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Abstract

Neuroinflammatory responses to neurotoxic manganese (Mn) in CNS have been associated with the Mn-induced Parkinson-
like syndromes. However, the framework of molecular mechanisms contributing to manganism is still unclear. Using an
in vitro neuroinflammation model based on the insulated signaling pathway reporter transposon constructs stably transfected
into a murine BV-2 microglia line, we tested effects of manganese (II) together with a set of 12 metal salts on the tran-
scriptional activities of the NF-xB, activator protein-1 (AP-1), signal transducer and activator of transcription 1 (STAT1),
STAT1/STAT2, STAT3, Nrf2, and metal-responsive transcription factor-1 (MTF-1) via luciferase assay, while concatenated
destabilized green fluorescent protein expression provided for simultaneous evaluation of cellular viability. This experiment
revealed specific and strong responses to manganese (II) in reporters of the type I and type II interferon-induced signaling
pathways, while weaker activation of the NF-kB in the microglia was detected upon treatment of cells with Mn(II) and Ba(II).
There was a similarity between Mn(II) and interferon-y in the temporal STAT1 activation profile and in their antagonism to
bacterial LPS. Sixty-four natural and synthetic flavonoids differentially affected both cytotoxicity and the pro-inflammatory
activity of Mn (II) in the microglia. Whereas flavan-3-ols, flavanones, flavones, and flavonols were cytoprotective, isoflavones
enhanced the cytotoxicity of Mn(II). Furthermore, about half of the tested flavonoids at 10-50 pM could attenuate both basal
and 100-200 pM Mn(II)-induced activity at the gamma-interferon activated DNA sequence (GAS) in the cells, suggesting
no critical roles for the metal chelation or antioxidant activity in the protective potential of flavonoids against manganese in
microglia. In summary, results of the study identified Mn as a specific elicitor of the interferon-dependent pathways that can
be mitigated by dietary polyphenols.
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Introduction

Numerous observational and experimental studies have
established an association between environmental pollut-
ants and elevated risk of various neurological disorders in
humans. To this end, overexposure to or dysregulation of
B4 Valeri V. Mossine metals in CNS has been implicated in Alzheimer’s, Par-

mossinev @missouri.edu kinson’s, and Wilson’s diseases [1, 2]. One of such met-

als is manganese, an important bioelement, which is also
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as manganism symptoms. However, molecular and cellu-
lar mechanisms of the manganese neurotoxicity are not yet
fully understood. A limited number of agents have been pro-
posed to attenuate neurotoxicity of manganese, including
polyphenols silymarin [5], resveratrol [6], curcumin [7], and
quercetin [8], metal chelators EDTA [9], p-aminosalicylic
acid [10, 11], and antioxidant RibCys [12]. Nonetheless, no
effective therapy currently exists to treat manganese poison-
ing in the brain.

Microglia are macrophage-like cells residing in the CNS.
These cells are charged with a variety of brain defense and
homeostasis tasks, from scavenging infected and damaged
cells or cell debris to regulating regeneration and remod-
eling of the brain neuronal networks [13]. Transformation
of microglia to reactive states in response to pathological
stimuli, or microglial activation, can also be neurotoxic and
contribute to the neurodegenerative processes in the brain
[14]. Thus, it has been proposed that cellular mechanisms of
Mn neurotoxicity may involve, among others, disruption of
function and chronic inflammatory activation of microglia
and astrocytes [15]. Suggested molecular mechanisms of Mn
cytotoxicity implicate oxidative stress, impairment of glu-
taminase activity, and transcriptional and functional deregu-
lation of the glutamate transporters in glial cells [16, 17].
The suggested pathways involved in Mn-induced inflamma-
tory activation of glial cells have been limited, so far, to the
signaling cascades of NF-kB [15, 18] and JAK2/STAT3 [19]
pathways plus subsequent production of pro-inflammatory
inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), interferon-alpha, interferon-beta, and inter-
feron-gamma (IFN-a/f/y), tumor necrosis factor (TNFa),
interleukin-1p and interleukin-6 (IL-1f, IL-6) [20, 21]. In
addition, Sengupta et al. [22] reported a gene expression pro-
file in manganese chloride-treated primary human astrocytes
and, according to this report, out of 20 targets positively
affected by the IFN-y/JAK/STAT1 pathway, sixteen were
upregulated by Mn. Based on these findings, it could be
hypothesized that pro-inflammatory signaling stimulated by
Mn in microglia may include the IFN-y pathway, as well.

