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Abstract

Neuroinflammation is a common hallmark of Alzheimer’s disease (AD), with NLRP3 inflammasome proven to be activated
in microglia of AD patients’ brains. In this study, a newly isolated biflavonoid (7,7'-di-O-methylchamaejasmin/M8) and a
crude extract of the plant Khaya grandifoliola (KG) were investigated for their inhibitory effect on inflammasome activation.
In preliminary experiments, M8 and KG showed no cytotoxicity on human macrophage-like differentiated THP-1 cells and
exhibited anti-inflammatory inhibition of nitric oxide produced following lipopolysaccharide stimulation. Furthermore, M8
and KG blocked IL-1f and IL-18 production by reducing NLRP3 inflammasome components including NFxB, NLRP3,
Caspase-1, pro-IL-1f, and pro-IL-18 at the mRNA and protein levels. Regarding the formation of ASC (apoptosis-associated
speck-like protein containing a CARD) specks during inflammasome activation, the size and fluorescent intensity of the
existing specks were unchanged across all treatment conditions. However, M8 and KG treatments were shown to prevent
further speck formation. In addition, experiments on amyloid § phagocytosis showed that M8 and KG pretreatments can
restore the phagocytic activity of THP-1 cells, which was impaired following inflammasome activation. Altogether, our
findings describe for the first time a promising role of biflavonoids and KG extract in preventing inflammasome activation
and protecting against neuroinflammation, a key factor in AD development.
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IL-1p/18 Interleukin 1 beta/18

KG Khaya grandifoliola

LPS Lipopolysaccharide

M8 7,7-Di-O-Methylchamaejasmin

NF«B Nuclear factor kappa B

NFTs Neurofibrillary tangles

NLRP3 NOD-like receptor family, pyrin domain

containing 3
NO Nitric oxide

Nrf2 Nuclear factor erythroid 2—related factor 2
NRM Nuclear magnetic resonance
PMA Phorbol-12-myristate-13-acetate

RT Room temperature

RTqPCR Reverse transcription quantitative polymer-
ase chain reaction

TAMRA 5-Carboxytetramethylrhodamine

THP-1 cells Human leukemia monocytic cell line

TLC Thin-layer chromatography

Introduction

Neuroinflammation is a common hallmark of neurodegen-
erative disorders including Alzheimer’s disease (AD) [1].
AD is clinically characterized by the deposition of intra-
cellular tau in neurofibrillary tangles (NFTs) as well as the
accumulation of amyloid § (Af) plaques in the brain [2].
Resident innate immune cells of the central nervous system
(CNS), known as microglia, are reported to play a pivotal
role in the initiation and potentiation of neuroinflammatory
responses [3] and the development and progression of neu-
rodegenerative diseases [4]. In AD patients, for instance,
microglia surround Af plaques where they initiate the acti-
vation of inflammasome, followed by the secretion of pro-
inflammatory cytokines [5]. Indeed, the NOD-LRR- and
pyrin domain-containing protein 3 (NLRP3) inflammasome
is the most described complex among the inflammasome
family and a critical component of the innate immune sys-
tem. NLRP3 inflammasome’s activation causes Caspase-1
autocleavage activation and thereby the secretion of pro-
inflammatory cytokines IL-18 and IL-1f [6].

Another hallmark of AD is the inhibition of the phago-
cytic activity of microglia. Indeed, microglial phagocytosis
is known as a way of lowering A load in AD [7]. Micro-
glia interact with fibrillary Ap (fAp) through cell surface
receptors, thereby promoting A phagocytosis. In AD, fAf
initiates the destruction of phagosomes in microglia, thereby
lowering their phagocytic activity and clearance capacity
[8]. Therefore, research focusing on finding lead compounds
that enhance microglial clearance activity despite inflamma-
some activation may be promising in AD drug development.

Currently, accumulated evidence has demonstrated that
aberrant activation of NLRP3 inflammasome is associated
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with AD progression [9]. Discovering new NLRP3 inhibi-
tors could be promising towards finding new treatments for
neurodegenerative diseases involving NLRP3 inflammasome
activation. Several inhibitors have been described in the lit-
erature including tranilast, OLT1177, and oridonin [10-12].
MCC950, a specific inhibitor of NLRP3 inflammasome, was
reported to improve diabetes-mediated cognitive impairment
and was studied in a phase II clinical trial for the treatment
of rheumatoid arthritis, but the drug was discontinued due
to reported liver toxicity [13]. Unfortunately, some of these
drugs must be used at high doses and are not tolerated by
many patients. Moreover, in addition to limited efficacy in
reducing cognitive decline, currently available Food and
Drug Administration (FDA)’s approved drugs including
aducanumab (anti-Ap), donepezil, rivastigmine, and galan-
tamine have several severe side effects that further limit their
clinical use.

Medicinal plants appear as a good alternative for the
discovery of lead compounds against AD. Indeed, several
FDA-approved drugs have been derived directly or indirectly
from medicinal plants. This is the case of quinine, an alka-
loid taken from Cinchona calisaya tree from South America,
and artemisinin isolated from Artemisia annua for malaria
treatment. Many studies have reported neuroprotective
effects of flavonoids. Biflavonoids are natural compounds
belonging to the family of flavonoids and are made up of
two monoflavonoid residues connected by a direct connec-
tion or a linker. They are reported to have a wide range of
pharmacological effects including anti-tumor [14], antioxi-
dant [15, 16], anti-viral [17, 18], and anti-inflammatory [19]
activities. In the case of AD, several flavonoids have shown
great potential in disease treatment. Interestingly, due to
the aromatic interaction of biflavonoids, their therapeutic
effect has been reported to be stronger than that of flavo-
noids [20], suggesting that they can be good candidates for
disease treatment. Some biflavonoids have been reported for
their potential beneficial effects in AD treatment; this is the
case of amentoflavone reported to inhibit the formation and
accumulation of AB [21]. In the same line, polyphenolic
biflavonoids were reported to inhibit Ap fibrillation and to
disaggregate preformed A fibrils which are linked to the
pathogenesis of AD [22]. Until now, the majority of stud-
ies on biflavonoids in AD have focused on their capacity
to inhibit A self-assembly into oligomers and fibrils [23].
Another study from the same author showed that biflavo-
noids can alter AP aggregation and even more effectively
reduce the toxicity of AP oligomers compared to the mono-
flavonoid moieties [20]. However, no study has reported the
effect of biflavonoids on neuroinflammation, precisely their
ability to inhibit inflammasome components and limit the
secretion of pro-inflammatory mediators.

