylated MACs.
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one of phenyl substituents may provide new lead compounds with
enhanced activity, as well as better solubility. In the present
investigation, we designed and synthesized a series of novel ally-
lated MACs containing a piperidone fragment based on the 8f
chemical structure in order to pursue and develop novel anti-
inflammatory agents. To the best of our knowledge, this type of
curcumin derivatives has not been previously synthesized. Impor-
tantly, active compound 7a showed improved anti-inflammatory
activities in vitro and significant therapeutic effects in vivo, sug-
gesting the potential of allylated MACs for development as a new
anti-inflammatory agent for the treatment of ALI.
2. Chemistry

The titled compounds were synthesized by following a multi-
step synthesis protocol. As shown in Scheme 1, allylation of
commercially available 4-Hydroxybenzaldehyde (1) obtained 4-
(allyloxy)benzaldehyde (2), which was subjected to a key Claisen
rearrangement to give the 3-allyl-4-hydroxybenzaldehyde 3 in
about 30% overall yield.With a rearrangement product of 3 in hand,
it was treated with various substituted piperidones in a catalyst of
hydrogen chloride gases, which furnished targeted symmetric
allylated MACs 4ael at a 30e40% yield. However, it is difficult to
prepare the intermediate ketone for the production of asymmetric
MACs by using acidic condition. Therefore, we here develop an
attractive approach to obtain the desired asymmetric molecules
under the alkaline reaction conditions. Protection of 3-allyl-4-
hydroxybenzaldehyde 3 with 3,4-dihydro-2H-pyran afforded O-
THP protected benzaldehyde 5 in a quantitative yield. Aldol
condensation of benzaldehyde 5 with N-cyclopropyl-4-
piperidinone in the presence of pyrrolidine afforded a,b-unsatu-
rated ketone 6, which was further subjected to condensation using
different benzaldehydes, followed by THP-deprotection to give the
asymmetric allylated MACs 7aee with a 25e30% overall yield. In
the process of synthesis, the yields of symmetrical analogs were
higher than the asymmetric analogs. The physicochemical param-
eters of the synthesized compounds are presented in Table 1. The
analytical and spectral data of the final compounds are in full
agreement with the proposed structures.
3. Results and discussion

3.1. Anti-inflammatory screening and structure-activity
relationship studies

TNF-a and IL-6 are two well-known pro-inflammatory cyto-
kines. It has been well demonstrated that they contribute to the
initiation and extension of an inflammatory-induced ALI process
[20,21]. To determine whether new allylated MACs have any
inhibitory effects in ALI treatment, their ability to reduce LPS-
stimulated TNF-a and IL-6 release was determined in mouse
macrophages. After pretreatment with 10 mM compounds for
30 min, macrophages were treated with 0.5 mg/mL LPS for 24 h.
The levels of TNF-a and IL-6 in culture mediumwere determined by
enzyme-linked immunosorbent assay (ELISA) and normalized to
the total protein amounts of the viable cell pellets.

We first investigated the influence of the N-substituents on the
piperidone. Thirteen symmetrical allylated MACs were evaluated
for their anti-inflammatory activity, and the results are summa-
rized in Table 1. Initial screening showed that a majority of these
compounds exhibited effective inhibition against LPS-stimulated
IL-6, but almost no activity toward TNF-a, except for compound
4f with an inhibition ratio of 39.4%. In comparison with positive
control compound 8f (% inhibition ¼ 59.6%), the potency of com-
pound 4a possessing an unsubstituted piperidone motif was not
improved for IL-6 inhibition. However, incorporation of various
alkyl groups, such as methyl, ethyl, propyl, isopropyl and cyclo-
propyl on the nitrogen atom, yielded compounds 4bef, respec-
tively. These compounds displayed substantial improvement in IL-6
inhibitions relative to 4a. Benzylation of the nitrogen atom gave
compound 4h, which had a similar activity (%inhibition ¼ 45.8%),
but benzenesulfonylation provided compound 4g (%
inhibition ¼ 24.8%), which had a lower activity than compound 4a.
Interestingly, introduction of various benzyloxy groups at the



Scheme 1. General synthetic routes for 4ael and 7aee. Reagents and conditions: (a) allyl bromide, K2CO3, acetone, 65 �C, 10 h, 75%; (b) N,N-diethylaniline, 200 �C, 5 h, 40%; (c)
HCl(gas), HAc, rt, two days, 30e40%; (d) 3,4-dihydro-2H-pyran, PPTS, 8 h, CH2Cl2, 40 �C, 85%; (e) 1-Cyclopropylpiperidin-4-one, pyrrolidine, CH2Cl2, 40 �C, 4 h, 40%; (f) i) various
benzaldehydes, EtOH, 20% (w/v) NaOH, rt, overnight, 25e30%, ii) 1 mol/L HCl, EtOH, rt, 5 h, 100%.

Table 1
Chemical structures and SAR of symmetric allylated MACs 4ael.

Comp. R1 clogPa (%) inhibition (10 nM) HL7702 cell survival rate (%)

IL-6 TNF-a

4a eH 3.76 44.36 ± 9.4b N.Ac 77.89 ± 0.79
4b eMe 4.45 57.14 ± 7.9 N.A 80.35 ± 2.1
4c eEt 4.81 67.62 ± 3.2 N.A 79.60 ± 1.2
4d ePr 5.03 76.14 ± 2.5 N.A 75.16 ± 1.9
4e -isoePr 5.30 71.59 ± 4.3 N.A 85.08 ± 1.1
4f ec-Pr 4.89 77.54 ± 4.7 39.49 ± 8.1 76.18 ± 1.2
4g eSO2ePh 4.83 24.75 ± 18.9 N.A 63.39 ± 6.9
4h eBz 5.46 45.84 ± 12.6 N.A 62.12 ± 4.8
4i eCO-(20 ,60eCI)Ph 6.59 79.64 ± 6.1 N.A 79.64 ± 6.1
4j eCO-(40-F)Ph 5.35 86.85 ± 5.6 N.A 77.96 ± 7.3
4k eCO-(40-CI)Ph 5.89 89.23 ± 6.7 N.A 66.25 ± 3.9
4I eCO-(40-Me)Ph 5.69 81.48 ± 3.9 N.A 70.13 ± 2.3
8f 5.89 59.59 ± 4.9 7.15 ± 9.3 73.28 ± 2.2

a Calculated logP (clogP) value at http://146.107.217.178/lab/alogps/start.html.
b Each value represents mean ± SD of three experiments.
c not determined.
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nitrogen atom in compound 4a produced compound 4iel, and led
to more potent IL-6 inhibition at an inhibition rate ranging from
79.6% to 89.2%. On the basis of these results, it appeared that a
bulky lipophilic alkyl group or benzyloxy group, may have a
favorable inhibitory effect against IL-6 production.

In order to examine whether the substitution of moiety groups
affected biological activities of newly synthesized analogs, the
octanol partition coefficient value (ClogP, see Table 1) of each
compound was calculated using ALOGPS 2.1 program [22]. The
results revealed that analogs 4bef and 4iel containing N-alkyl
substituents or N-benzoxy moieties at the piperidine, provided
more improvements in both hydrophily and potency contrasted to
that of the control 8f. However, the nature (4a) and N-benzyl group
(4h) of piperidine greatly decreased their IL-6 potency, even if
compound 4a provides the lowest hydrophobicity (Clogp ¼ 3.76).
Again, the cytotoxicity and safety of synthetic MACs were tested in
a human normal hepatic cell line (HL-7702 cells). Cell viability was
detected by MTT assay after treatment with the compounds for
24 h. As shown in Table 1, only 4g, 4h and 4k showed moderate
cytotoxicity (survival rates<70%), while the other compounds were
nontoxic at 10 mM in RAW264.7 cells, indicating that they are
relatively safe.

To develop anti-inflammatory compounds that both strongly
decreased LPS-induced IL-6 and TNF-a releases, while enhancing
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their water-solubility and to further explore the structure-activity
relationship (SAR), we next directed our optimization effort to
modification of the phenol ring by introduction of various hydro-
philic groups. Compound 4f was selected as a lead compound after
the initial screening which showed potential inhibition in LPS-
secreted IL-6 and TNF-a.

