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Abstract

Flavonoids and chalcones are natural plant derived compounds with inherent therapeutic value for
a range of human pathologies. In this study, a series of 24 substituted chalcones and flavones were
synthesized and subsequently screened for anti-inflammatory effects on lipopolysaccharide (1 pg/
ml)-activated BV-2 microglial cells by assessing initial production/release of nitric oxide (NO).
The data obtained eliminate the majority of compounds as weak or non-effective, whereas 2’-
hydroxy-3,4,5,3',4’-pentamethoxychalcone (1) and 2’-hydroxy-3,4,5-trimethoxychalcone (2) were
potent, having an ICsq of 1.10 and 2.26 UM, respectively; with greater potency than L-N6-(1-
iminoethyl)lysine selective iNOS inhibitor (IC5g = 3.1 pM) but less than steroidal dexamethasone
(ICsp < 200 nM). The most potent compound (chalcone 1) attenuated NO parallel to reducing
iNOS protein expression, events also corresponding to reduction of IL-1a, 1L-10 and IL-6 pro-
inflammatory cytokines. These findings suggest that the presence of electron donating groups OH
and OCHs on both A and B rings of synthetic compounds correlate to stronger anti-inflammatory
potency.
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Introduction

Natural flavonoids and chalcones are abundantly distributed throughout fruits, herbs/spices
and vegetables, often responsible for therapeutic efficacy of plants in the treatment or
prevention of cancer, bacterial infection (Dimmock et al., 1999), asthma (Tanaka and
Takahashi, 2013; Toledo et al., 2013), acute (Dou et al., 2013)/chronic low-grade
inflammation (Siriwardhana et al., 2013), various inflammatory diseases (Nam et al., 2013;
Tao et al., 2013) and infections of diverse pathogenic origin. (Yadav et al., 2011) There are
thousands of reported natural food-based polyphenolic compounds within the literature,
demonstrated to exert a plethora of anti-inflammatory properties in diverse biological
models, consistently known to suppress NF-kappaB, p38MAPK, ERK1/2, JAK/STAT,
P13K-Akt, and subsequently attenuate pro-inflammatory molecules such as NO (Park and
Song, 2013; Senggunprai et al., 2014; Wan et al., 2014) oxygen radicals or diverse
cytokines (Zhang et al., 2013; Lin et al., 2014) (e.g., tumor necrosis factor-alpha, IL-1beta
and IL-6) (Byun et al., 2013). The inherent capacity of natural polyphenolic compounds to
down-regulate inflammatory processes could have long-term therapeutic value against
neurodegenerative conditions associated with aging or traumatic brain injury. (Stough et al.,
2012; Dajas et al., 2013; Raza et al., 2013; Scheff et al., 2013) Central nervous system
(CNS) degenerative conditions involve reactive glial cells (astrocytes and microglia)
(Spencer et al., 2012) believed to exacerbate pathology of Parkinson’s disease (Phani et al.,
2012; Pradhan and Andreasson, 2013), stroke (Monif et al., 2010; Johnson et al., 2013),
amyotrophic lateral sclerosis (Corcia et al., 2012) or hypoxic-ischemic incidents (Jellema et
al., 2013; Shrivastava et al., 2013).

The distinction between structure and function of anti-inflammatory natural molecules may
have to do with substitutions on the A and B rings of chalcones and flavones which can
result in compounds with different biological activities. The general structure and
numbering of flavones and chalcones are shown in Fig. 1.

In this study, we evaluated the efficacy of novel synthetic flavonoids and chalcones to
inhibit pro-inflammatory processes in activated microglia cells exposed to bacterial
lipopolysaccharide (LPS), a model commonly known to induce NF-kappaB transcriptional
activation, iNOS, COX-2, TNF alpha, chemokine (C-C motif) ligand 2 (Hirai et al., 2007;
Furusawa et al., 2009) and release of nitric oxide (NO) (Batool et al., 2013; Wong, 2013).