7,7'-di-O-Methylchamaejasmin (M8) is a newly isolated
biflavonoid which has not been extensively studied for its
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pharmacological effects. The single available biological
study reports its cytotoxic effects on multi-factorial drug-
resistant cancer cells [24]. Its antiplasmodial and antibacte-
rial activities were also reported in a recent study [25].

Khaya grandifoliola (KG) is a plant of the Meliaceae fam-
ily growing in West Cameroon. It has been widely used by
traditional healers in the country for malaria treatment. Work
from our research group reported its effects against hepatitis
C virus infection in vitro [26, 27] and its anti-inflammatory
properties via nuclear factor erythroid-2 related factor 2
(Nrf2) transcription factor inhibition [28]. Moreover, we
showed that KG is a potential source of therapeutic com-
pounds for AD treatment [29]. Chemical compounds present
in KG have been identified and include mainly limonoids
(17-epi-methyl-6-hydroxylangolensate, 7-deacetoxy-7-oxog-
edunin, and 7-deacetoxy-7R-hydroxygedunin) [26]. Moreo-
ver, unpublished data from our research group show that
further fractionation of KG leads to loss of activity in anti-
inflammatory bio-guided experiments.

In our current investigation, we aimed to describe the
anti-inflammatory effect of M8 and KG, two drugs used by
traditional healers in Cameroon for the treatment of inflam-
matory and brain-related disorders, as well as studying
their capacity to inhibit inflammasome components using
THP-1 cells, a suitable microglia-like model for studying
neuroinflammation.

Methods
Plant Material

The root barks of Ochna schweinfurthiana F. Hoffm
(Ochnaceae) known in Cameroon as ‘Sa’aboule’ were col-
lected from the Dang district in the Adamaoua region in
December 2018. A voucher specimen (No. 40171HNC) was
deposited at the national herbarium in Yaoundé (Cameroon).

Extraction and Isolation

Dried and powdered root bark of Ochna schweinfurthiana
(200 g) was extracted with MeOH (3 x3 L) at room tem-
perature (RT) to yield a crude extract (47 g) after evapo-
ration under vacuum. The extract (MeOH, 80 g) was sub-
jected to column chromatography over silica gel eluting
with gradients of CH,Cl,/MeOH to generate 10 fractions of
100 mL each. These fractions were combined based on their
thin-layer chromatography (TLC) profiles into four major
fractions: A (0.11 g, 1-10); B (0.30 g, 11-30); C (0.23 g,
31-60); and D (0.89 g, 61-90). Fractions A (CH,Cl,; 100%);
B (CH,Cl1,/MeOH; 50:1); and C (CH,Cl,/MeOH; 40:1) con-
tained mostly lipids. Fraction D (CH,Cl,/MeOH 30:1) was

purified by silica gel column chromatography with a gradi-
ent of CH,Cl,/MeOH (20:1) followed by a Sephadex LH20
column in acetone to generate 7,7'-di-O-methylchamaejas-
min (M8) (30 mg).

General Experimental Procedures

Melting points were determined on Electro thermal IA9000
series digital melting point apparatus and were uncor-
rected. The UV spectra were recorded on UV-570/VIS/
NIP (Thermo Scientific Cat#ND-ONE-W) and Shimadzu
UV-24012A double-beam spectrophotometers. IR measure-
ments were obtained on a PerkinElmer model 1600 FTIR
spectrometer (PerkinElmer Cat#PE1600). The 1D ('H,
13C, DEPT) and 2D (COSY, NOESY, HSQC, and HMBC)
NMR spectra were recorded in MeOH-d,, using a Bruker 400
(400 MHz for "TH-NMR, 100 MHz for 3 C-NMR) spectrom-
eter. HRESIMS spectra were obtained from MSQ Thermo
Finnigan instrument. Chemical shifts were stated in parts
per million (ppm) from the internal standard, tetramethylsi-
lane (TMS). Flash column chromatography was performed
using silica gel 60 (Merck, 0.040 —0.063 mm). TLC was
conducted on pre-coated Merck Kieselgel 60 F,s, plates
(2020 cm, 0.25 mm). Spots were checked on TLC plates
under UV light (254 nm), and developed with vanillin rea-
gent, followed by heating.

Khaya grandifoliola Hydro-ethanol Extract
Preparation

The stem bark of KG was harvested in July 2018 in the
Foumban district, West Cameroon, and identified at the
national herbarium in Yaoundé where a specimen is kept
under the reference number 23434YA. After that, plant barks
were washed using tap water, air-dried, and ground. Five
hundred grams of the powder was weighed and extracted
at room temperature (25 °C) using 2 L of the ethanol-water
(65:35 V/V) solvent system for 48 h with constant shaking.
The mixture was filtered using a Whatman No. 1 filter paper,
and the residue was re-extracted twice using the same sol-
vent mixture. The filtrate was pooled and concentrated under
reduced pressure with a rotary evaporator to remove ethanol
traces. The crude extract obtained was dried using a dry
oven at 40 °C to obtain the hydro-ethanolic extract of KG.