Table 2 illustrates that experimental and calculated logP values
of compounds 7aee had no significant improvement relative to 4f
[23]. We suspected that strong intermolecular crystal packing
forces and hydrophobic interactions may contribute to their low
ClogP values. However, their hydrochloride salts showed a marked
increase in aqueous solubility, especially for compounds 7a, 7b, and
7e, which provided an experimental solubility of more than
17.0 mg/mL. Of all the compounds, 4-methyl piperidinyl 7a showed
the strongest inhibitory activity on LPS-induced IL-6 and TNF-a
production, with inhibitory rates of 83.3% and 43.8%, respectively.
However, replacement of 4-methyl piperidinyl with morpholinyl
(7b) and the pyrrolidinyl (7c) lowered the potency compared to 7a.
Moreover, N,N-diethyl 7d and N,N-dimethyl 7e, exhibited a mod-
erate inhibitionwith its inhibitory rates reaching 71.9%, 74.4% for IL-
6, and 32.2%, 35.0% for TNF-a, respectively. Interestingly, the
HL7702 survival rates of compounds 7aee reached a range of
89.4e95.5%, which was significantly higher than that of 4f, recon-
firming the safety of the tested compounds in vitro. Overall, com-
pound 7a was the only molecule with a well-balanced in vitro
pharmacological profile and was thus selected for further biological
characterization.
3.2. Active compounds inhibit LPS-induced cytokine release in a
dose dependent manner

To further evaluate dose-dependent inhibitory effects of active
compounds, RAW264.7 macrophages were pretreated with 4f and
7a at indicated concentrations (1, 2.5, 5, 10 mM) for 30 min, and
subsequently incubated with or without LPS (0.5 mg/mL) for 24 h.
Accordingly, the previously reported compound 8fwas applied at a
concentration of 10 mM as a treatment positive control. The release
of inflammatory cytokines into the culture medium was deter-
mined by ELISA. As shown in Fig. 2A and B, active compound 7a and
its lead 4f, exhibited a dose-dependent inhibition on both TNF-a
and IL-6 releases induced by LPS. Furthermore, among the tested
Table 2
Chemical structures and SAR of asymmetric allylated MACs 7aee.

Comp. R2 clogPa logPb Sdrugc(mg/m

7a 40-Methylpiperazine 4.41 3.48 22.5
7b 40-Morpholine 4.44 3.21 19.4
7c 40-Pyrrole 5.10 4.33 N.De

7d 40-N(Et)2 5.62 4.08 N.D
7e 40-N(Me)2 4.72 3.50 17.1

a Calculated logP (clogP) value at http://146.107.217.178/lab/alogps/start.html.
b LogP data refers to experimental values observed for the selected compound in a pr
c Aqueous kinetic solubility at pH 7.4.
d Each value represents mean ± SD of three experiments,
e not determined.
compounds, 7a gave indications as being the most promising and
mostly equal to 4f in activity for inhibition of IL-6 and TNF-a
expression, at a concentration of 10 mM, respectively. These results
suggest that 7a may be a potential candidate compound for
development as an anti-inflammatory agent. Therefore, 7a was
selected for further testing against cytokine-mediated acute lung
injury.

3.3. Chemical stability of representative curcumin derivatives

The widespread clinical application of curcumin has been
limited due to its instability and poor metabolism. In one of our
early publications, we reported MACs 8f as one of the most stable
compounds in a phosphate buffer (pH 7.4). Herein, we examined
the stability of active compound 7a under the same experimental
conditions. As shown in Fig. 3A, 50% of the curcumin degraded
within 25 min at the maximum absorbance of 425 nm. This finding
is generally consistent with curcumin instability and a poor meta-
bolic property. However, three allylated MACs 8f with its de-
rivatives 4f and 7a, demonstrated almost complete stability under
the same condition (Fig. 3BeD). Overall, these result showed that
the modified MACs are chemically more stable than curcumin
in vitro.

3.4. Effect of 7a on survival of rats with LPS-induced ALI

We further investigated whether the active compound 7a could
prevent LPS-induced death in vivo. Thus rats were intraperitoneally
injected with LPS 20 mg/kg after an intravenous injection of 10 mg/
kg hydrochloride salt of 7a, and the survival rate was monitored for
7 days. As shown in Fig. 4, all 10 animals that received saline died
within 36 h in the LPS group. Only 50% of rats pretreated with 7a at
10 mg/kg died after LPS challenge. The overall difference in survival
rate between groupswith andwithout 7awas significant (p < 0.01).

3.5. Effects of 7a on pathophysiologic changes of lung in LPS-
induced ALI rats

Allylated MAC 7a showing the highest anti-inflammatory ac-
tivity was chosen for the next evaluation in rats with ALI induced by
intratracheal instillation of LPS. The details of animal experiments
L) (%) inhibition (10 mM) HL7702 cell survival rate (%)

IL-6 TNF-a

83.26 ± 4.0d 43.81 ± 2.1 90.29 ± 6.1
59.83 ± 6.1 8.19 ± 6.6 94.30 ± 2.8
49.86 ± 4.0 17.56 ± 3.6 95.50 ± 3.8
71.94 ± 3.6 32.15 ± 3.1 94.05 ± 6.5
74.40 ± 5.1 34.99 ± 3.3 89.39 ± 2.0

evious paper.
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Fig. 2. Active MACs 4f and 7a inhibited LPS-induced IL-6 release in a dose-dependent manner. Macrophages were plated at a density of 4.0 � 105/plate overnight in 37 �C and 5%
CO2. Cells were pretreated with active compounds in a series concentration of 1 mM, 2.5 mM, 5 mM and 10 mM for 30 min and subsequently incubated with or without LPS (0.5 mg/
mL) for 24 h (A) IL-6 and (B) TNF-a levels in the culture mediumwere measured by ELISA and were normalized by the total protein. The results were presented as the percent of LPS
control. Each bar represents the mean ± SEM of the three independent experiments. Statistical significance relative to the LPS group was indicated, *p < 0.05; **p < 0.01.
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are described in the experimental section. The results indicated
that the lungWet/Dry ratio (W/D ratio, Fig. 5A) and the total protein
concentration (Fig. 5B) significantly increased in the bron-
choalveolar lavage fluid (BALF) of ALI rats at 6 h after LPS challenge,
compared to those of the control group. Pretreatment with 7a at 10
and 20 mg/kg, was found to significantly decrease the lung W/D
ratio and the total protein concentration in BALF, respectively.

To evaluate histological changes after 7a treatment in LPS-
treated rats, lung sections were subjected to hematoxylin and
eosin staining. Lung tissues from the control group showed a
normal structure and no histopathological change under a light
microscope (Fig. 5C). LPS instillation resulted in a significant pro-
inflammatory alterations characterized by lung edema, alveolar
hemorrhage, inflammatory cell infiltration, and destruction of
epithelial and endothelial cell structure. However, these histo-
pathological changes were ameliorated using 10 and 20 mg/kg of
7a. These results indicated that modified MAC 7a had a remarkable
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protective effect for lung-based injury in a rat model of ALI.
3.6. Effect of 7a on pulmonary inflammation of lung in LPS-
stimulated rats

Pro-inflammatory cytokines are known to play a critical role in
the early phase of an inflammatory response of ALI, and contribute
to the severity of lung injury. To further examine the inhibitory
effect of 7a on cytokines production, the levels of pro-inflammatory
cytokines and neutrophils were measured in BALF and serum
collected from animals. As shown in Fig. 6AeC, cytokine levels were
found to be elevated after LPS challenge compared with naive an-
imals. Conversely, administration of 7a at a dose of 10 or 20 mg/kg,
could significantly down-regulate the levels of IL-6 in BALF and
serum, as well as TNF-a in BALF on LPS induced ALI rats.

Additionally, compound 7a was found to significantly decrease
the number of total cells in BALF compared to that of the LPS group
(Fig. 6D). Myeloperoxidase (MPO) activity was measured as a
marker of tissue neutrophil infiltration. The data presented dem-
onstrates that LPS challenge resulted in significant increases in lung
neutrophil infiltration compared with the control group, whereas
the increase was significantly attenuated under treatment with
various dosages of 7a, suggesting that neutrophil infiltration was
suppressed by 7a (Fig. 6E).

To verify these findings, we further performed immunohisto-
chemistry analysis with CD68, a general macrophage marker, and
TNF-a. As shown in Fig. 6F, LPS alone causes a significant accu-
mulation of CD68-immunostained positive macrophage in the lung
sections, whereas there was no significant change in the number of
CD68-stained macrophages between 7a pretreatment and control
groups. LPS injection also induced the increase of TNF-a expression
in lung tissue and administration 7a attenuated the TNF-a level
(Fig. 6G). Our results highly suggested administration of 7a resulted
in a significant therapeutic effect on LPS-induced pulmonary
inflammation.
LPS

kg LPS+7a 20mg/kg

h later, rats were anaesthetized and killed. Bronchoalveolar lavage fluid and lung tissues
E staining.