Signal transducer and activator of transcription 1
(STAT1) is a cytoplasmic inducible transcription factor
which relays extracellular signals, typically provided by
type I (IFN-a, B, 6, etc.), type II (IFN-y), or type III (IFN-A)
interferons and certain cytokines [23, 24]. Two principal
signaling pathways leading to activation of STAT1 involve
recognition of the interferons by, respectively, type I/type
III or type II interferon receptors, a subsequent activation of
associated Janus tyrosine kinases (JAKSs), and phosphoryla-
tion of cytoplasmic STAT1 by JAK. Activated STAT1 then
forms either homodimer or heterodimer with STAT2. The
homodimer STAT1 is directly translocated to the nucleus,
where it regulates gene expression at the gamma-interferon
activated DNA site (GAS). The heterodimer STAT1/2 forms

@ Springer

a complex with Interferon Regulatory Factor 9 (IRF9) and
then binds to DNA, predominantly at a different gene regula-
tory sequence called interferon-stimulated response element
(ISRE). When bound to the GAS, the STAT1 can upregulate
production of a number of pro-inflammatory enzymes and
mediators, including NOS2, COX-2, TNF-a, IL-1p, IL-6,
IL-12, IL-23, MCP-1, or IFN-y [25, 26]. As a consequence,
IFN activation of STAT1 in microglia and peripheral mac-
rophages may promote their transformation into the pro-
inflammatory phenotypes [27, 28].

Recently, we have reported a successful application of
insulated reporter transposons in astrocytes for assessment
of activity of multiple neuroinflammation-related transcrip-
tion factors, including the STAT1 [29]. In this paper, we
describe testing of the reporter construct in BV-2 microglia
cell line, by taking on an objective of searching for potential
pro-inflammatory metals and their inhibitors in microglia.
Here, we report for the first time activation of the gamma-
interferon-dependent JAK/STAT1 pathway in Mn-treated
microglial cells. Next, we describe the effects of 64 flavo-
noids on the transcription factors implicated in neuroinflam-
mation, namely STAT1, STAT1/2, STAT3, NF-xB, AP-1,
and Nrf2. Finally, we elucidate the preventive potential of
the flavonoids against manganese-induced transcriptional
activation of the homodimer STAT1.

Materials and Methods
Chemicals

A collection of metal salts, biochemicals, and flavonoids was
from various reagent vendors (Supplementary Table S1).
The compounds were of reagent grade (> 90%) and used
without further purification. Stock solutions of flavonoids
were prepared in DMSO/propylene glycol (1:3 v/v) at 20
mM concentrations and were stored at — 20 °C until use.
Lipopolysaccharide (LPS) from Pseudomonas aeruginosa
was purchased from MilliporeSigma.

Cell Culture

Immortalized murine microglia cell line BV-2 [30] was
provided by Dr. Grace Sun (University of Missouri) who
received an original batch from Dr. Rosario Donato (Uni-
versity of Perugia, Italy). The cells, as well as the BV2-
based reporter transfects, have been routinely cultured in
1:1 DMEM/F12 Ham media mixture (MilliporeSigma) sup-
plemented with 5% newborn calf serum (NCS, HyClone)
and 1% (v/v) penicillin/streptomycin cocktail (pen/strep,
HyClone). This medium is henceforth referred to as the
DMEM/F12 complete medium. To passage, the cells
were treated with 0.05% trypsin (MP Biochemicals) in 1:1
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Corning CellStripper cocktail/PBS (MilliporeSigma) and
subcultured at 1:5 ratio upon reaching 60—70% confluency.
The standard culturing conditions for all cells were 37 °C,
5% CO,, and 100% humidity.

Plasmid Constructs

Super piggyBac transposase expression vector was pur-
chased from System Biosciences. Vectors pTRO1F, pTROSF,
PTRO9F, pTR13F, pTR23F, and pTR34F have been previ-
ously reported [29, 31, 32]. pTR25F vector has been assem-
bled as follows: inserts containing 4-bp overhang sequences
for the ligation reaction and total of 8 interferon-sensitive
response elements (ISRE) for binding the heterodimer tran-
scription factor STAT1/STAT?2 (Table 1) were synthesized
and annealed. The inserts and the larger product of pTRO1F
[31] digestion with the Nhel/BgIII were uniformly assembled
into pTR25F in one ligation step. Correctness of the inser-
tion was confirmed by DNA sequencing.