MTT Assay to Determine Cytotoxicity

To study the potential cytotoxic effect of M8 and KG on
THP-1 cells, we used the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)-based colorimetric
assay for the non-radioactive quantification of cell prolifera-
tion and viability (Roche Cat#11465007001). Cells (5 X 10°
cells/well) were grown in a 96-well tissue culture plate,
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treated with 150 nM PMA (phorbol-12-myristate-13-ac-
etate) (Sigma-Aldrich Cat#P1585), and left to adhere for
24 h. Subsequently, 200 pL of fresh RPMI culture medium
was mixed with 30 pL of the yellow MTT (5 mg/mL) solu-
tion and incubated at 37 °C and 5% CO, for 4 h. After this
incubation period, the culture medium was aspirated, and
the purple formazan crystals formed were solubilized using
50 pL of DMSO in each well. The solubilized formazan
product was spectrophotometrically quantified by reading its
absorbance at 560 nm using an ELISA plate reader (TECAN
Infinite M200 Plate Reader). The percentage of cell viability
was calculated as compared to the control considered 100%
viability.

Measurement of Nitric Oxide (NO) Production

The production of NO was determined by measuring the lev-
els of nitrite accumulation, an indicator of NO in cell culture
supernatant after 24 h of treatment [30]. THP-1 cells (5 X 10°
cells/well) were treated with PMA and allowed to adhere to
96-well culture plates for 24 h. On the following day, cells
were treated with LPS (0.1 pg/mL) + nigericin (10 mM),
MS (10, 20, and 40 pM), and KG (12.5, 25, 50, 100 pg/
mL) and incubated in RPMI medium for 24 h. Control wells
were treated with RPMI medium only. Sulfanilamide and
NED (naphtyl ethylene diamine) solutions were allowed to
equilibrate at RT for 30 min. Afterwards, 50 pL of each
experimental sample was added to the wells of new 96-well
plates in triplicate. Using a multichannel pipettor, 50 pL of
the sulfanilamide solution was distributed to all experimen-
tal samples and wells containing the dilution series of the
nitrite standard which served as reference curve. The plates
were incubated for 10 min at RT, protected from light. Fifty
microliters of the NED solution was then added to all wells
and the plates were incubated for another 10 min at RT,
protected from light. The absorbance of the purple-colored
solution formed was measured in a plate reader at 550 nm
(TECAN Infinite M200 Plate Reader).

Enzyme-Linked Immunosorbent Assay (ELISA)
for Supernatant Cytokine Quantification

THP-1 cells (5% 10° cells/well) were treated with 150 nM
PMA and allowed to adhere to a 96-well culture plate for
24 h. On the following day, cells were treated with LPS
(0.1 pg/mL) +nigericin (10 mM) + M8 (10, 20, and 40 pM)
or KG (12.5, 25, 50, 100 pg/mL) and incubated in RPMI
medium for 24 h. After this incubation period, supernatants
were collected for the following ELISA assays: human IL-18
(R&D systems Cat#DY318-05) and IL-1p/IL-1F2 (R&D
systems Cat#DY201) DuoSet ELISA. The capture antibody
solution was diluted to the working concentration (1:200)
in PBS without carrier protein. Immediately, a 96-well

@ Springer

microplate was coated with 50 pL per well of the diluted
captured antibody. The plate was sealed and incubated at
4 °C overnight. The next day, each well was aspirated and
washed three times with 200 pL wash buffer (0.05% PBST).
The plate was blocked by adding 150 pL of reagent diluent
(1% BSA) to each well and incubated for 1 h. After another
wash series as previously described, 50 pL of sample or
standards was added. The plate was incubated for another
2 h at RT. Afterwards, aspiration/wash steps were repeated
as described above, and 50 pL of the detection antibody,
diluted in reagent diluent, was added to each well and incu-
bated for 2 h at RT. After an additional series of aspiration/
wash steps, 50 pL of the working dilution of streptavidin-
HRP was added to each well and incubated for 20 min. Fifty
microliters of substrate solution was added to each well and
incubated for 20 min at RT. Finally, 25 pL of stop solution
(2 N sulfuric acid) was added to each well and the optical
density (OD) was read at 540 nm using a microplate reader
(TECAN Infinite M200 Plate Reader).

TAMRA Amyloid  Phagocytosis Assay

To study the effect of M8 and KG on phagocytosis activ-
ity after inflammasome activation, the following protocol
was used. THP-1 cells at 5x 10° cells/well were seeded in a
96-well plate and treated with 150 nM PMA for 24 h. The
medium was discarded, and the cells were treated with 90
pL +LPS (3.5 h) +nigericin (30 min) + M8 or KG (30 min).
Afterwards, 10 X TAMRA-AP (2.5 pM) was prepared and
10 pL was added to the wells. Nine wells were prepared
and treated with RPMI only and used as control. The plate
was incubated for 4 h and spun and the supernatant was
discarded. One hundred microliters of trypan blue solution
diluted in PBS (1:10) was added to the wells. The plate was
spun, and the supernatant was discarded. Immediately, the
measurement of the plate OD was taken and noted as read-
ing 1 (540-nm excitation—585-nm emission). In the mean-
time, a Hoechst staining solution (25 pL in 10 mL of 0.1%
Triton 4+ PBS) was prepared and 100 pL of Hoechst was
added and incubated in the dark for 15 min. The staining
was discarded, and the plate was read once more (reading 2:
360-nm excitation—418-nm emission). Result=Reading 1/
Reading 2. All the values calculated were relative to control
untreated cells.