Fig. 6. 7a attenuate the LPS-induced lung inflammation in rats. Rats were intratracheal instillation of LPS. 6 h later, rats were anaesthetized and killed. Bronchoalveolar lavage fluid
and lung tissues were collected for further tests. (A) The number of inflammatory cells in BALF. (B) MPO activity. (C) Serum Level of the cytokine IL-6. (D) BALF Level of the cytokine
TNF-a. (E) BALF Level of the cytokine IL-6. (F) Immunohistochemical of CD68 staining.
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3.7. Effects of 7a on mRNA expression of pro-inflammatory
cytokines in Beas-2B cells

We next investigated the effects of 7a on messenger RNA
(mRNA) expression of pro-inflammatory cytokine IL-6, IL-1b, TNF-
a, and vascular cell adhesion molecule 1 (VCAM-1) in LPS-
stimulated Beas-2B cells. Beas-2B cells were treated with LPS
(1.0 mg/mL) for 6 h and examined for the expression of pro-
inflammatory genes with or without the 7a present using quanti-
tative reverse transcription PCR (RT-qPCR) study. As shown in Fig. 7,
LPS significantly induced mRNA expressions of IL-6, IL-1b, TNF-a,
and VCAM-1 were observed in LPS-stimulated Beas-2B cells, while
the elevated expressions were inhibited by pretreatment of 7a in a
dose-dependent manner. This further validates that compound 7a
has the potential to be used as an anti-inflammatory agent for ALI
treatment.
4. Conclusion

To develop a novel and water-soluble anti-inflammatory drug
for ALI treatment, we explored a series of allylated MACs bearing a
piperidone motif based on 8f, previously reported, as a lead
molecule. Among the prepared derivatives, a portion of them had
good water solubility as hydrochloride salts even if their Clogp
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H. Zhu et al. / European Journal of Medicinal Chemistry 121 (2016) 181e193188
values were over 4.0. Bioassay results demonstrated that the ma-
jority of compounds possessed higher inhibitory activities
compared with 8f, against LPS-induced TNF-a and IL-6 release in
RAW 264.7 macrophages. Pretreatment with active compound 7a
results in a significant reduction in theW/D ratio, protein leakage in
the BALF, and inflammatory cell infiltration into lung tissue. His-
tological examination also shows that 7a has a significant anti-
inflammatory activity during LPS-induced ALI. Further, in vivo
experiment showed that 7a could attenuate LPS-induced ALI in
rats, while effectively inhibiting the expression of IL-6, IL-1b, TNF-a,
and VCAM-1 in Beas-2B cells, acting at the mRNA level. Meanwhile,
these novel synthetic allylated MACs showed excellent chemical
stability in vitro, thereby providing a perspective on the possibility
of establishing oral drug bioavailability. Taken together, these re-
sults may be particularly useful for further pharmaceutical devel-
opment to treat LPS-induced ALI.
5. Experimental section

5.1. Chemistry

5.1.1. General
Reagents, solvents, and other chemicals were used as purchased

without further purification. All reagents for synthesis were ob-
tained from Sigma Aldrich and Energy-Chemical. Thin-layer chro-
matography (TLC) was performed on Kiesel-gel 60 F254 plates and
flash column chromatography (medium pressure liquid chroma-
tography) purifications were carried out using Merck silica gel 60
(200e300 mesh ASTM) (Merck KGaA, Darmstadt, Germany).
Melting points were determined on a Fisher-Johns melting appa-
ratus and were uncorrected. 1H NMR and 13C NMR spectra were
recorded on a Bruker 600 MHz instruments. The chemical shifts
were presented in terms of parts per million with TMS as the in-
ternal reference. Electronspray ionization mass spectra in positive
mode (ESI-MS) data were recorded on a Bruker Esquire 3000t
spectrometer, and high-resolution mass spectra (m/z) were recor-
ded on a micrOTOF-Q II instrument. All general chemicals were the
highest available grade.
5.1.2. Synthesis of 4-(allyloxy)benzaldehyde (2)
Allyl bromide (14.0 mL, 163.7 mmol) and K2CO3 (5.6 g,

40.9 mmol) were added into a solution of 4-hydroxybenzaldehyde
(1) (10.0 g, 81.9 mmol) in dry acetone (40 mL) and the mixture was
stirred overnight at 65 �C. The reaction mixture was concentrated
under reduced pressure. The residue was dissolved in EtOAc
(30 mL) and washed by water (30 mL), dried over MgSO4 and
concentrated under reduced pressure. The residue was purified by
chromatography on silica gel to give target benzaldehyde 2 (9.96 g,
75%) as a colorless clear liquid.
5.1.3. Synthesis of 3-allyl-4-hydroxybenzaldehyde (3)
4-(Allyloxy)benzaldehyde (2) (2.3 g, 18.5 mmol) was added into

reaction flask, followed by N,N-diethylanailine (8.0 mL) dropwised
under argon. The reaction mixture was refluxed on a sand bath
(200 �C) for 5 h. The resulting mixture was cooled down to room
temperature, and purified by column chromatography directly
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yielded 3-allyl-4-hydroxybenzaldehyde (3) (996 mg, 33.2%) as a
brown liquid.

5.1.4. General procedure for synthesis of 4ael
To a solution of 3-allyl-4-hydroxybenzaldehyde (3) (1.0 mmol)

in glacial acetic acid (10 mL) added piperidone or different
substituted piperidone (0.5 mmol) in glacial acetic acid (4.0 mL).
The reaction mixturewas stirred for two days at room temperature.
The resulting mixture was treated with saturated NaHCO3 aqueous
solution to adjust pH to 7.0, and extracted by EtOAc (3� 20mL). The
combined organic layers were washed with brine and dried over
anhydrous MgSO4, filtered, and concentrated under reduced pres-
sure. The residue was further purified by chromatography on silica
gel to give the desired symmetric allylated MACs 4ael.

5.1.4.1. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)piperidin-4-
one (4a). Yellow power. Yield:25%. m.p: 196.2e198.3 �C. 1H NMR
(600 MHz, DMSO-d6) d (ppm): 9.97 (2H, s, AreOH), 7.47 (2H, s, H-b,
H-b0), 7.19 (2H, d, J ¼ 8.4 Hz, H-6, H-60), 7.18 (2H, s, H-2, H-20), 6.89
(2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.01e5.94 (2H, m, A,B-ArCH2CH]
CH2), 5.08e5.03 (4H, m, A,B-ArCH2CH]CH2), 3.94 (4H, s, piper-
idoneeCH2eNeCH2), 3.31(4H, s, A,BeArCH2CH]CH2), 1.99 (1H, s,
eNH). 13C NMR (150 MHz, DMSO-d6) d (ppm): 186.9 (eCOe),
156.3 � 2 (C-4, C-40), 136.8 � 2 (C-b, C-b0), 134.2 � 2 (C-a, C-a0),
132.7 � 2 (A,BeArCH2CH]CH2), 132.6 � 2 (C-2, C-20), 130.4 � 2 (C-
3, C-30), 126.5 � 2 (C-1, C-10), 126.1 � 2 (C-6, C-60), 115.6 � 2
(A,BeArCH2CH]CH2), 115.2 � 2 (C-5, C-50), 47.5 � 2 (piperidone-
CH2eNeCH2), 33.6 � 2 (A,BeArCH2CH]CH2). ESI-MS, m/z: 385.9
(M�H)�. HRMS(ESI): calcd for C25H25NO3 [MþH]þ: 388.1907,
found: 388.1909.

5.1.4.2. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
methylpiperidin-4-one (4b). Yellow power. Yield: 30%. m.p:
185.9e187.6 �C. 1H NMR (600MHz, DMSO-d6) d (ppm): 10.01 (2H, s,
AreOH), 7.48 (2H, s, H-b, H-b0), 7.21 (2H, d, J ¼ 8.4 Hz, H-6, H-60),
7.20 (2H, s, H-2, H-20), 6.90 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.01e5.94
(2H, m, A,B-ArCH2CH]CH2), 5.08e5.03 (4H, m, A,BeArCH2CH]
CH2), 3.67 (4H, s, piperidoneeCH2eNeCH2), 3.31 (4H, s, A,B-
ArCH2CH]CH2), 2.38 (3H, s, NeCH3). 13C NMR (150MHz, DMSO-d6)
d (ppm): 185.9 (eCOe), 156.4 � 2 (C-4, C-40), 136.7 � 2 (C-b, C-b0),
134.8 � 2 (C-a, C-a0), 132.9 � 2 (A,BeArCH2CH]CH2), 130.7 � 2 (C-
2, C-20), 130.1� 2 (C-3, C-30), 126.5� 2 (C-1, C-10), 125.8� 2 (C-6, C-
60), 115.6 � 2 (A,BeArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 56.6 � 2
(piperidone-CH2eNeCH2), 45.4 (NeCH3), 33.5 � 2
(A,BeArCH2CH]CH2). ESI-MS, m/z: 400.0 (M�H)�. HRMS (ESI):
calcd for C25H25NO3 [MþH]þ: 388.1907, found: 388.1909.