Stable Transfections

To generate stable reporter BV2.RnnF lines, the original
BV-2 cells were seeded into wells of a 96-well plate, at 5
x 10 cells per well in complete DMEM/F12 medium and
left to adhere for 6 h. The cells were then treated with the
NATE inhibitor cocktail (InvivoGen) for 30 min, followed
by a mixture of 100 ng pTRnnF reporter plasmids and 33
ng Super piggyBac transposase plasmid complexed with
Lipofectamine 2000 transfection reagent (Invitrogen) at
1:2 (ng DNA/ pL reagent) ratios. After 16 h, regular media
were added and cells were left to proliferate for the next
48-72 h. The transfected cells were then treated with the
selecting antibiotic (5 pg/mL puromycin) for another week,
and the surviving cells were expanded for cryopreserva-
tion and activity validation. When the numbers of reporter
cells were expanded for experiments, the complete DMEM/
F12 medium was typically supplemented with 2 pg/mL
puromycin.

Table 1 Octamer interferon-sensitive response element sequences for
the construction of pTR25F vector

Insert Sequence

Sense ctagcTAGTTTCACTTTCCCTAGTTTCAC
TTTCCCTAGTTTCACTTTCCCTAGTTT
CACTTTCCCTAGTTTCACTTTCCCTAG
TTTCACTTTCCCTAGTTTCACTTTCCC

TAGTTTCACTTTCCCa

gatct GGGAAAGTGAAACTAGGGAAAGTG
AAACTAGGGAAAGTGAAACTAGGG
AAAGTGAAACTAGGGAAAGTGAAACTA
GGGAAAGTGAAACTAGGGAAAGTG
AAACTAGGGAAAGTGAAACTAg

Antisense

Cell Treatment Schedule

Typically, original BV-2 or reporter BV2.RnnF cells were
plated in Nunclon Delta Edge 96-well plates (ThermoFisher)
at 1 x 10* cells/well in 100 pL of an adaptation low-serum
medium consisted of the DMEM/F12 media mixture sup-
plemented with 2 mg/L insulin, 2 mg/L transferrin, 2 pg/L
selenite (2-ITS), 2% NCS, and the pen/strep antibiotic.
After 40 h, the adaptation medium was replaced with the
Phenol Red-free 5:5:1 DMEM/F12/RPMI-1640 mixture,
supplemented with 1 g/LL BSA, the 2-ITS mix and the pen/
strep (the test medium). The cells were cultured for next 6
h, after which time, the medium was replaced with fresh
test medium containing 0.5% of the DMSO/propylene glycol
mix (carrier solvent controls), metal salts, flavonoids, and/
or specific inducer agents, and the plates were incubated for
the next 18 h or other indicated times.

Reporter Activity Assay

In a typical experiment, immediately after the treatments,
the reporter cells in 96-well plates were carefully washed
with PBS and lysed in 70 pL of the lysing buffer [29] for 16
h at 8 °C. The GFP fluorescence values in the lysates were
measured at the 482(9)/512(17) nm wavelength (slit width)
setup and was followed by an addition of 20 pL luciferase
substrate [29]. Kinetic luminescence readings in the wells
were done in 2-min intervals for 8 min total. All the meas-
urements were done using a Synergy MX (BioTek) plate
reader. The GFP fluorescence values were used for both
evaluation of relative cell transcriptional activity/prolifera-
tion and normalization of the reporter luciferase activities
in respective wells.

Plotting and Statistical Analysis

Statistical tests and plots were done using SigmaPlot, ver-
sion 13.0. Datasets are presented as mean + SD. Individual
data points are plotted where applicable.

Results
Validation of BV-2 Reporters

A general scheme of the reporter constructs used in this
study is shown in Fig. 1A. We have developed a unique set
of insulated, piggyBac transposable reporters consisting of
a specific transcription factor response element to regulate
expression of the firefly luciferase gene. The elongation fac-
tor 1 (EF1) promoter for continuous activation of the cope-
pod GFP gene fused with a puromycin resistance sequence
allows for simultaneous evaluation of cellular viability,
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piggyBac Transposon
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Fig. 1 Establishing transcriptional activation assay in immortalized
murine microglia BV-2. A A general scheme of the reporter construct.
Four to eight specific transcription factor binding sequences (tran-
scription factor response elements, TREs) and the mCMV promoter
regulate reporter firefly luciferase, while the EF1 promoter provides
constant production of destabilized copepod GFP and puromycin
resistance selector. The flanking insulators protect from epigenetic
silencing of the reporter, while the piggyBac transposon ITRs secure
accurate and efficient insertion of the reporter into the genomic DNA.
B Comparative TF activity in reporter cells treated with human vs
rodent pro-inflammatory cytokines. Concentrations of human and
murine cytokines, 20 ng/mL; rat interferon-y, 2 ng/mL. The error bars
are SDs for n = 3. C. Heatmap of the reporter activation, expressed