Methods and materials

Hanks balanced salt solution, (4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid)
(HEPES), ethanol, dimethyl sulfoxide (DMSO), 96-well plates, general reagents, solvents,
chemicals and supplies were all purchased from Sigma-Aldrich Co. (St. Louis, MO) and
VWR International (Radnor, PA). Imaging probes were supplied by Life Technologies
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(Grand Island, NY). Multi-Analyte sandwich-based ELISAs were purchased from
SABiosciences, QIAGEN Inc, (Valencia, CA).

Chemistry

The synthesis of the substituted chalcone analogs was carried out via Claisen—Schmidt
condensation, and flavone analogs were synthesized using a three-step Baker-Venk-
ataraman rearrangement. Synthesis and characterization of these compounds were reported
in our previous papers (Mateeva et al., 2002; Mills and Redda, 2006).

Cell culture

BV-2 microglial cells were cultured in high glucose (4,500 mg/ml) DMEM containing
phenol red, 5 % FBS, 4 mM c-glutamine, and penicillin/streptomycin (100 U/0.1 mg/ml)
(Blasi et al., 1990). Culture conditions were maintained (37 °C in 5 % CO»/atmosphere) and
every 2-5 days, the media was replaced and cells were subcultured. For experiments, plating
media consisted of DMEM (minus phenol red), 5 % FBS, penicillin/streptomycin (100 U/0.1
mg/ml), and 3 mM c-glutamine. All experimental compounds were dissolved in DMSO (20
mg/ml) and dilutions were prepared in sterile HBSS + 5 mM HEPES, adjusted to a pH of
7.4 with a final experimental working concentration of DMSO less than 0.5 % v/v.
Activation of BV-2 cells was established using 1 pg/ml of LPS from E. coli O111:B4 for 24
h in experimental media, maintaining cell density at 0.5 x 106 cells/ml.

Cell viability

Cell viability was quantified using resazurin (Alamar Blue) indicator dye (Evans et al.,
2001). A working solution of resazurin was prepared in sterile PBS—phenol red (0.5 mg/ml)
and added (15 % v/v) to each sample. Samples were returned to the incubator for 6-8 h, and
reduction of the dye by viable cells (to resorufin, a fluorescent compound) was
quantitatively analyzed using a microplate fluorometer, Model 7620, version 5.02
(Cambridge Technologies Inc, Watertown, MA) with settings at (550/580), (excitation/
emission) wavelengths. The data were expressed as percent of live untreated controls.

Nitrite (NO,™) determination

Quantification of nitric oxide (NO) was determined using the Griess reagent (Ko et al.,
2008). The Griess reagent was prepared by mixing an equal volume of 1.0 % sulfanilamide
in 0.5 N HCI and 0.1 % N-(1-naphthyl)-ethylenediamine in deionized water. The Griess
reagent was added directly to the cell supernatant suspension and incubated under reduced
light at room temperature for 10 min. A standard curve for NO,™ was generated from
dilutions of sodium nitrite (NaNO,) (1-100 uM) prepared in plating medium. Controls and
blanks were run simultaneously, and subtracted from the final value to eliminate
interference. Samples were analyzed at 550 nm on a UV microplate spectrophotometer
(model 7600, version 5.02, Cambridge Technologies Inc.).
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Inducible NOS protein expression

Inducible NOS protein expression was determined by immunohistochemistry. Cells were
fixed in 4 % paraformaldehyde/permeabilized in 0.1 % triton-X100 in phosphate-buffered
saline (PBS) and incubated with anti-iNOS (Schnell et al., 2012), specifically N-Terminal
antibody produced in rabbit (Sigma-Aldrich, St. Louis, MO) for 2 h at 37 °C. Samples were
washed with PBS and subsequently incubated with anti-rabbit Alexa Fluor® 488 conjugate
for 2 h at 37 °C. Samples were counterstained with propidium iodide and photographically
collected using a Nikon TE 900 inverted microscope, Nikon PCM 2000 confocal
microscope, and data was acquired with C-imaging systems confocal PCI-Simple software
(Compix Inc. Cranberry Township, PA, USA).