5.1.4.3. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
ethylpiperidin-4-one (4c). Yellow power. Yield: 30%. m.p:
181.3e183.2 �C. 1H NMR (600MHz, DMSO-d6) d (ppm): 10.01 (2H, s,
Ar-OH), 7.49 (2H, s, H-b, H-b0), 7.22 (2H, d, J¼ 8.4 Hz, H-6, H-60), 7.21
(2H, s, H-2, H-20), 6.90 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.01e5.95 (2H,
m, A,B-ArCH2CH]CH2), 5.08e5.03 (4H, m, A,B-ArCH2CH]CH2),
3.71 (4H, s, piperidoneeCH2eNeCH2), 3.32 (4H, d, J ¼ 6.6 Hz,
A,BeArCH2CH]CH2), 2.56 (2H, q, J ¼ 7.2 Hz, NeCH2CH3), 0.99 (3H,
t, J ¼ 7.2 Hz, NeCH2CH3). 13C NMR (150 MHz, DMSO-d6) d (ppm):
186.3 (eCOe), 156.4 � 2 (C-4, C-40), 136.8 � 2 (C-b, C-b0), 134.8 � 2
(C-a, C-a0), 132.7 � 2 (A,B-ArCH2CH]CH2), 130.8 � 2 (C-2, C-20),
130.3 � 2 (C-3, C-30), 126.5 � 2 (C-1, C-10), 125.9 � 2 (C-6, C-60),
115.7 � 2 (A,BeArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 53.9 � 2
(piperidoneeCH2eNeCH2), 50.7 (NeCH2CH3), 33.5 � 2
(A,BeArCH2CH]CH2), 12.10 (NeCH2CH3). ESI-MS, m/z: 414.1
(M�H)�. HRMS (ESI): calcd for C27H29NO3 [MþH]þ: 416.2220,
found: 416.2246.
5.1.4.4. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
propylpiperidin-4-one (4d). Yellow power. Yield: 30%. m.p:
172.9e175.2 �C. 1H NMR (600MHz, DMSO-d6) d (ppm): 10.01 (2H, s,
AreOH), 7.49 (2H, s, H-b, H-b0), 7.26 (2H, d, J ¼ 8.4 Hz, H-6, H-60),
7.20 (2H, s, H-2, H-20), 6.90 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.01e5.95
(2H, m, A,B-ArCH2CH]CH2), 5.08e5.03 (4H, m, A,BeArCH2CH]
CH2), 3.71 (4H, s, piperidoneeCH2eNeCH2), 3.31 (4H, s, A,B-
ArCH2CH]CH2), 2.47 (2H, t, J ¼ 7.2 Hz, NeCH2CH2CH3), 1.43e1.37
(2H, m, NeCH2CH2CH3), 0.80 (3H, t, J ¼ 7.2 Hz, NeCH2CH2CH3). 13C
NMR (150 MHZ, DMSO-d6) d (ppm): 186.2 (eCOe), 156.4 � 2 (C-4,
C-40), 136.8 � 2 (C-b, C-b0), 134.9 � 2 (C-a, C-a0), 132.8 � 2
(A,BeArCH2CH]CH2), 130.8 � 2 (C-2, C-20), 130.3 � 2 (C-3, C-30),
126.5 � 2 (C-1, C-10), 125.9 � 2 (C-6, C-60), 115.6 � 2
(A,BeArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 58.6 (NeCH2CH2CH3),
54.4 � 2 (piperidoneeCH2eNeCH2), 33.5 � 2 (A,BeArCH2CH]
CH2), 19.8 (NeCH2CH2CH3), 11.7 (NeCH2CH2CH3). ESI-MS, m/z:
428.3 (M�H)�. HRMS (ESI): calcd for C28H31NO3 [MþH]þ: 430.2377,
found: 430.2396.

5.1.4.5. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
isopropylpiperidin-4-one (4e). Yellow power. Yield: 30%. m.p:
205.3e207.2 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 9.99 (2H, s,
AreOH), 7.47 (2H, s, H-b, H-b0), 7.23 (2H, d, J ¼ 7.8 Hz, H-6, H-60),
7.21 (2H, s, H-2, H-20), 6.90 (2H, d, J ¼ 7.8 Hz, H-5, H-50), 6.02e5.95
(2H, m, A,B-ArCH2CH]CH2), 5.09e5.04 (4H, m, A,B-ArCH2CH]
CH2), 3.75 (4H, s, piperidoneeCH2eNeCH2), 3.31 (4H, s, A,B-
ArCH2CH]CH2), 2.91e2.87 (1H, m, NeCH(CH3)2), 1.02 (6H, d,
J ¼ 6.6 Hz, NeCH(CH3)2). 13C NMR (150 MHz, DMSO-d6) d (ppm):
186.7 (eCOe), 156.3 � 2 (C-4, C-40), 136.8 � 2 (C-b, C-b0), 134.3 � 2
(C-a, C-a0), 132.6 � 2 (A,B-ArCH2CH]CH2), 131.5 � 2 (C-2, C-20),
130.3 � 2 (C-3, C-30), 126.5 � 2 (C-1, C-10), 125.9 � 2 (C-6, C-60),
115.7 � 2 (A,B-ArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 53.1
(NeCH(CH3)2), 50.1 � 2 (piperidoneeCH2eNeCH2), 33.4 � 2 (A,B-
ArCH2CH]CH2), 18.1 � 2 (NeCH(CH3)2). ESI-MS, m/z: 428.1
(M�H)�. HRMS (ESI): calcd for C28H31NO3 [MþH]þ: 430.2377,
found: 430.2396.

5.1.4.6. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
cyclopropylpiperidin-4-one (4f). Yellow power. Yield: 40%. m.p:
82.5e85.1 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 10.01 (2H, s,
AreOH), 7.49 (2H, s, H-b, H-b0), 7.22 (2H, d, J ¼ 8.4 Hz, H-6, H-60),
7.21 (2H, s, H-2, H-20), 6.92 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.02e5.95
(2H, m, A,BeArCH2CH]CH2), 5.08e5.04 (4H, m, A,BeArCH2CH]
CH2), 3.89 (4H, s, piperidoneeCH2eNeCH2), 3.31 (4H, s,
A,BeArCH2CH]CH2), 1.99e1.96 (1H, m, NeCHeCyclopropyl),
0.47e0.44 (2H, m, NeCH2eCH2eCyclopropyl), 0.28e0.25 (2H, m,
NeCH2eCH2eCyclopropyl). 13C NMR (150MHz, DMSO-d6) d (ppm):
186.1 (eCOe), 156.4 � 2 (C-4, C-40), 136.7 � 2 (C-b, C-b0), 134.9 � 2
(C-a, C-a0), 132.9 � 2 (A,BeArCH2CH]CH2), 130.8 � 2 (C-2, C-20),
130.1 � 2 (C-3, C-30), 126.6 � 2 (C-1, C-10), 125.9 � 2 (C-6, C-60),
115.7 � 2 (A,BeArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 54.5 � 2
(piperidoneeCH2eNeCH2), 37.5 (NeCHeCyclopropyl), 33.5 � 2
(A,B-ArCH2CH]CH2), 6.4 � 2 (NeCH2eCH2eCyclopropyl). ESI-MS,
m/z: 426.1 (M�H)�. HRMS (ESI): calcd for C28H29NO3 [MþH]þ:
428.2220, found: 428.2229.

5.1.4.7. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-(phenyl-
sulfonyl)piperidin-4-one (4g). Yellow power. Yield: 35%. m.p:
84.7e87.0 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 10.18 (2H, s,
AreOH), 7.74e7.71 (1H, m, eNeSO2eAreH-4), 7.60e7.59 (4H, m,
NeSO4eAreH-2,3,5,6), 7.48 (2H, s, H-b, H-b0), 7.22 (2H, dd,
J1 ¼8.4 Hz, J2 ¼ 1.8 Hz, H-6, H-60), 7.14 (2H, s, H-2, H-20), 6.95 (2H, d,
J ¼ 8.4 Hz, H-5, H-50), 6.05e5.98 (2H, m, A,B-ArCH2CH]CH2),
5.14e5.08 (4H, m, A,B-ArCH2CH]CH2), 4.49 (4H, s, piper-
idoneeCH2eNeCH2), 3.35 (4H, s, A,B-ArCH2CH]CH2). 13C NMR
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(150 MHz, DMSO-d6) d (ppm): 183.7 (eCOe), 156.9 � 2 (C-4, C-40),
137.3 � 2 (C-b, C-b0), 136.8 (NeSO4eAr-C-1), 136.7 � 2 (C-a, C-a0),
133.6 (N-SO4-Ar-C-4), 132.6 � 2 (A,B-ArCH2CH]CH2), 130.6 � 2 (C-
2, C-20), 129.5 � 2 (C-3, C-30), 127.5 � 2 (N-SO4-Ar-C-3.5), 127.2 � 2
(C-1, C-10), 126.8 � 2 (C-6, C-60), 125.2 � 2 (N-SO4-Ar-C-2.6),
115.9 � 2 (A,B-ArCH2CH]CH2), 115.5 � 2 (C-5, C-50), 56.1 � 2
(piperidoneeCH2eNeCH2), 33.5 � 2 (A,B-ArCH2CH]CH2). ESI-MS,
m/z: 526.3 (M�H)�. HRMS (ESI): calcd for C31H29NO5S [MþH]þ:
528.1839, found: 528.1844.