normalization of the luciferase activity, and selection of cells
with the reporter resistant to epigenetic silencing. In addition
to previously reported plasmids [29, 31, 32], we have assem-
bled a novel reporter vector that carries eight binding sites,
ISRE sequences, for the heterodimer transcription factor
STAT1/STAT2. The BV-2 microglia were stably transfected
with this plasmid, as well as with the reporters for tran-
scriptional activity of the NF-kB, AP-1, homodimer STAT1,
STAT3, Nrf2, and MTF-1. The new reporter cell lines were
tested for selectivity (Fig. 1, Supplementary Table S2). As
expected, activity of the NF-xkB, AP-1, STAT1, STAT1/
STAT2, STAT3, and MTF-1 increased upon treatment of
the microglia with respective specific inducers, namely LPS,
PMA, IFN-y, IFNa, IL-6, CDDO-Me, and ZnCl,. Micro-
glia were particularly sensitive to IFN-y, which induced
over hundredfold increase in the STAT1 activity. Interest-
ingly, transcriptional activity of the STAT1/STAT?2, but not
the NF-xB, AP-1 and STATI, significantly increased upon
treatment of the microglia with redox stressors and classical
inducers of Nrf2 such as bardoxolone, fert-butyl hydroquino-
line, hydrogen peroxide, and pyocyanin [32]. Among other
surprising responses were high inhibitory activity of IFN-y
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as log,(TF induction fold), to common inducers and inhibitors used
to validate specificity of the reporters. See extended Supplementary
Table S2 for viabilities and SDs. Concentrations: tumor necrosis factor
(TNFw), 5 ng/mL; lipopolysaccharide (LPS), 100 ng/mL; poly(I:C), 5
pg/mL; phorbol 12-myristate 13-acetate (PMA), 100 ng/mL; Bardox-
olone (CDDO-Me), 500 nM; tert-butyl hydroquinone (tBHQ), 10 pM;
hydrogen peroxide, 250 pM; pyocyanin, 60 pM; o-phenanthroline,
20 pM; ZnCl,, 20 pM; mouse interferon-o (m IFNa), 10 ng/mL; rat
interferon-y (r IFNy), 5 ng/mL; mouse interleukin-6 (m IL-6), 10 ng/
mL; mouse interleukin-4 (IL-4), 25 ng/mL; Dasatinib, 200 nM; Rux-
olitinib, 50 nM; Tyrphostin B42 (AG490), 50 pM

against MTF-1 and the anti-inflammatory effects of an iron
chelator o-phenanthroline. Murine BV-2 microglia did not
recognize human IFN-a and IFN-y but was species-tolerant
towards IL-6 (Fig. 1B).

Manganese Uniquely Induces Transcriptional
Activities of the NF-kB, STAT1, and STAT1/2

To explore the pro-inflammatory responses in the newly
developed set of BV-2 microglia-based reporters, we
exposed the cultured microglia to 13 metal salts, which are
of common interest to the neurotoxicology field. This initial
testing revealed surprisingly strong responses in manganese-
treated reporters for transcriptional activity of the homodi-
mer STAT1 and heterodimer STAT1/STAT2 (Table 2). In
addition to these interferon-dependent signaling pathways,
manganese also induced activation of the pro-inflammatory
NF-kB and JAK/STAT3 pathways, although to a much
smaller effect. Among the rest of tested metal salts, only 1
mM barium chloride promoted activation of the NF-kB to
a comparable extent. Barium did also promote activation of
the oxidative/electrophilic stress sensor KEAP-1/Nrf2, as
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Table 2 Activation folds of seven transcription factors in BV-2 microglia exposed to metal salts for 14 hours. See Supplementary Figures S1 —S7