RNA Extraction and Reverse Transcription
and Quantitative PCR (RTqPCR) for Gene Expression

THP-1 cells were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium containing 10% FBS (fetal bovine
serum) and 1% P/S (penicillin/streptomycin) at 37 °C and 5%
CO,. Cells were then plated at 5x 10° cells/well density in a
six-well plate in RPMI 1640 containing 1% P/S and 50 nM
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PMA, respectively. Subsequently, cells were treated either
with the medium only for controls or with LPS (0.1 pg/mL)
for 2 h, +nigericin (10 mM) for 30 min, and afterwards M8
or KG for another 2 h. Total RNA was extracted and puri-
fied from treated THP-1 cells using the RNEasy Kit (Qiagen
Cat#74,004). Afterwards, RNA samples were transcribed
into cDNA as follows. Samples were prepared to get 200 ng
RNA/sample (measured on the nanodrop (Thermo Scientific
Cat#ND-ONE-W)). A 2XRT Master Mix was prepared using
kit components and 20 pL of 2XRT Master Mix was mixed
into each PCR tube. Thereafter, 20 pL of RNA sample (con-
centration 400 ng/20 pL) was pipetted into each well and
the tubes were loaded into a thermal cycler. Afterwards, the
generated cDNA products were stored at — 20 °C.

For gene expression quantification, qPCR reactions were
performed using the TagMan Gene Expression Assay kit
(Applied Biosystems Cat#4,331,182) and were performed
inside a StepOne™ Real-Time PCR System (Applied Bio-
systems Cat#4,376,357). Genes investigated included NFxB
(Thermo Fisher Hs00765730_m1), NLRP3 (Thermo Fisher
Hs00918082_m1), Caspase-1 (Thermo Fisher Hs00354836_
ml), IL-1p (Thermo Fisher Hs01555410_m1), and IL-18
(Thermo Fisher Hs01038788_m1). In each experiment,
100 ng of cDNA was used per 20 pL of amplification reac-
tion. Each primer solution contained forward and reverse
primers and a FAM-labelled MGB TagMan probe for each
gene. 18S ribosomal RNA was used as endogenous control
(VIC labelled).

Western Blot

THP-1 cells were plated at 5x 10° cells/well in a six-well
plate in RPMI 1640 containing 1% P/S and 50 nM PMA,
respectively. To activate inflammasome, cells were treated
either with the medium only for controls or with LPS
(0.1 pg/mL) for 2 h, +nigericin (10 mM) for 30 min, and
thereafter M8 or KG for another 2 h. For lysate prepara-
tion, cells were washed with PBS and 150 pL 1 X RIPA
(ristocetin-induced platelet agglutination) buffer (25 mM
Tris-HCI, 150 mM NacCl, 0.5% sodium desoxycholate, 1%
NP-40, and 0.1% SDS) supplemented with 1 X protease/
phosphate inhibitor cocktail for 20 min. Thereafter, cells
were scraped off the well plate and centrifuged at 21,000 g,
15 min, 4 °C. Lysates obtained were denatured at 95 °C for
5 min in a thermocycler. Protein concentration was deter-
mined using the bicinchoninic (BCA) method according to
the manufacturer’s protocol (Thermo Scientific Cat#23,225).
Thereafter, protein samples were separated on NuPAGE™ 4
to 12%, Bis—Tris, 1.0-1.5 mm, Mini Protein Gels (Invitrogen
Cat#NP0324B0OX), transferred unto a 0.2-pm nitrocellulose
membrane (BIO-RAD Cat#1,704,158) using the Trans-
Blot Turbo Transfer System (BIO-RAD Cat#1,704,150).
Membranes were then blocked with TBS containing 0.05%

Tween-20 in PBS (PBST) and 5% non-fat milk (in PBST)
for 1 h. Afterwards, the membrane was incubated with pri-
mary antibodies (anti-NLRP3, NFxB, Caspase-1, or pro-
Caspase-1) overnight at 4 °C.

Primary Antibodies for Western Blotting

Mouse anti-Caspase-1 (Bally-1); 1:2000 (Adipogen; AG-
20B-0048, RRID: AB_2490257). Mouse anti-IL-1p/IL-F2;
1:1000 (R&D systems; MAB201, RRID: AB_358006.
Rabbit anti-NLRP3; 1:1000 (Abcam; ab263899, RRID:
AB_2889890). Rabbit anti-ASC; 1:1000 (Adipogen; AG-
25B-0006 RRID: AB_2490440). Rabbit anti-Gasdermin-
D; 1:1000 (Cell signaling technologies; 97,558, RRID:
AB_2864253). Mouse anti-f-Actin (BA3R); 1:5000 (Invit-
rogen; MAS5-15,739, RRID: AB_10979409).

On the next day, the membrane was washed three times
for 5 min with PBST and incubated with respective second-
ary antibodies for 1 h at RT. The membrane was then visu-
alized for protein quantification using a chemiluminescence
machine (LI-COR Odyssey CLx Imager).