5.1.4.8. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-
benzylpiperidin-4-one (4h). Yellow power. Yield: 35%. m.p:
135.9e137.8 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 10.16 (2H, s,
Ar-OH), 7.74e7.72 (1H, m, NeCH2eBenzene-4), 7.60e7.59 (4H, m,
NeCH2eBenzene-2,3,5,6), 7.48 (2H, s, H-b, H-b0), 7.22 (2H, dd,
J1 ¼8.4 Hz, J2 ¼ 1.8 Hz, H-6, H-60), 7.15 (2H, s, H-2, H-20), 6.95 (2H, d,
J ¼ 8.4 Hz, H-5, H-50), 6.05e5.98 (2H, m, A,B-ArCH2CH]CH2),
5.13e5.08 (4H, m, A,B-ArCH2CH]CH2), 4.50 (4H, s, piper-
idoneeCH2eNeCH2), 3.36 (2H, s, NeCH2Benzene), 3.35 (4H, s,
A,BeArCH2CH]CH2). 13C NMR (150 MHz, DMSO-d6) d (ppm): 186.1
(eCOe), 156.4� 2 (C-4, C-40), 136.6� 2 (C-b, C-b0), 134.9� 2 (C-a, C-
a0), 132.4 � 2 (A,B-ArCH2CH]CH2), 130.6 � 2 (C-2, C-20), 130.5 � 2
(C-3, C-30), 129.1 � 2 (NeCH2eBenzene-C-2.6), 128.7 (NeCH2e-

Benzene-C-1), 128.2 � 2 (NeCH2eBenzene-C-3.5), 127.2
(NeCH2eBenzeneeC-4), 126.5 � 2 (C-1, C-10), 125.8 � 2 (C-6, C-60),
115.8 � 2 (A,B-ArCH2CH]CH2), 115.3 � 2 (C-5, C-50), 61.2
(NeCH2eBenzene), 54.3 � 2 (piperidoneeCH2eNeCH2), 33.5 � 2
(A,B-ArCH2CH]CH2). ESI-MS, m/z: 476.0 (M�H)�. HRMS (ESI):
calcd for C32H31NO3 [MþH]þ: 478.2377, found: 478.2398.

5.1.4.9. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-(2,6-
dichlorobenzoyl)piperidin-4-one (4i). Yellow power. Yield: 34%.
m.p: 212.5e214.3 �C.1H NMR (600 MHz, DMSO-d6) d (ppm): 10.17
(2H, s, AreOH), 7.58e7.55 (1H, m, eNeCOeAreH-4), 7.30 (2H, d,
J ¼ 7.8 Hz, NeCOeAreH-3.5), 7.50 (2H, s, H-b, H-b0), 7.36 (2H, d,
J ¼ 7.8 Hz, H-6, H-60), 7.24 (2H, d, J ¼ 7.8 Hz, H-5, H-50), 6.97 (2H, s,
H-2, H-20), 6.04e5.97 (2H, m, A,B-ArCH2CH]CH2), 5.10e5.06 (4H,
m, A,B-ArCH2CH]CH2), 4.49 (4H, s, piperidone-CH2eNeCH2), 3.31
(4H, s, A,B-ArCH2CH]CH2). 13C NMR (150 MHz, DMSO-d6) d (ppm):
184.8 (eCOe), 162.7 (NeCOeAr), 156.5 � 2 (C-4, C-40), 137.23 � 2
(C-b, C-b0), 136.7 � 2 (C-a, C-a0), 133.5 (NeCOeAreCe1), 133.3 � 2
(A,BeArCH2CH]CH2), 130.4 � 2 (NeCOeAreC-2.6), 128.1 � 3 (C-2,
C-20, N-CO-Ar-C-4), 126.8� 2 (C-3, C-30), 126.3� 2 (N-CO-Ar-C-3.5),
125.4� 2 (C-1, C-10), 125.0� 2 (C-6, C-60),115.9� 2 (A,B-ArCH2CH]
CH2), 115.7 � 2 (C-5, C-50), 46.3 � 2 (piperidoneeCH2eNeCH2),
33.6 � 2 (A,B-ArCH2CH]CH2). ESI-MS, m/z: 558.2 (M�H)�. HRMS
(ESI): calcd for C32H27Cl2NO4 [MþH]þ: 560.1390, found: 560.1407.

5.1.4.10. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-(4-
fluorobenzoyl)piperidin-4-one (4j). Yellow power. Yield: 30%. m.p:
210.3e212.1 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 10.11 (2H, s,
Ar-OH), 7.74 (2H, d, J ¼ 9.0 Hz, -NeCOeAreH-2.6), 7.68 (2H, d,
J ¼ 9.0 Hz, NeCOeAreH-3.5), 7.63 (2H, s, H-b, H-b0), 7.56 (2H, d,
J ¼ 8.4 Hz, H-6, H-60), 7.27 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.98 (2H, s,
H-2, H-20), 5.99e5.94 (2H, m, A,B-ArCH2CH]CH2), 5.01e4.95 (4H,
m, A,B-ArCH2CH]CH2), 4.02 (4H, s, piperidoneeCH2eNeCH2), 3.30
(4H, s, A,B-ArCH2CH]CH2). 13C NMR (150 MHz, DMSO-d6) d (ppm):
185.2 (eCOe), 168.6 (NeCOeAr), 166.9 (NeCOeAreCe4), 156.6� 2
(C-4, C-40), 136.6� 2 (C-b, C-b0), 136.5� 2 (C-a, C-a0), 131.7� 2 (A,B-
ArCH2CH]CH2), 131.5 � 2 (C-2, C-20), 129.5 (N-CO-Ar-C-1),
129.4� 2 (C-3, C-30), 129.3� 2 (NeCOeAreC-2.6),129.2� 2 (C-1, C-
10), 128.7 � 2 (C-6, C-60), 115.5 � 2 (A,B-ArCH2CH]CH2), 115.3 � 2
(C-5, C-50), 115.1 � 2 (NeCOeAreC-3.5), 46.4 � 2 (piper-
idoneeCH2eNeCH2), 33.5 � 2 (A,B-ArCH2CH]CH2). ESI-MS, m/z:
508.1 (M�H)�. HRMS (ESI): calcd for C32H28FNO4 [MþH]þ:
510.2075, found: 510.2090.

5.1.4.11. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-(4-
chlorobenzoyl)piperidin-4-one (4k). Yellow power. Yield: 30%. m.p:
217.6e220.0 �C. 1H NMR (600MHz, DMSO-d6) d (ppm): 10.13 (2H, s,
AreOH), 7.74 (2H, d, J ¼ 9.0 Hz, eNeCOeAreH-2.6), 7.67 (2H, d,
J ¼ 9.0 Hz, NeCOeAreHe3.5), 7.61 (2H, s, H-b, H-b0), 7.52 (2H, d,
J ¼ 8.4 Hz, H-6, H-60), 7.22 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.97 (2H, s,
H-2, H-20), 5.99e5.94 (2H, m, A,B-ArCH2CH]CH2), 5.06e5.02 (4H,
m, A,B-ArCH2CH]CH2), 4.02 (4H, s, piperidoneeCH2eNeCH2), 3.31
(4H, s, A,B-ArCH2CH]CH2). 13C NMR (150MHz, DMSO-d6) d (ppm):
185.2 (eCOe), 168.5 (NeCOeAr), 156.9 � 2 (C-4, C-40), 136.6� 2 (C-
b, C-b0), 134.4 (NeCOeAreC-4), 133.4 (NeCOeAreC-1), 131.7 � 2
(C-a, C-a0), 131.5 � 2 (A,BeArCH2CH]CH2), 130.6 � 2 (C-2, C-20),
128.8 � 2 (NeCOeAr-C-2.6), 128.7 � 2 (C-3, C-30), 128.5 � 2
(NeCOeAreC-3.5), 128.4 � 2 (C-1, C-10), 128.2 � 2 (C-6, C-60),
115.5 � 2 (A,B-ArCH2CH]CH2), 115.4 � 2 (C-5, C-50), 54.9 � 2
(piperidoneeCH2eNeCH2), 33.5 � 2 (A,B-ArCH2CH]CH2). ESI-MS,
m/z: 524.1 (M�H)�. HRMS (ESI): calcd for C32H28ClNO4 [MþH]þ:
526.1780, found: 526.1783.