for extended viability and dose-response data

metal  conc NF-kB  AP-1 STAT1  STATY/2 STAT3  Nrf2 MTF-1

A(ll)  1nMm | 0.30/] 1.13| 0.72| 073l 111 0.76| 0.83
Ball) 1mm [l 263 0.60 047] 129 045f | 6.20| 111
ay owm | 0.37 0.27/ 0.25| 081] 1370 1865/ 450
Co() 2s0pm | 085] 140 040 13| 0540 2055[1 27
afm 1mm | 0.58| 1.02| 104| 0.57| 0.20/ 1.33| 091
aivy xwm | 072| 0.52| 0.26| 0.46| 038] 14 0.36
am 20w | 052 112| 0.88| 0% 130| 1.01/ 093
Fe(l) 1M | 0.59| 0.78| 053] 12| 068 326| 0.83
Mn(l) 12s5um [ 343 0150 1887F 1987/ 221 0.82 0.03
Ni(l)  2s0pM | 0.32| 0.51] 0.27| 0.62| 033/ 1e0| 0.85
Po(ll) sopm | 0.28| 0.50 0.13| 0.59| 076f | 509 0.16
V(V) 125uM | 041| 0.31] 0.19 0.04/ 0430 1803 0.09
() sopm | 1.17| 0.81] 0.81] 09%| 083 1829[ | 588

did other established Nrf2 activators Cd(II), Co(II), Fe(II),
Pb(Il), V(V), and Zn(II), at tested metal concentrations.
Notably, manganese (II) had no effect on the transcription
factor Nrf2 but exerted a strong inhibition of the MAPK/
JNK/AP-1 and zinc-sensory MTF-1 pathways.

Next, we have assessed a comparative temporal activation
of the interferon-dependent and the NF-kB signaling path-
ways in BV-2 microglia by manganese (II) and interferon-y.
As illustrated in Fig. 2, both IFNy- and Mn(II)-induced acti-
vation of the pathways proceeded through maxima, which,
in the IFNy-treated reporter cells, were achieved in about
10 h. The activation of microglia treated with Mn(II) lagged
until about 6 h, then reached maxima at about 12 and 15 h
in the reporters of the interferon-dependent and the NF-xB
signaling pathways, respectively.

We further asked whether Mn(II) could interact with
specific pro-inflammatory activators at the ISRE and GAS
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in microglia. A number of previous studies have demon-
strated the ability of Mn to potentiate effects of the NF-«xB
activators, such as LPS, TNFa, or IFNy [20, 33]. Accord-
ingly, we tested combinations of manganese (II) with
IFNa, IFNy, LPS, poly(I:C), and B-amyloid peptide (25-
35) in the reporters of STAT1 and STAT1/2 transcriptional
activation in microglia. There were no or weak interactions
between Mn(II) and the interferons, poly(I:C), and Af,5 35
(Supplementary Tables S3-S7). However, the Mn(II)/
LPS combinations revealed a trend of the antagonism at
increasing concentrations of these agents (Table 3). The
same trend was observed for the IFNy/LPS combinations
(Table 3).

(@)

NF-«xB activation fold

0 5 10 15 20 25 0 5
Exposure time, h

Fig.2 Time course of transcriptional activation of the A homodi-
mer STAT1, B heterodimer STAT1/STAT2, and C NF-xB transcrip-
tion factors in BV-2 microglia exposed to 2 ng/mL IFN-y or 100 pM

10 15 20 25 0 5 10 15 20 25
Exposure time, h Exposure time, h

manganese(II) citrate. The experimental curves in A have been drawn
to different scales, for clarity
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Table 3 Relative TF activation folds in BV-2 microglia treated with
combinations of LPS and Mn(Il) or combinations of LPS and IFNy
for 12 h, the data points are single measurements. In each row, the
activation folds are normalized to Mn(II)-only treated cells at indi-

LPS, ng/mL 0 2 8 32 128
Mn?*, pM

0 1.00 124 1.52 221 2.69

21 1.00 097 115 1.67 211

30 1.00 121 138 1.85 226

42 1.00 108 1.14 134 1.89

58 1.00 1.13 127 137 221

82 1.00 0.77 1.06 072 0.71

114 1.00 1.02 0.83 050 047

160 1.00 096 0.76 0.58 0.46

IFNy, ng/mL

0 1.00 124 195 278 3.17

0.063 1.00 123 127 1.16 1.15

0.125 1.00 1.00 099 0.76 0.65

0.25 1.00 082 0.64 053 047

0.5 1.00 072 0.71 0.55 0.39

1 1.00 0.73 0.68 0.58 047

1.00 076 0.69 059 051

4 1.00 075 0.73 054 0.52

Flavonoids Differentially Affect Basal Activities
of the Neuroinflammation-Related Transcription
Factors NF-kB, AP-1, STAT1, STAT1/STAT2, STAT3,
and Nrf2