Inflammatory cytokines multi-analyte ELISArray

Murine inflammatory cytokines were quantified using a Multi-Analyte sandwich-based
ELISArray MEM-004A (SABiosciences, QIAGEN Inc, Valencia, CA) with capacity to
simultaneously evaluate 12 pro-inflammatory cytokines: IL1a, IL1B, IL2, IL4, IL6, IL10,
IL12, IL17a, IFNy, TNFa, G-CSF, and GM-CSF. Very briefly, cell supernatants were
removed after 24 h and stored at —20 °C. Supernatant from each sample was thawed and
incubated with capture antibodies for 2 h at RT along with a mixed antigen standard
cocktail. After washing, samples were then re-incubated with biotinylated detection
antibodies for 1 h at RT. After a 2nd washing process, samples were incubated with avidin—
horseradish peroxidase conjugate for 30 min, re-washed, and incubated with a development
reagent. Experiments were performed according to the manufacturers guidelines and
quantified using a Spectra 190-MAX UV spectrophotometric detector (Molecular devices,
Sunnydale, CA, USA) with settings at 450 nm (with corrective wavelength set to 570 nm).

IL-1a and IL-6

OmniKine™ Murine IL-6 (Catalog # OK-0187) and Murine IL-1a (Catalog # OK-0181)
quantitative “Sand-wich” Enzyme Linked Immunosorbent Assay (ELISA) (Assay
Biotechnology Company Inc. Sunnyvale, CA) were used for detection and quantification of
IL-6 and IL1 a produced/released within the range of 62—4,000 pg/ml. Experiments were
performed according to the manufacturers guidelines and quantified using a Spectra 190-
MAX UV spectrophotometric detector (Molecular devices, Sunnydale, CA, USA) with
settings at 450 nm (with corrective wavelength set to 570 nm).

Data analysis

Statistical analysis was performed using Graph Pad Prism (version 3.0; Graph Pad Software
Inc. San Diego, CA, USA) with significance of difference between the groups assessed
using a one-way ANOVA, followed by Tukey post hoc means comparison test or Student’s t
test. IC50s were determined by regression analysis using Origin Software (OriginLab,
Northampton, MA).
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All substituted chalcones and flavones were screened for dose-dependent iNOS inhibition at
concentrations at or equal to 40 uM evidenced by a reduction in NO in LPS (1 pg/ml)-
treated BV-2 cells (Table 1). ICgq values were calculated based on regression analysis for a
minimum of 5 concentrations (n = 4), in a non-toxic range, with little to no effects observed
for majority of compounds. Among 24 synthesized chalcones and flavones, two compounds
including 2’-hydroxy-3,4,5,3’,4’-pentamethoxychalcone (1), 2’-hydroxy-3,4,5-
trimethoxychalcone (2), showed the most potent inhibitory effect on NO production with an
ICsq values of 1.1, 2.2 uM, respectively, at concentrations below the threshold for cell
toxicity (Fig. 2a, b), also corresponding to marked loss of INOS (Fig. 3a — d). Moreover, 2/-
hydroxy-3,4,5,3’,4’-pentamethoxychalcone Chalcone (1), attenuated LPS-activated
production and release of IL-1 a, IL-6, and IL-10 in activated BV-2 cell determined by
ELISArray profiling (Fig. 4). Further corroboration of anti-inflammatory properties were
acquired for chalcone (1) on IL-a and IL-6 (Fig. 5a, b), respectively.

Discussion

In this study, a preliminary screening of diverse substituted synthetic chalcones and flavones
were evaluated for structure/functional anti-inflammatory effects in LPS-activated
microglial cells. The elucidation of novel synthetic flavonoids of superior potency could be
used to attenuate central nervous system inflammation (Phani et al., 2012; Batool et al.,
2013; Pradhan and Andreasson, 2013) an otherwise significant contributor to chronic
neurological/ cognitive decline associated with degenerative diseases such as Parkinson’s
Disease. (Lopategui et al., 2012).