5.1.4.12. (3E,5E)-3,5-Bis(3-allyl-4-hydroxybenzylidene)-1-(4-
methylbenzoyl)piperidin-4-one (4l). Yellow power. Yield: 25%. m.p:
215.3e217.2 �C. 1H NMR (600 MHz, DMSO-d6) d (ppm): 10.11 (2H, s,
AreOH), 7.63 (2H, d, J¼ 7.8 Hz,eNeCOeAreH-2.6), 7.61 (2H, s, H-b,
H-b0), 7.37 (2H, d, J ¼ 7.8 Hz, NeCOeAreH-3.5), 7.27 (2H, d,
J ¼ 8.4 Hz, H-6, H-60), 7.09 (2H, d, J ¼ 8.4 Hz, H-5, H-50), 6.95 (2H, s,
H-2, H-20), 6.01e5.93 (2H, m, A,B-ArCH2CH]CH2), 5.09e5.02 (4H,
m, A,B-ArCH2CH]CH2), 4.68 (4H, s, piperidoneeCH2eNeCH2), 3.35
(4H, s, A,B-ArCH2CH]CH2), 2.34 (3H, s, eCH3). 13C NMR (150 MHz,
DMSO-d6) d (ppm): 185.3 (eCOe), 169.1 (NeCOeAr), 156.9� 2 (C-4,
C-40), 139.4 � 2 (C-b, C-b0), 136.6 � 2 (C-a, C-a0), 131.7 (N-CO-Ar-C-
4), 130.5 � 2 (A,B-ArCH2CH]CH2), 129.6 (NeCOeAreC-1),
129.4 � 2 (C-2, C-20), 128.9 � 2 (C-3, C-30), 128.6 � 2 (N-CO-Ar-C-
3.5), 126.9 � 2 (C-1, C-10), 126.9 � 2 (C-6, C-60), 126.6 � 2(N-CO-Ar-
C-2.6),115.7� 2 (A,B-ArCH2CH]CH2),115.3� 2 (C-5, C-50), 56.0� 2
(piperidoneeCH2eNeCH2), 33.5 � 2 (A,B-ArCH2CH]CH2), 20.8
(NeCOeAreCH3). ESI-MS, m/z: 504.1 (M�H)�. HRMS (ESI): calcd
for C33H31NO4 [MþH]þ: 506.2326, found: 506.2338.

5.1.5. Synthesis of O-THP protected benzaldehyde (5)
A solution of 3-allyl-4-hydroxybenzaldehyde (3) (1.0 g,

6.17 mmol) in dry CH2Cl2 (10 mL) was added 3,4-dihydro-2H-pyran
(2.59 g, 30.83 mmol) portionwise, followed by PPTS (200 mg,
0.617 mmol). The reaction mixture was stirred overnight at 40 �C.
The resulting solutionwas quenched with redistilled water (40 mL)
and extracted with EtOAc (3� 50mL). The combined organic layers
were washed with water (100 mL), brine (100 mL), dried over
anhydrous MgSO4, filtered, and concentrated in vacuo. The residue
was purified by chromatography on silica gel provided O-THP
protected benzaldehyde 5 (1.29 g, 85%) as a yellow liquid.

5.1.6. Synthesis of a,b-unsaturated ketone (6)
To a solution of O-THP protected benzaldehyde (5) (500 mg,

2.03 mmol) in CH2Cl2 added 1-cyclopropylpiperidin-4-one
(310.83 mg, 2.33 mmol) and pyrrolidine (433.13 mg, 6.09 mmol).
The reaction flask was allowed to warm up to 40 �C for 4 h. The
resulting mixture was concentrated under reduced pressure, and
the residue was purified by silica gel directly to afford the a,b-un-
saturated ketone 6 (5.26 g, 40%) as a brown liquid.

5.1.7. General routes for synthesis of 7aee
To a stirring solution of intermediate (6) (0.544 mmol) in EtOH

(10 mL) and different substituted benzaldehydes (0.544 mmol) at
room temperature was added dropwise a solution of 20% (w/v)
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NaOH aqueous solution (0.8 mL). The reaction mixture was stirred
overnight at room temperature and the resulting mixture was
diluted with saturated sodium bicarbonate aqueous solution
(10 mL) and extracted with EtOAc (3 � 20 mL). The combined
organic layers were washed with brine (40 mL) and dried over
anhydrous MgSO4, filtered, and concentrated under reduced pres-
sure. The residue was further dissolved in dry MeOH (5 mL) and
dropwised 10 drops of concentrated HCl. The reaction mixture was
stirred at room temperature for 5 h, then quenched with saturated
aqueous NH4Cl solution (5 mL) and extracted with EtOAc
(3 � 10 mL). The combined organic layers were washed with brine
(15 mL) and dried over anhydrous MgSO4, filtered, and concen-
trated under reduced pressure. The residue was purified by chro-
matography on silica gel to furnish target asymmetric allylated
MACs 7aee.
5.1.7.1. (3E,5E)-3-(3-Allyl-4-hydroxybenzylidene)-1-cyclopropyl-5-
[4-(4-methylpiperazin-1-yl)benzylidene]piperidin-4-one (7a).
Yellow power. Yield: 20%. m.p: 210.3e213.1 �C. 1H NMR (600 MHz,
DMSO-d6) d (ppm): 7.48 (2H, s, H-b0, H-b), 7.35 (2H, d, J¼ 9.0 Hz, H-
60, H-20), 7.16 (1H, d, J ¼ 7.2 Hz, H-6), 7.15 (1H, s, H-2), 7.01 (2H, d,
J ¼ 9.0 Hz, H-50, H-30), 6.77 (1H, d, J ¼ 7.2 Hz, H-5), 6.03e5.96 (1H,
m, A-ArCH2CH]CH2), 5.09e5.02 (2H, m, A-ArCH2CH]CH2), 3.89
(2H, s, piperidoneeCH2eNeCH2), 3.88 (2H, s, piper-
idoneeCH2eNeCH2), 3.30 (2H, d, J ¼ 6.6 Hz, AeArCH2CH]CH2),
3.26 (4H, t, J ¼ 4.2 Hz, piperazinyleNe(CH2CH2)2eNeCH3), 2.43
(4H, t, J ¼ 4.2 Hz, piperazinyleNe(CH2CH2)2eNeCH3), 2.22 (3H, s,
eNeCH3), 1.98 (1H, s, eNHeCyclopropyl(CH2eCH2)), 0.46 (2H, s,
Cyclopropyl(CH2eCH2)), 0.27 (2H, s, NeCH2eCH2eCyclopropyl). 13C
NMR (150 MHz, DMSO-d6) d (ppm): 185.5 (eCOe), 151.0 (C-4),
137.4 � 2 (C-b, C-b0), 135.8 (C-a), 134.3 (C-a0), 132.9 (C-8), 132.0 � 4
(C-20,40, 60, C-2), 130.7 (C-3), 130.6 (C-1), 127.3 (C-6), 124.651 (C-10),
116.2 (C-9), 115.3 (C-5), 114.3 � 2 (C-30, C-50), 56.0 � 2 (piperazinyl-
N-(CH2CH2)2eNeCH3), 54.4 � 2 (piper-
azinyleNe(CH2CH2)2eNeCH3), 46.9 � 2 (piper-
idoneeCH2eNeCH2), 45.7 (NeCH3), 37.7 (NeCHeCyclopropyl),
33.9 (C-7), 6.4 � 2 (Cyclopropyl (CH2eCH2)). ESI-MS, m/z: 470.4
(MþH)þ. HRMS (ESI): calcd for C30H35N3O2 [MþH]þ: 470.2802,
found: 470.2825.
5.1.7.2. (3E,5E)-3-(3-Allyl-4-hydroxybenzylidene)-1-cyclopropyl-5-
(4-morpholinobenzylidene) piperidin-4-one (7b). Yellow power.
Yield: 28%. m.p:196.5e198.7 �C. 1H NMR (600 MHz, DMSO-d6)
d (ppm): 10.01 (1H, s, Ar-OH), 7.51 (1H, s, H-b0), 7.49 (1H, s, H-b),
7.39 (2H, d, J ¼ 9.0 Hz, H-60, H-20), 7.22 (1H, d, J ¼ 7.8 Hz, H-6), 7.21
(1H, s, H-2), 7.03 (2H, d, J¼ 9.0 Hz, H-50, H-30), 6.92 (1H, d, J¼ 7.8 Hz,
H-5), 6.02e5.95 (1H, m, A-ArCH2CH]CH2), 5.09e5.04 (2H, m, A-
ArCH2CH]CH2), 3.93 (2H, s, piperidoneeCH2eNeCH2), 3.90 (2H, s,
piperidoneeCH2eNeCH2), 3.74 (4H, t, J ¼ 4.8 Hz, morpholinyl-
Ne(CH2CH2)2eO), 3.28 (2H, d, J ¼ 6.6 Hz, A-ArCH2CH¼CH2), 3.24
(4H, t, J ¼ 4.8 Hz, morpholinyl-Ne(CH2CH2)2eO), 1.98 (1H, s,
eNeCHeCyclopropyl(CH2eCH2)), 0.47 (2H, s, -N-CH-Cyclo-
propyl(CH2-CH2)), 0.28 (2H, s, -N-CH-Cyclopropyl(CH2-CH2)). 13C
NMR (150 MHz, DMSO-d6) d (ppm): 186.0 (-CO-), 156.4 (C-4), 151.3
(C-40), 136.7 (C-b), 134.9 (C-b0), 134.8 (C-a), 132.9 (C-a0), 132.1 � 2
(C-20, 60), 130.9 (C-8), 130.4 (C-2), 130.1 (C-3), 126.6 (C-1), 125.9 (C-
6), 124.9 (C-10), 115.7 (C-9), 115.3 (C-5), 114.2 � 2 (C-30, C-50),
65.9 � 2 (morpholinyl-Ne(CH2CH2)2eO)), 54.8 (morpholinyl-
Ne(CH2CH2)2eO)), 54.6 (morpholinyl-Ne(CH2CH2)2eO)), 47.2 � 2
(piperidone-CH2eNeCH2), 37.6 (NeCHeCyclopropyl), 33.5 (C-7),
6.4 � 2 (Cyclopropyl (CH2eCH2)). ESI-MS, m/z: 457.3 (MþH)þ.
HRMS (ESI): calcd for C29H32N2O3 [MþH]þ: 457.2486, found:
457.2490.
5.1.7.3. (3E,5E)-3-(3-Allyl-4-hydroxybenzylidene)-1-cyclopropyl-5-
[4-(pyrrolidin-1-yl)benzylidene]piperidin-4-one (7c). Yellow power.
Yield: 25%. m.p:186.8e188.5 �C. 1H NMR (600 MHz, DMSO-d6)
d (ppm): 7.50 (1H, s, H-b0), 7.47 (1H, s, H-b), 7.34 (2H, d, J ¼ 9.0 Hz,
H-60, H-20), 7.18 (1H, d, J ¼ 7.8 Hz, H-6), 7.17 (1H, s, H-2), 6.86 (1H, d,
J ¼ 8.4 Hz, H-5), 6.63 (2H, d, J ¼ 9.0 Hz, H-50, H-30), 6.02e5.95 (1H,
m, A-ArCH2CH]CH2), 5.08e5.03 (2H, m, A-ArCH2CH]CH2), 3.90
(2H, s, piperidone-CH2eNeCH2), 3.88 (2H, s,piper-
idoneeCH2eNeCH2), 3.30 (2H, d, J ¼ 6.6 Hz, AeArCH2CH]CH2),
3.29 (4H, t, J¼ 4.8 Hz, pyrryleNeCH2eCH2eCH2eCH2eN),1.98 (5H,
s, eNeCHeCyclopropyl(CH2eCH2), pyrryle-