In order to demonstrate the utility of our microglia-based
reporters for high-throughput protocols, we performed eval-
uation of multiple natural and synthetic flavonoids as poten-
tial inducers/inhibitors of signaling pathways implicated in
neuroinflammation. Specifically, in a single experiment, we
tested 64 flavonoids (Supplementary Table S1), at two con-
centrations, 10 pM and 50 pM, 3 samples per agent dose,
in 6 reporter lines. Together with the assay controls, about
2500 biological samples were processed in one run, yielding
about 5000 data points, given that each biological sample
provided a cell lysate for the GFP fluorescence and luciferase
luminescence readouts. The results of the experiment are
summarized in Fig. 3 and Supplementary Table S8. There
is a significant variability in the reporter responses to indi-
vidual flavonoids, but certain patterns can be seen in Fig. 3.
Thus, structural classes of flavan-3-ols and anthocyan(id)ins
generally suppress the basal levels of all six transcriptional
factors, while flavones and isoflavones induce an increase
in activities of these TFs. Several individual flavonoids,
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cated Mn(II) concentrations (Supplementary Table S3). Data high-
lighted in blue indicate antagonistic interactions between Mn(II) and
LPS or between IFN-y and LPS in microglia

512 0 2 8 32 128 512
3.11 1.00 171 227 383 456 5.10
2.78 1.00 086 1.81 234 293 3.65
2.74 1.00 1.16 172 254 321 343
2.09 1.00 1.09 133 1.82 2.06 222
2.50 1.00 1.18 143 2.04 197 215
0.71 1.00 190 180 2.18 1.55 146
0.47 1.00 135 146 1.08 0.77 0.52
0.41 1.00 1.14 089 0.73 047 040
3.25 1.00 120 127 176 222 245
0.95 1.00 122 132 145 148 145
0.51 1.00 1.00 1.00 1.05 1.09 0095
0.38 1.00 1.12 1.06 0.89 090 0.77
0.38 1.00 089 093 0.81 0.75 0.60
0.38 1.00 096 093 0.79 0.78 0.60
0.43 1.00 093 0.87 0.80 0.68 0.60
0.50 1.00 098 092 0.78 0.70 0.59

including flavone, chrysin, acacetin, daidzein, formononetin,
genistein, and biochanin A, acted as “pan-activators” of all
six signaling pathways in the reporter microglia. Among
the reporters, STAT1 was the most sensitive to inhibition by
flavonoids, while the redox sensor Nrf2 was activated by the
majority of tested flavonoids at 50 pM.

Effects of Flavonoids on Manganese Cytotoxicity
and Manganese-Induced Transcriptional Activation
of the Homodimer STAT1

Having found that certain flavonoids can significantly inhibit
basal activity of the type II interferon signaling pathway
in BV-2 microglia, we also examined whether flavonoids
could inhibit the manganese-promoted activation of this
pathway. Cells were treated with combinations of 100 puM
or 200 pM manganese(II) and 50 pM flavonoid for 12 hours.
The chosen Mn(II) concentrations were close to pathophys-
iological levels of manganese (60-160 pM) found in the
human brain [34]. In addition, this experiment included
treating microglia with combinations of the 50 pM flavo-
noids with interferon-y at 1 ng/mL. The results are given
in Supplementary Table S9 and are illustrated in Fig. 4.
Analysis of Fig. 4 reveals an overall trend of flavonoids to
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NF-xB AP-1

10puM 50 uyM 10 uM

1 catechin 0.947 0.562 -0.151

w 2 epicatechin 0.648 0.280 -0.201
g 3 ECG 0526 0469 0211
g 4 GC 0319 0.058 -0.090
K< 5 EGC -0.037 0.284 -0.085
- 6 EGCG 0.158 -0.085 -0.131
7 naringenin 0.385 0.602 0.165

3 8 naringin 0.473 0.399 0.107
g 9 eriodictyol 0.095 0.746 -0.008
P 10 hesperetin 0.065 1.667 0.116
§ 1 hesperidin 0.222 0.293 0.041
.,—“_, 12 taxifolin 0323 0.040 0.008
13 silybin=silibinin -0.084 -0.204 0.040