In this work, an initial screening elucidated that 2’-hydroxy-3,4,5,3,4’-
pentamethoxychalcone (1) exemplified a basic structure with the most potent anti-
inflammatory effect, evidenced by complete inhibition of NO, reduction of iNOS protein,
and the reduction of various pro-inflammatory cytokines. It appears that a presence of
electron donating groups viz., OH, and OCHs, in compound (1) and (2) exhibited stronger
activity than that of electron withdrawal groups. Furthermore, the chalcones (3), (5), (6), (7),
(10), (11) and flavones (4), (8), and (9) also exhibited NO inhibition to lesser extent (Table
1). The opposite situation was found when the electron withdrawing groups were present on
the A ring of chalcone and flavones with the 1Csq values being greater than 40 uM.

With respect to different substitutions on A- and B-ring, substitution at positions 2’ or 4’ and
3, 4, and 5 positions played an important role in the different ICsq trends against the NO
production. As shown in Table 1, the presence of a strong electron withdrawing group like
F, Clin chalcones (5), and (6), the NO inhibition was decreased significantly. In case of
flavones, when the electron donating groups are present on B-ring as in compounds (4), (8),
and (9) the inhibition was decreased.

Chalcones (synthetic or natural) with capacity to reduce NO or attenuate iINOS expression
are known to prevent neurological injury in experimental models (Li et al., 2012; Ojha et al.,
2012) and could reduce otherwise elevated levels of neurotoxic molecules including
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peroxynitrite ONOO(-) directly responsible for invoking neurotoxicity (Kouti et al., 2013).
The capacity of specific flavonoids to reduce both NO and superoxide can lessen nitrosative
stress-induced protein aggregates and prevent formation of peroxynitrite (Chen et al., 2012;
Drechsel et al., 2012; Mandawad et al., 2013) which initiates faulty autophagy, a failure of

required degradative processes and greater likelihood of accumulated neurotoxic aggregate-
prone proteins (i.e., alpha-synuclein) (Sarkar et al., 2011; Liu et al., 2014).

In brief, the data presented in this work show that novel synthetic 2’-hydroxy-3,4,5,3",4’-
pentamethoxychalcone (1) exerts general anti-inflammatory properties with capability to
inhibit protein expression of INOS, in excess of strength to a selective iNOS inhibitor; L-
NIL but less than dexamethasone. Future research will be required to evaluate efficacy in
vivo, and establish synthetic derivatives of greater potency from this basic structure.
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Fig. 1.
The general structure of chalcones and flavonoids
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Anti-inflammatory Properties of Substituted Chalcone (1) on: NO,—
Production in LPS BV-2 Activated Microglia
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Fig. 2.

a and b The effect of chalcone (1) on NO,™ production by LPS-activated BV-2 microglial
cells. The data represent NO,™ as % control and are presented as the mean = SEM, n = 4.
Statistical differences from the control were evaluated by a one-way ANOVA, followed by a
Tukey post hoc test, * p < 0.05
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Effect of chalcone (1) on iNOS protein expression in
Activated BV-2 Microglia Cells PI /Alexa Fluor® 488/anti-
iNOS, N-Terminal antibody produced in rabbit

Fig. 3.

TP?e effect of chalcone (1) on reduction of iINOS protein expression in LPS-activated BV-2
microglial cells. Cells were fixed, permeabilized, and stained with Alexa Fluor® 488/anti-
iNOS, N-Terminal antibody produced in rabbit and counterstained with PI. a Untreated
cells, b LPS, ¢ LPS + 4.4 uM chalcone (1), d LPS + 8.9 uM chalcone (1), dexamethasone
control set, and e LPS, f LPS + dexamethasone 1 uM
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Anti-inflammatory Effects of Chalcone (1) [4.4 uM] on Cytokine Release in
LPS stimulated BV-2 microglia cells - Multi-Analyte ELISArray: MEM-004A
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Fig. 4.