ASC Speck Detection

Briefly, 0.25x 10° THP-1-ASC-GFP cells [31] per well of
a 24-well plate were cultured in RPMI 1640, supplemented
with 10% FBS (Thermo Fisher Scientific Cat#10,500,064)
and 1% penicillin—streptomycin (Thermo Fisher Scientific
Cat#15,140,122). The cells were differentiated with 100 nM
PMA (Merck Cat#P8139) for 2 days followed by 3 days of
rest in fresh media without PMA. In the required wells,
the cells were pretreated 3 h with 40 pM M8 or 40 pg/mL
KG, followed by a 3-h treatment of 1 pg/mL LPS (Merck
Cat#L.4391) followed by 90 min of 15 pM of nigericin (Life
Technologies Cat#N1495). At the end of the treatment, the
specks were imaged under a Zeiss Axio Observer 7 micro-
scope (light source: LED-Module 475 nm, intensity 20%,
illumination between 450 and 488 nm, objective: EC Plan-
Neofluar 5x/0.16 M27, imaging device Axiocam 705, expo-
sure time 150 ms) in an incubation box keeping the cells
alive at 37 °C, 5% CO,, and 80% humidity. After the acqui-
sition, the culture media were collected and 2 x 10° 1 pm
size, 1.35%10° 2 pm size, and 0.9 X 10°6 pm size calibra-
tion non-fluorescent beads (Life Technologies Cat#F13838)
were added. The media were then analyzed in a BD LSR-
Fortessa Flow Cytometer (FSC voltage 350 V and 200 V for
the threshold, SSC voltage 280 V, and Alexa Fluor voltage
530 V). Only the events of 1-pm size or less were gated
on the FSC versus SSC scatter plot in order to include the
debris-sized ASC specks and to exclude cells. Debris-sized
A4388* events were counted as ASC specks. The acquisition
was performed until at least 2000 debris-sized A488* events
were captured. Data were analyzed with FlowJo software
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(RRID: SCR_008520). Three independent experiments were
performed, with each time two to three wells per condition.

ASC Speck Quantification

ASC-GFP specks were quantified from the microscope
images using ImageJ software (RRID: SCR_003070). A
threshold was applied to remove the background signal and
only the particles ranging from 2 to 50 pm were considered
ASC-GFP specks. The number and their sizes were quanti-
fied. From the Flow Cytometer acquisition, the mean and
median intensity of the debris-sized A488* were quantified.

Statistical Analysis

For statistical analysis, values obtained in each experiment
have been expressed as mean + standard deviation (SD).
The statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test, and p < 0.05 was
considered statistically significant. Analysis was performed
using GraphPad PRISM 8.0.2 software (San Diego, CA,
USA; RRID: SCR_002798).
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Results
Identification of the Isolated Compound

The crude (CH,CIl,/MeOH 1:1) extract of the root bark of
Ochna schweinfurthiana was chromatographed using silica
gel and Sephadex LH-20 columns to yield the pure 7,7'-di-
O-methylchamaejasmin biflavonoid (M8). The isolated com-
pound was identified using HRESIMS, NMR spectroscopy,
and optical rotation measurements (Fig. 1).

Effect of M8 and KG on Cell Viability and Inhibition
of LPS-Induced NO Production

We first studied the effect of 24-h LPS treatments on THP-1
cell viability using the MTT assay and found that no cyto-
toxicity was observed at 50 pg/mL and 100 pg/mL in com-
parison to the control with no LPS (Fig. 2A). Analysis of
the possible cytotoxic effect of M8 and KG on human mac-
rophage-like differentiated THP-1 cells performed by MTT
assay indicated that M8, even at 40 pM, did not affect the
cell viability as shown in Fig. 2B. The same was observed
with KG at concentrations up to 100 pg/mL (Fig. 2C). M8
and KG effect on LPS-induced NO production in THP-1

» HRESIMS, m/z 569.1446 [M-H]-
» Molecular Formula: C3oH26019
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Fig. 1 HRESISM spectrum of compound M8. A Mass spectrometry and B chemical structure of compound M8 (C3,H,0,,)
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Fig.2 MTT and nitric oxide assay. A Effect of LPS on THP-1 cell
viability. Each dot is the median of one-well cell culture supernatant
from 2 independent experiments with 3 wells per treatment condi-
tion (n=6). ns, non-significant (p=0.76, F=4.021, df=3) by one-
way ANOVA followed by Tukey’s multiple comparison test. B+ C
Effect of M8 and KG on the viability of LPS-induced cells. THP-1
cells were grown in complete RPMI medium containing penicillin,
streptomycin, and 10% FCS at 37 °C and 5% CO,. 5x 10° cells were
seeded into 24-well cell culture plates and cultured for 24 h. Thereaf-
ter, 5x 10° cells/mL were incubated with the indicated concentrations
of M8 or KG, in the presence or absence of LPS 100 ng/mL for 24 h.
The cell viability was then determined by MTT assay as described in
the “Methods” section. D+E Effect of M8 and KG on nitric oxide
production. THP-1 cells were grown in complete RPMI medium con-

cells was assessed by measuring the accumulated nitrite, a
primary breakdown product of NO, using the Griess reaction
assay. Cells were treated with LPS (100 ng/mL) + nigericin
(10 mM) 30 min and incubated for 24 h, and the nitrite con-
centration in the medium increased significantly. Of note,
after treating cells with M8 or KG at different concentra-
tions, a significant concentration-dependent inhibition of NO
secretion was observed (Fig. 2D and E).

Effect of M8 and KG on Cytokine Production
and Phagocytosis

M8 and KG were also used to treat differentiated THP-1 cells
to assess their inhibitory effect of pro-inflammatory cytokine
IL-18 and IL-1f production. As shown in Fig. 3A and B (for
MS) and in Fig. 3C and D (for KG), IL-18 and IL-1f levels

taining penicillin, streptomycin, and 10% FCS at 37 °C and 5% CO,.
5% 10° cells were seeded into 24-well cell culture plates and cultured
for 24 h. Afterwards, cells were harvested and centrifuged, and super-
natants were collected for the analysis of nitrite concentrations by a
standard Griess assay. The cells were incubated without or with LPS
(100 ng/mL) + nigericin (10 mM) together with the indicated concen-
trations of M8 or KG. Data are shown as the mean+SEM and are
representative of 2 independent experiments in triplicate for each
well treatment condition (n=6). B M8 (p>0.05, F=4.210, df=3),
CKG (p>0.05, F=6.120, df=3), D LPS+MS8 (p <0.001, F=8.980,
df=3); E LPS+KG (p<0.01, F=1545, df=3), by one-way
ANOVA followed by Tukey’s post hoc test; *p<0.05, **p<0.01,
*#%p <0.001. ns, non-significant (p>0.05). ##1 <0.001 comparison
between control and LPS + nigericin-treated group

in culture supernatants were significantly reduced by M8
and KG treatments compared to the LPS + nigericin group.
As for the TAMRA-AP phagocytosis assay, both treatments
significantly increased THP-1 cell phagocytic activities at 20
and 40 pM for M8, and at 100 pg/mL for KG, in comparison
to the control not receiving the substance (Fig. 3E and F).