14 flavone 2.043 2607 1276

15 a-naphthoflavone 2427 1.819 0.818
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Fig.3 Responses of neuroinflammation-related signaling pathways
to treatments of BV-2 microglia reporter cells with flavonoids at 10
pM and 50 pM concentrations. Heatmap of the reporter activation

improve viability of Mn(II)-treated microglia. Exceptions
are isoflavones as a group, cytotoxic a-naphthoflavone (#15)
and flavonol (#36), as well as galangin (#38) and wogonin
(#30). Interestingly, isoflavones could increase the viability
of IFNy-treated microglia, while 3,7,8,4'-tetrahydroxyfla-
vone (#41) was the most effective in rescuing the microglia
from Mn(II) cytotoxicity. Flavan-3-ols (catechins), flavones,
and flavonols attenuated Mn(II)-induced STAT1 activation

4685
STAT1 STAT1/2 STAT3 Nrf2
5uM  10uyM  50uM  10uyM  50uM  10uM  50uM  10uM 50 uM
-0.162 0.219 0.352 0.201 -0.072 -0.074 0.262 -0.483 -0.611
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0.617 -0.325- -0.333 0.799 0.304 -0.060 -0.002 1.355
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0174 0.290- -0.697 0934 0252 0433 -0.335 0420

0.231 0.039 0.407 -0.767 -0.215 0.280 0.513 -0.280 0.135
0.287 0.380 -0.944 -0.139 0.092 0.603 0.557 -0.265 0.252
-1.051 0.201- -0.640 -0.718 0.299 0.295 -0.118 0.877
-0.116 -0.183 1.098 -0.538 -0.341 0.140- -0.345 1.747
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-0.402 -0.148 -0.303 0.722 0.280 0.083 0.051 -0.236 -0.235
-0.233 -0.145 0.157 0.758 0.404 0.187 0.336 -0.340 -0.449
1.162 1172 1.665 1.666 1531 1311 1519 1.693 2.279
-0.077 -0.384 0.453 0.529 0.828 0.065 0.379 -0.192 -0.140
1.505 1.859 1.187 1.931 2.196 2073 1.778 2.005 1.901
0.513 -0.693 1.154 -0.120 1416 0.108 0.336 0.754-
1.069 0.959 0.619 1.542 1.694 1217 0.644 1.858 2.551
0.108 -0.160 0.478 0.228 0.840 0.191 0.217 -0.206 0.039
0.244 -0.435 1315 0.456 0.435 1.606 -0.176 2618

1.660 1710 1.748 1762 2.104 1741 1.404 1.789 2.420
0.014 0.135 0371 0.802 0.881 0.249 0.238 -0.355 0.037
-0.165 0.481 0171 0.390 0.309 0.212 -0.083 0.081 0.548
-0.239 -0.133 -0.660 -0.360 -0.751 -0.040 -0.234 0.065 0.279
-0.163 -0.171 0373 0371 0.418 0.018 0.201 -0.273 -0.329
-0.225 -0.196 0.316 0.049 0.241 0.185 0.265 -0.476 -0.401
-0.199 -0.006 1.150 0.218 0.341 0.056 -0.125 -0.091 0.198
-0.165 -0.190 0.815 -0.017 0139 0.119 -0.021 -0.232 0.218

expressed as log,(TF induction fold). See extended Supplementary
Table S8 for cell viabilities and SDs

in microglia, with a-naphthoflavone and flavonol acting as
the most potent inhibitors. Other phenolics, including epicat-
echin gallate (#3), EGCG (#6), 3',4'-dihydroxyflavone (#17),
and myricetin (#48), could counteract the pro-inflammatory
activity of manganese (II) in BV-2 microglia, as well. On
the other hand, several flavonoids co-operated with Mn(II)
in stimulation of the STAT1; the most active were hespere-
tin (#10), flavone (#14), daidzein (#50), and formononetin
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(#52). Overall, the majority of tested flavonoids were poorly
counteracting the pro-inflammatory action of IFNy and, in
fact, about one half in the list did enhance IFNy-induced
transcriptional activation of the STAT1 in BV-2 cells.

One notable pattern seen in Fig. 4 is that the attenuation
effects exerted by flavonoids on manganese-treated micro-
glia were more prominent at 200 pM Mn(II) concentra-
tions, as compared to 100 pM Mn(II). To investigate this
unexpected effect at other concentrations, we selected three
flavonoids, specifically EGCG, apigenin (#25), and myri-
cetin. Unlike EGCG and myricetin, the attenuating effect
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of apigenin on STAT1 activation decreased in cells treated
with 200 pM Mn(II), as compared to those treated with 100
pM Mn(II) (Fig. 4). The combination experiment yielded
data presented as contour plots in Fig. 5. Several features
can be noted when inspecting Fig. 5: (a) decrease in the
STATT1 activation positively correlates with decrease in via-
bility in microglia treated with Mn(II) or apigenin alone; (b)
relative to Mn(II)-only treatment, viability of cells treated
with Mn(II)/flavonoid combinations generally increased
with increasing Mn(II) concentration, even in the case of
cytotoxic apigenin; (c) in the Mn(II)/EGCG and Mn(II)/
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Fig.5 Viability (two upper rows) and transcriptional activation of
homodimer STAT1 (two lower rows) in BV-2 microglia treated with
manganese(Il) and flavonoids EGCG, apigenin, and myricetin in
combinations (contour plots) and alone (satellite line plots) for 12 h.