Ef?‘ect of chalcone (1) on cytokine release in LPS-stimulated BV-2 microglia cells by Multi-
Analyte ELISArray: MEM-004A— evaluated for: IL1A, IL1B, IL2, IL4, IL6, IL10, IL12,
IL17A, IFNy, TNFa, G-CSF, and GM-CSF. The data represent cytokines released as % LPS
controls for each subset, and are presented as the mean + STD, n = 2. Statistical differences
from the LPS control were evaluated by a student’s t test, * p < 0.05

Med Chem Res. Author manuscript; available in PMC 2015 April 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mateeva et al.

Page 13

a Effect of Chalcone (1) on Interleukin-1a.
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Fig. 5.

a Igffect of chalcone (1) (4.4 uM) on IL-1a release in LPS-stimulated BV-2 microglia cells.
The data represent IL-1a released in pg/ml and presented as the mean + SEM, n = 6.
Statistical differences between the treatment and LPS controls were evaluated by a student’s
t test, * p < 0.05. b Effect of chalcone (1) (4.4 pM) on IL-6 release in LPS-stimulated BV-2
microglia cells. The data represent IL-6 released as pg/ml and presented as the Mean +
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SEM, n = 6. Statistical differences for the treatment groups from the LPS control were
evaluated by a student’s t test, * p < 0.05
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Table 1

Evaluation of synthetic chalcones and flavones on NO inhibition in BV-2 LPS-stimulated microglial cells

Compound LPS-NO; IC5, (MM)  LCsp (UM) Tox Ctrl
Ctrl 1 Dexamethasone <200 nM >50 ym
Ctrl 2 L-NIL-L-N6-(1-iminoethyl)lysine 31 >50 um
1) 1.1 18.3
Lead compound OCH; OCH;

H;CO . OH ] OCH;

= OCH;
(0]

) OCH; 2.2 >40

0
@) NO, OCH, 65 3438
OH OCH,
HsC . = OCH,
(8]
4 0, 8.6 >40
O
Cl
o
)
Cl OH
0
®) F 10.7 >40
H,CO OH F
. Q3
OCHL0
(6) cl 11.0 >40
H;CO OH Cl
O 3
OCH-0
™ 14.4 37
8 20.2 >40
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Compound LPS-NO; ICsq (UM)  LCgp (uUM) Tox Ctrl
(9) 22.0 >40
(10) 24.3 >40
an* O >40 >40
H;CO O~
U
OCH;0
(12)* cl OCH; >40 >40
' OH l OCH;
Cl x OCH;
0
13" . OCH;4 >40 >40
O D| . OCH,
Br OH
0
14" >40 >40
(15)* OCH; >40 >40
al OCH,
o L
()
cl OH
0
(16)" Cl o OCH_;OCH >40 >40
O
Cl \
[0}
(17)* >40 >40
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Compound LPS-NO; ICsq (UM)  LCgp (uUM) Tox Ctrl
(18)* >40 >40
@ g)* a OCH; >40 >40
| O
cl # OH
0
(20)" T >40 >40
HyCOL o~y O
L L]
OCH;0
(21)* Cl OCH; >40 >40
Cl Cl OCH;
\‘/\NA/‘ g‘“\goch
O
@ 2)* OCH; _ >40 >40
H;CO. ! OH ] OCH;
= OCH;
OCH,0
(23)* Cl 0\ >40 >40
OH O
al ‘ \ ‘
0
(24)* OCH; >40 >40

A _OCH;

HLCO. e (8} o
3 |”“~ 7 =S ocm,
= OH

OCH.0O

1C50s were calculated based on regression analysis for the data obtained using mean + SEM, n = 4 of a minimum of 5 concentrations below 40 uM

*
No anti-inflammatory effect
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