NeCH2eCH2eCH2eCH2eN), 0.47 (2H, s, eNeCHeCyclopro-
pyl(CH2eCH2)), 0.27 (2H, s, eNeCHeCyclopropyl(CH2eCH2)). 13C
NMR (150 MHz, DMSO-d6) d (ppm): 185.6 (eCOe), 148.1 (C-4),
137.0 � 2 (C-b, C-b0), 135.6 (C-40), 134.7 (C-a), 132.8 � 2 (C-a0, C-8),
131.2 (C-2), 130.6 (C-3), 130.2 � 2 (C-20, 60), 130.1 (C-1), 128.6 (C-6),
126.8 (C-10), 115.5 � 2 (C-5, C-9), 111.7 � 2 (C-30, C-50), 56.0 � 2
(pyrryl-NeCH2eCH2eCH2eCH2eN), 47.2 � 2 (piper-
idoneeCH2eNeCH2), 37.7 (NeCHeCyclopropyl), 33.7 (C-7),
24.9 � 2 (pyrryleNeCH2eCH2eCH2eCH2eN), 6.4 � 2 (Cyclopropyl
(CH2eCH2)). ESI-MS, m/z: 441.4 (MþH)þ. HRMS (ESI): calcd for
C29H32N2O2 [MþH]þ: 441.2537, found: 441.2543.

5.1.7.4. (3E,5E)-3-(3-Allyl-4-hydroxybenzylidene)-1-cyclopropyl-5-
[4-(diethylamino) benzylidene]piperidin-4-one (7d). Yellow power.
Yield: 25%. m.p: 175.5e177.3 �C. 1H NMR (600 MHz, DMSO-d6)
d (ppm): 9.99 (1H, s, AreOH), 7.48 (1H, s, H-b0), 7.47 (1H, s, H-b),
7.34 (2H, d, J ¼ 8.4 Hz, H-60, H-20), 7.20 (1H, d, J ¼ 8.4 Hz, H-6), 7.20
(1H, s, H-2), 6.91 (1H, d, J¼ 8.4 Hz, H-5), 6.75 (2H, d, J¼ 8.4 Hz, H-50,
H-30), 6.01e5.95 (1H, m, A-ArCH2CH]CH2), 5.08e5.04 (2H, m, A-
ArCH2CH]CH2), 3.92 (2H, s, piperidone-CH2eNeCH2), 3.88 (2H, s,
piperidone-CH2eNeCH2), 3.40 (4H, q, J ¼ 7.2 Hz, eN(CH2CH3)2),
3.31 (2H, s, A -ArCH2CH]CH2), 1.98 (1H, s, eNeCHeCyclopro-
pyl(CH2eCH2)), 1.12 (6H, t, J ¼ 7.2 Hz, eN(CH2CH3)2), 0.47 (2H, s,
eNeCHeCyclopropyl(CH2eCH2)), 0.28 (2H, s, eNeCHeCyclopro-
pyl(CH2eCH2)). 13C NMR (150 MHz, DMSO-d6) d (ppm): 185.8
(eCOe), 156.3 (C-4), 148.2 (C-40), 137.4 (C-b), 136.7 (C-b0), 135.7 (C-
a), 134.2 (C-a0), 132.9 � 2 (C-20, 60), 131.1 (C-8), 130.1 (C-2), 129.9 (C-
3), 127.7 (C-1), 126.5 (C-6), 126.0 (C-10), 115.7 (C-5), 115.3 (C-9),
111.2 � 2 (C-30, C-50), 56.0 � 2 (piperidoneeCH2eNeCH2), 43.7 � 2
(eN(CH2CH3)2), 37.7 (NeCHeCyclopropyl), 33.5 (C-7), 12.5 � 2
(-N(CH2CH3)2), 6.4 � 2 (Cyclopropyl (CH2eCH2)). ESI-MS, m/z:
443.5 (MþH)þ. HRMS (ESI): calcd for C29H34N2O2 [MþH]þ:
443.2693, found: 443.2719.

5.1.7.5. (3E,5E)-3-(3-Allyl-4-hydroxybenzylidene)-1-cyclopropyl-5-
[4-(dimethyl-lamino) benzylidene]piperidin-4-one (7e). Yellow po-
wer. Yield: 22%. m.p: 170.3e172.2 �C. 1H NMR (600 MHz, DMSO-d6)
d (ppm): 10.00 (1H, s, AreOH), 7.55 (1H, s, H-b0), 7.48 (1H, s, H-b),
7.36 (2H, d, J ¼ 8.4 Hz, H-60, H-20), 7.22 (1H, d, J ¼ 7.2 Hz, H-6), 7.21
(1H, s, H-2), 6.91 (1H, d, J¼ 8.4 Hz, H-5), 6.79 (2H, d, J¼ 8.4 Hz, H-50,
H-30), 6.02e5.95 (1H, m, A-ArCH2CH]CH2), 5.09e5.04 (2H, m, A-
ArCH2CH]CH2), 3.92 (2H, s, piperidoneeCH2eNeCH2), 3.89 (2H, s,
piperidone-CH2eNeCH2), 3.30 (2H, s, A -ArCH2CH]CH2), 2.99 (6H,
s, Ne(CH3)2, 1.98 (1H, s,eNeCHeCyclopropyl(CH2eCH2)), 0.47 (2H,
s, eNeCHeCyclopropyl(CH2eCH2)), 0.27 (2H, s, eNeCHeCyclo-
propyl(CH2eCH2)). 13C NMR (150 MHz, DMSO-d6) d (ppm): 185.81
(eCOe), 156.3 (C-4), 150.7 (C-40), 136.7 (C-b), 135.5 (C-b0), 134.4 (C-
a), 132.8 (C-a0), 132.4 � 2 (C-20, 60), 131.6 (C-8), 131.034 (C-2), 129.9
(C-3), 128.9 (C-1), 128.7 (C-6), 126.5 (C-10), 115.7 (C-5), 115.3 (C-9),
111.8 � 2 (C-30, C-50), 54.9 (piperidoneeCH2eNeCH2), 54.6 (piper-
idoneeCH2eNeCH2), 48.9 � 2 (Ne(CH3)2), 37.7 (NeCHeCyclo-
propyl), 33.5 (C-7), 6.4 � 2 (Cyclopropyl (CH2eCH2)). ESI-MS, m/z:
415.3 (MþH)þ. HRMS (ESI): calcd for C27H30N2O2 [MþH]þ:
415.2380, found: 415.2378.
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5.2. Animals

The present study was approved by Wenzhou Medical College
Animal Policy and Welfare Committee (approval documents: 2013/
APWC/0361). Male C57BL/6 mice weighing 18e22 g were obtained
from the Animal Center of Wenzhou Medical University (Wenzhou,
China). Animals involved in this experiment were treated in
accordance with the Guide for Care and Use of Laboratory Animals
of National Institutes of Health. The animals were housed in an air-
conditioned room and maintained in a 12:12-h light/dark cycle
with food and water ad libitum.