Effect of M8 and KG on Inflammasome Component
Gene Expression

MS was assessed for its potential effect of inflammasome
component gene expressions and quantified using RTqPCR
technique. Figure 4 shows that M8 significantly reduced
gene expression at 10, 20, and 40 pM (p <0.001) for
NFkB; at 20 and 40 pM for NLRP3 (p <0.001); and at 20
and 40 pM for Caspase-1 (p <0.001) and IL-1p. Inhibition
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Fig.3 ELISA and phagocytosis assays. A-D ELISA: effect of M8
or KG on the production of pro-inflammatory cytokines of LPS/
nigericin-induced cells. THP-1 cells were grown in complete RPMI
medium containing penicillin, streptomycin, and 10% FCS at 37 °C
and 5% CO,. 5x 10 cells were seeded into 24-well cell culture plates
and cultured for 24 h. THP-1 cells 5x 10° cells/mL were incubated
with the indicated concentrations of substances, in the presence
or absence of LPS 100 ng/mL and nigericin 10 mM for 24 h. The
cell supernatants were collected and used for ELISA. Each dot is
the median of one-well cell culture supernatant from 2 independent
experiments with 3 wells per treatment condition (n=6). A p<0.01,
F=17.0,df=3; B p<0.001, F=12.34, df=3; C p<0.05, F=11.45,
df=3; D p<0.001, F=9.678, df=3, by one-way ANOVA followed
by Tukey’s post hoc test. *p <0.05, **p <0.01, ***p <0.001. ns, non-

of expression was only obtained at 40 uM for IL-18 com-
pared to LPS + nigericin-treated cells. As far as KG effects
on gene expression are concerned, expression was reduced
at 25 pg/mL (p <0.01), 50 pg/mL (p <0.001), and 100 pg/
mL (p <0.001) for NFkB and at 40 and 100 pg/mL for
IL-1p and IL-18 respectively (p <0.001). Inhibition was
observed at 25, 50 (p <0.01), and 100 (p <0.001) pg/mL
for NLRP3 and at 25, 50, and 100 pg/mL for Caspase-1
(p<0.001), compared to LPS + nigericin-treated cells
(Fig. 5).

@ Springer

significant (p>0.05). *Comparison between control and LPS-treated
group. E, F Phagocytosis: effect of M8 or KG on TAMRA-AP phago-
cytosis. THP-1 cells were grown in complete RPMI medium con-
taining penicillin, streptomycin, and 10% FCS at 37 °C and 5% CO,.
5x10° cells were seeded into 96-well cell culture plates and cultured
for 24 h. The cells were incubated without or with LPS 100 ng/mL
and nigericin 10 mM, together with the indicated concentrations of
M8 or KG. After 24 h, the phagocytosis was performed as described
in the “Methods” section. Each dot is the median of one well from 2
independent experiments with 3 wells per treatment condition (n="6).
E p<0.001, F=8.159, df=3; F p<0.05, F=17.0, df =3, by one-way
ANOVA followed by Tukey’s post hoc test. *p<0.05, **p<0.01,
##%p <0.001. ns, non-significant (p>0.05). #p<0.01, #¥p <0.001
comparison between control and LPS + nigericin-treated group

Effect of M8 and KG on Inflammasome Component
Protein Expression

We next investigated the effect of M8 and KG on the main
inflammasome proteins (NFkBp65, NLRP3, pro-Caspase-1,
and IL-1p) at their level of expression. Differentiated THP-1
cells were treated as described in the “Methods” section and
protein levels were quantified by western blot. The results in
Fig. 6 showed significant inhibition of most inflammasome
components tested.
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Fig.4 M8 inhibits LPS-induced gene expression in THP-1 cells.
THP-1 cells were treated with LPS (100 ng/mL) + nigericin (10 mM)
followed by a treatment with M8 (10, 20, 40 pM). Thereafter, NFkB,
NLRP3, Caspase-1, IL-1p, and IL-18 gene expression was assessed
using RTqPCR. Each dot is the median of one well from 2 inde-
pendent experiments with 3 wells per treatment condition. Data
are expressed as mean+SD (n=6). A NFkB (p<0.01, F=11.334,

Effect of M8 and KG on ASC Speck Formation

The ASC speck formation kinetically occurs after the inflam-
masome priming and formation, and is a relevant down-
stream inflammatory output to study. By taking advantage
of the differentiated THP-1-ASC-GFP cells, which overex-
press a human ASC protein fused with fluorescent GFP, it
is possible to take images of the well under a fluorescent
microscope to quantify the number and size of ASC specks
still inside the microglia, or already released in the culture
medium. As expected, LPS + nigericin treatment signifi-
cantly increased the number of ASC specks compared to the
control condition, and both M8 and KG pretreatments were
able to significantly reduce this number back to the control
level (Fig. 7A and B). Regarding the average size of the
specks, no significant changes across the different conditions
were observed (Fig. 7C). By analyzing the culture media
via a flow cytometer, and by gating for the size of debris
(Fig. 8A), we were able to compare the fluorescent intensity

df=3), B NLRP3 (»p<0.001, F=10.517, df=3), C Caspase 1
(»<0.01, F=17.761, df=3), D IL-1p (p<0.01, F=13.567, df=3),
E IL-18 (p<0.05, F=6.712, df=3), by one-way ANOVA followed
by Tukey’s post hoc test. *p <0.05, **p <0.01, ***p <0.001. ns, non-
significant (p>0.05). #¥p <0.001 comparison between control and
LPS + nigericin-treated group

of the ASC specks between conditions (Fig. 8B). Overall,
the median intensity of the ASC specks was the same in all
the conditions, which is consistent with their unchanged size
between conditions (Fig. 8C). Taken together, these results
indicate that whatever the treatment, ASC specks are of the
same size and fluorescent intensity, but that M8 and KG
pretreatments were able to inhibit the increase of number of
ASC speck formation due to LPS + Nig, inside and outside
the macrophages.