5.3. Cells and reagents

Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich (St
Louis, MO, USA). Saline was prepared as 0.9% NaCl solution. The
mouse IL-6 enzyme-linked immunosorbent assay (ELISA) kit and
mouse TNF-a ELISA kit were purchased from eBioscience, Inc. (San
Diego, CA, USA). Mouse RAW 264.7 macrophages were obtained
from the American Type Culture Collection (ATCC, U.S.). RAW 264.7
macrophages were incubated in DMEM medium (Gibco, Eggen-
stein, Germany) supplemented with 10% FBS (Hyclone, Logan, UT),
100 U/mL penicillin, and 100 mg/mL streptomycin at 37 �C with 5%
CO2.

5.4. Anti-inflammatory evaluation of synthetic MACs

The anti-inflammatory effects of new synthetic allylated MACs
were evaluated by inhibition of TNF-a and IL-6 release using in LPS
stimulated mouse RAW264.7 macrophages. After treatment of cells
with indicated compounds and LPS, the TNF-a and IL-6 levels in
medium were determined with an ELISA kit (eBioScience, San
Diego, CA) according to the manufacturer’s instructions. Briefly,
cells were pretreated with 10 mM of 8f or prepared symmetric and
asymmetric allylated MACs for 30 min, then treated with LPS
(0.5 mg/mL) for 24 h. After treatment, the culture media and cells
were collected separately. The levels of TNF-a and IL-6 in the media
were determined by ELISA. The total protein in cultural plates was
collected and the concentrations were determined using Bio-Rad
protein assay reagents. The total amount of the inflammatory fac-
tor in the media was normalized to the total protein amount of the
viable cell pellets.

5.5. UVevisible absorption spectra of curcumin and its analogs

Absorbance readings were taken from 250 to 600 nm using a
spectrum Max M5 (Molecular Devices, USA). A stock solution of
1 mM 8f or allylated MACs was prepared and diluted by phosphate
buffer (pH 7.4) to a final concentration of 20 mM. In the experi-
ments where degradation of curcumin was recorded, the absorp-
tion spectra were collected for over 25 min at 5 min intervals. The
UVevisible absorbance spectrumwas measured at 25 �C at varying
time interval in a 1 cm path-length quartz cuvette.

5.6. Real-time quantitative PCR

Cells were homogenized in TRIZOL kit (Invitrogen, Carlsbad, CA)
for extraction of RNA according to each manufacturer’s protocol.
Both reverse transcription and quantitative PCR were carried out
using a two-step M-MLV Platinum SYBR Green qPCR SuperMix-
UDG kit (Invitrogen, Carlsbad, CA). Eppendorf Mastercycler ep
realplex detection system (Eppendorf, Hamburg, Germany) was
used for q-PCR analysis. The primers of genes including TNF-a, IL-6,
IL-1b, and VCAM-1 were synthesized by Invitrogen. PCR primers
were designed using Primer Premier Version 5.0 software (Premier
Biosoft, Palo Alto, CA, USA) and sequences were as follows
(Invitrogen):

TNF-a sense: 50-TGGAACTGGCAGAAGAGG-30;
antisense: 50-AGACAGAAGAGCGTGGTG-30;
IL-6 sense: 50-GAGGATACCACTCCCAACAGACC-30;
antisense: 50-AAGTGCATCATCGTTGTTCATACA-30;
IL-1b sense: 50-ACTCCTTAGTCCTCGGCCA-30;
antisense: 50-CCATCAGAGGCAAGGAGGAA-30;
VCAM-1 sense: 50- TTTGCAAGAAAAGCCAACATGAAAG -30;
VCAM-1 antisense: 50- TCTCCAACAGTTCAGACGTTAGC -30;
b-actin sense: 50-TGGAATCCTGTGGCATCCATGAAAC-30;
antisense: 50-TAAAACGCAGCTCAGTAACAGTCCG-30.

The amount of each gene was determined and normalized by
the amount of b-actin.

5.7. Histopathologic examination of lung

Portions of the right lower pulmonary lobe was immersed in
10% neutral-buffered formalin and processed routinely by embed-
ding in paraffin. Sections of tissues were cut at 5 mm, mounted on
slides, and stained with hematoxylin-eosin before examination
under light microscopy (Olympus BH-2; Olympus, Tokyo, Japan).
Lung tissues were immersed in 4% paraformaldehyde (PFA),
embedded in paraffin, and cut into 5 mm thick sections. Tissues
were stained with hematoxylin and eosin (H&E) and observed with
a Nikon Eclipse E800 microscope (Nikon, Tokyo, Japan). The his-
tologic injury scores were evaluated as Su et al. [24]. Briefly, the
severity of microscopic injury was graded according to the
following scoring system: 0, normal; 1, minimal (<25%); 2, mild
(25%e50%); 3, moderate (50%e75%); and 4, severe (>75%). Tissue
sections were examined by an ex-perienced pathologist blinded to
treatment.

5.8. Wet-to-dry weight ratio

The lung weight-to-dry (W/D) ratio was calculated as a
parameter of lung edema. Rats were killed at 6 h after LPS chal-
lenge. The upper lobe of right lung was excised, blotted dry, and
weighed to obtain the ‘wet’ weight and then placed in an oven at
65 �C for 48 h to obtain the ‘dry’weight. The ratio of the wet lung to
the dry lung was calculated to assess the tissue edema.

5.9. Protein concentration in bronchoalveolar lavage fluid (BALF)

BALF was obtained at the end of the experimental by irrigating
the left lung with saline (3 � 1.5 mL). This fluid was centrifuged at
1000 rpm for 10 min, and the protein concentration in the super-
natant was determined using a BCA protein assay (Pierce, Rockford,
IL, USA).

5.10. Measurement of myeloperoxidase (MPO) activity

The MPO activity was determined by a commercially available
assay kit (Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s instruction. In brief, the right poste-
rior lobe lungs were removed from rats of all groups and MPO ac-
tivity was measured. One hundred milligrams of lung tissue was
homogenized and fluidized in extraction buffer to obtain 5% of the
homogenate. The sample including 0.9 mL homogenate and 0.1 mL
of reaction buffer was heated to 37 �C in a water bath for 15 min,
and then the enzymatic activity was determined by measuring the
changes in absorbance at 460 nm using a 96-well plate reader. One
unit of MPO was defined as that giving an increase in absorbance of
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0.001 per min and specific activity was given as units/mg protein.

5.11. Experimental logP evaluation

Octanol (300 mL) and water (1200 mL) was saturated with each
other on Thermostat Shaker (28 �C) for 3 days in 180 r/min. After 3
days, the two layer was extracted and put into different bottles,
respectively. Compounds (1.0 mg/mL, dissolved in extractive octa-
nol)were diluted into six different concentrations, including 30 mg/
mL, 25 mg/mL, 20 mg/mL, 15 mg/mL, 10 mg/mL and 5 mg/mL. The
different solutions were mixed with methanol (v/v, 1:4), respec-
tively, and then, the standard curve of Absorbance-Concentration
was determined by microplate reader of compounds
(lmax ¼ 405 nm, R2 � 0.99). Compounds (10 mg/mL) were mixed
with water (v/v, 1:10) in 15 mL-centrifuge tube (repeat for 3 times),
then these three same tubes were shook in Thermostat Shaker
(28 �C) for 2 h in 180 r/min. The OD value in octanol layer was
detected by microplate reader of compounds, and the concentra-
tion in octanol (C(octanol)) of different tubes were calculated by the
standard curve of Absorbance-Concentration, so the final LogP
value could be calculated by a LogP calculation formula
(LogP ¼ Log(C(octanol)�V(water)/(C0�V0�C(octanol)�V(octanol)), C0
means the original concentration in octanol of compounds, V0

means the original volume in octanol of compounds), the evalua-
tion of LogP in three tubes should be closely.

5.12. Cytokine assays

The concentrations of cytokine IL-6 and TNF-a in the superna-
tants of the BALF were measured by enzyme-linked immunosor-
bent assay (ELISA) using commercially available reagents according
to the manufacturer’s instructions (eBioscience, San Diego, CA,
USA)).

5.13. Statistical analysis

Results are expressed as the mean ± standard error of the mean
(SEM). Student’s t-test was employed to analyze the differences
between sets of data. Statistics were performed using GraphPad Pro
(GraphPad, San Diego, CA). P values less than 0.05 (p < 0.05) were
considered indicative of significance. All experiments were
repeated at least three times.
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