Discussion

Flavonoids are phytochemicals naturally present in veg-
etables and fruits with well-known health benefits. In AD,
flavonoids are reported to have neuroprotective effects by
inhibiting the self-assembly of AP peptides into oligomers
and have the capacity to slow the neuronal degeneration by
being able to cross the blood-brain barrier [32]. Moreover,
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Fig.5 KG inhibits LPS-induced gene expression in THP-1 cells.
THP-1 cells were treated with LPS (100 ng/mL) + nigericin (10 mM)
followed by a treatment with KG (12.5, 25, 50, and 100 pg/mL).
Thereafter, NFkB, NLRP3, Caspase-1, IL-1f, and IL-18 gene expres-
sion was assessed using RTqPCR. Each dot is the median of one well
from 2 independent experiments with 3 wells per treatment condi-
tion. Data are expressed as mean+SD (n=6). A NFxB (p<0.05,

flavonoids are reported to slow neuronal degeneration, and
therefore have a promising pharmacological effect in treating
AD. Biflavonoids are a subclass of flavonoids formed by two
identical or non-identical flavonoid units [33]. Nowadays,
more attention has started to shift towards biflavonoids due
to their advantages over monomeric flavonoids since they
are able to survive first-pass metabolism which unfortunately
inactivates most flavonoids [34]. Unlike flavonoids, bifla-
vonoids’ occurrence in nature is restricted to some species
such as Ochna and Campylospermum [35]. Biflavonoids
in recent studies have shown anticancer and antimicrobial
activities [36, 37]. As far as AD is concerned, the few studies
recently undertaken show that amentoflavone-like flavonoids
have anti-amyloidogenic effects by inhibiting the aggrega-
tion of AP and promoting disaggregation of A fibrils [38].
The NLRP3 inflammasome is the most studied member of
the inflammasome protein family and a critical signaling
step of the innate immune response. It mediates Caspase-1
activation, resulting in the secretion of pro-inflammatory
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F=8.314, df=3), B NLRP3 (p<0.01, F=10.517, df=3), C Cas-
pase 1 (p<0.001, F=18.145, df=3), D IL-1p (p<0.001, F=9.159,
df=3), E IL-18 (p<0.05, F=12.210, df=3), by one-way ANOVA
followed by Tukey’s multiple comparison test. *p <0.05, **p <0.01,
##%p <0.001. ns, non-significant (p>0.03). *¥p <0.001 comparison
between control and LPS + nigericin-treated group

interleukins 1p and 18. An aberrant activation of the NLRP3
inflammasome has been reported to have a crucial role in the
development of AD and several other disorders including
diabetes and atherosclerosis [39]. Unfortunately, no study
has reported the effect of biflavonoids and KG on inflam-
masome regulation. The aim of this research work was to
isolate biflavonoids from local medicinal plants as well as an
extract of KG which has shown prominent anti-inflammatory
activity in our previous work and study their capacity of
inhibiting inflammasomes using well-known cell models of
inflammation. In this study, the root bark of Ochna schwein-
furthiana (Ochnaceae) was collected from Dang district in
Adamaoua (Cameroon), and among the compounds isolated
from the plant, the biflavonoid 7,7'-di-O-methylchamaejas-
min was obtained. KG was harvested in the West region of
Cameroon and identified at the country’s national herbarium.

One of the first pieces of information to obtain while
using lead compounds in vitro is to confirm there is no cyto-
toxicity. For this, differentiated THP-1 cells were treated
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Fig.6 Western blot analysis for NLRP3, pro-Caspase-1, IL-1f, and
NFxBp65 protein level change with M8 and KG treatments. Com-
pounds M8 and KG suppressed LPS + nigericin-induced NLRP3, pro-
Caspase-1, IL-1p, and NFxBp65 inflammasome protein expression in
THP-1 polarized macrophages. A+ C Representative images of the
western blots showing protein expression of NLRP3, pro-Caspase-1,
IL-1B, and NFxBp65 with M8 or KG treatments. p-Actin was used
as housekeeping protein. B Relative quantitation of NLRP3, pro-
Caspase-1, IL-1f, and NFkBp65 levels with M8 treatments. Data are
expressed as mean+SD (n=3). NLRP3 (p<0.01, F=8.123, df=3),
pro-Caspl (p<0.05, F=13.451, df=3), IL-1§ (»p<0.01, F=11.13,

with increasing concentrations of M8 and as shown in
Fig. 2A. Neither M8 nor KG did show any toxic effects on
cells at the tested concentrations. In the following experi-
ment, anti-inflammatory properties of substances were eval-
uated by studying their inhibitory effect after cell stimula-
tion with bacterial lipopolysaccharide (LPS) and nigericin.
Nigericin is a microbial toxin derived from the Gram-pos-
itive bacteria Streptomyces hygroscopicus. It is reported to
be able to induce the release of IL-1p via NLRP3 inflamma-
some activation. On the other hand, THP-1 cell pretreatment
with LPS initiates the activation of NLRP3 inflammasome in
a phenomenon known as LPS priming. During the NLRP3
inflammasome action cascade, ASC specks (apoptosis-asso-
ciated speck-like protein containing a CARD) are microme-
ter-sized structures formed as a hallmark of inflammasome
activation. In immune cells (macrophages, monocytes),
ASC adapter can be observed in the nucleus as they reach
a size of around 1 pM. Many natural compounds including
flavonoids have been reported to affect the inflammasome
cascade even though the exact mechanism of action is still

w
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df=3), NFkBp65 (p<0.001, F=16.12, df=3), by one-way ANOVA
followed by Tukey’s multiple comparison test. *p <0.05, **p <0.01,
*##%p <(0.001. ns, non-significant (p>0.05). D Relative quantita-
tion of NLRP3, pro-Caspase-1, IL-1p, and NFkBp65 with KG treat-
ments. Data are expressed as mean+SD (n=3). NLRP3 (p<0.001,
F=17.151, df=3), pro-Caspl (<0.01, F=13.401, df=3),
IL-1p (p<0.05, F=8.33, df=3), NFkBp65 (p>0.05, F=4.13,
df=3), by one-way ANOVA followed by Tukey’s multiple com-
parison test. *p<0.05, **p<0.01, ***p<0.001. ns, non-significant
(p>0.05). #p<0.01, ¥p<0.001 comparison between control and
LPS + nigericin-treated group

not clearly defined. This is the case of apigenin, quercetin,
and kaempferol reported to inhibit ASC oligomerization
without affecting the ASC level in cell lysates [40]. Similar
results were reported with some plant crude extracts such
as the ethanolic extract of Artemisia anomala with inhibited
ASC oligomerization and ASC speck formation in immune
cells [41]. However, no study has reported the effects of
KG or M8 (biflavonoid) on inflammasome inhibition so far.
Interestingly, and contrary to other reports, we revealed that
these two substances can reduce the number of ASC specks
formed (Fig. 7), the latter being often correlated with poor
prognosis in diseases related to inflammasome activation
such as AD.

In order to understand at which level the inflammasome
activation was blocked by M8 and KG, RTqPCR and western
blot were performed and revealed a reduction of inflamma-
some component gene expression as well as protein levels.
An inhibition of Caspase-1 expression suggests a blockade
at the level of caspase activation. A reduction of ASC speck
formation and the inhibition of NFxB suggest that reduction
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Fig.7 KG and M8 inhibited ASC speck formation inside and out-
side differentiated THP-1-ASC-GFP cells. A After cell treatment as
described in the “Methods” section, ASC specks were imaged under
a Zeiss Axio Observer 7 microscope. The white scale bars represent
100 pm. B Quantification of the number of ASC-GFP specks per
mm?. Each dot is the mean value for one well, based on the values
quantified for 1-10 images per well in 3 independent experiments
with 2-3 wells per experiment. Data are expressed as mean+ SEM

in the expression of this transcription factor also contributes
to inflammasome inhibition in this study. Other reports men-
tion the inhibition of Nrf2 as contributing to inflammasome
inhibition [42]. KG, which we demonstrated to have Nrf2
inhibitory properties in our previous work [28], may in addi-
tion to the results obtained in this study also inhibit inflam-
masome via Nrf2 and NFxB pathway blockade. Overall,
the two plant-extracted substances investigated here appear
to inhibit inflammasome activation at several levels. This
includes inhibition of its main components at the gene and
protein levels, and also via inhibition of upstream transcrip-
tion factors.

The inflammatory response is known to play a critical
role in AD, with reported upregulation of nitric oxide syn-
thase responsible for nitric oxide production. In AD, Kum-
mer et al. identified AP as an NO target, with nitration at
tyrosine residue 10 (3ANTyr(10)-Ap) accelerating its aggrega-
tion [43], suggesting a crucial role of nitric oxide production
for AD treatment and the potential beneficial role of our
substances as lead drugs against AD.
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(n=7-8). **p<0.01, by ordinary one-way ANOVA (p=0.0030,
F=5.990, df =3) followed by Dunnett’s multiple comparisons test. C
Quantification of the size of ASC-GFP specks per field of view. Each
dot is the mean size of the specks on one image, for 39-50 images
per condition in 3 independent experiments. Data are expressed as
mean=+SEM (n=41-53). ns, non-significant (p>0.05), by one-way
Kruskal-Wallis test (p <0.0001, y*>=25.73, df=3) followed by Dun-
nett’s multiple comparisons test

The role of phagocytosis of AP plaques in AD has not
been fully described; but several reports showed that AP
impairs the phagocytic activity of brain microglia and
astrocytes. Microglia are responsible for the removal of
Ap oligomers and fibrils by phagocytosis [44]. However,
it was demonstrated that impairment of this process may
lead to an increase in AP load which could later aggregate
to form AP plaques [45]. Indeed, lysosomal accumulation
of phagocytosed AP promotes its aggregation, resulting in
lysosomal rupture and further release of IL-1p and IL-18
[46]. The capacity of our two substances to rescue phago-
cytic activity suggests they may protect the phagolyso-
some from AP injury and sustain macrophage phagocytic
activity.

Overall, this study highlights for the first time the effects
of a natural biflavonoid and a plant crude extract on NLRP3
inflammasome activation and will support our future stud-
ies aiming at analyzing their effects in vivo using transgenic
mouse models of AD.
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Fig.8 KG and M8 effects on released ASC speck fluorescent inten-
sity. A Flow cytometry gating strategy on 1-pm, 2-pm, and 6-pm
non-fluorescent calibration beads. The first gating was done on
the < 1-pm debris, and another one on the GFP* debris, which are
not present in this condition. B Representative histograms of ASC-
GFP* speck fluorescent intensity (arbitrary unit) across the different
conditions. At least 2000 events were recorded. C Quantification of
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