myricetin combinations, increase in concentrations of any
agent could lead to inhibition of the relative STAT1 activity;
(d) apigenin at concentrations below 15 pM could synergize
with Mn(II) in the STAT1 activation.

Discussion

An initial goal in this study was to develop a set of neu-
roinflammation-relevant signaling pathway reporters in a
microglia cell line. Our previous experience with integra-
tion of the insulated reporter transposons into genomic DNA
of several cell types, including an immortalized astrocyte,
resulted in generation of multiple reporter cell lines, which
demonstrated high consistency of the reporter response over
prolonged cell culturing times [29, 31, 35]. The BV-2 micro-
glia, however, has distinguished itself from other cell types
by relatively low stability of the reporter activity, in a sense

The data points are single measurements or, wherever SD error bars
are shown, n = 3. For contour plots, relative viability and relative
STAT1 activation folds are calculated as in Table 3

that continuous culturing of these cells without selecting
antibiotic puromycin would often lead to decreased GFP and
luciferase expression. Nevertheless, careful control of the
reporter activity when expanding the cell numbers makes the
BV-2 microglia reporters suitable for medium- to high-scale
screening studies, as demonstrated in this work.

Our finding that manganese(II) can act as a strong inducer
of the interferon-dependent signaling pathways in micro-
glia is novel, and it concurs with the well-documented
pro-inflammatory activities of this metal in CNS [15]. The
molecular mechanisms of the manganese-induced neuroin-
flammation were typically explained by the cytotoxicity of
this metal [36, 37]. Consequently, the main focus in such
studies was on the activities and products of the stress-sens-
ing transcription factors, such as NF-xB, AP-1, and YY1
[15, 18, 38—41]. In one study [22], a gene expression profile
in Mn-treated astrocytes showed similarity with that targeted
by interferon-y, which prompted the authors to suggest that
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manganese could activate the interferon signaling pathway,
even though no increase in the interferon transcription has
been detected.

A few in vivo and in vitro studies with peripheral mac-
rophages and other types of immune cells have recognized
Mn(II) as an activator of the immune function through
induction of type I interferon [42—44]. A proposed mecha-
nism of manganese-stimulated production of type I inter-
ferons includes Mn(II) involvement in the cGAS-STING
pathway and thus suggests a particular physiological func-
tion for manganese in innate anti-viral defense [43]. Tak-
ing into account our observations of the lag induction time
(Fig. 2) and similarity in activation folds of both homodimer
STAT1 and heterodimer STAT1/STAT2 by manganese(II)
and IFNa (Fig. 1, Table 2), it would be tempting to ascribe
such a role for Mn(II) in microglia, as well. However, a
number of other observations obtained in this work cannot
be explained based on current models of the manganese-
induced macrophage activation. For instance, transcription
of type I interferons downstream the cGAS-STING path-
way is thought to proceed via the activation of NF-«xB [43].
Conversely, in our experiments, the NF-kB activation has
lagged well behind the STAT1 and STAT1/STAT?2 activation
profiles by Mn (Fig. 2). Activation of other transcription fac-
tors downstream of the cGAS-STING pathway, such as the
interferon regulatory factor IRF3 and STAT6 [45], could be
involved in type I interferon expression, as well. Yet, release
of IFN-o/p by Mn-stimulated macrophages occurred after
about 20-24 hours and reached its maximum at 48-72 hours
post treatment [43, 46], while in our experiments, the maxi-
mal transcriptional responses of both the homodimer STAT1
and the heterodimer STAT1/2 occurred after only 12 h post-
treatment with Mn. Finally, in all aforementioned literature
experiments, manganese(Il) acted rather as a potentiator
than a primary inducer of the interferon production, by co-
stimulating macrophages in combinations with viral RNA
or DNA, in accord with the cGAS-STING pathway model.

Activation of two other transcription factors, NF-xB
and STAT3, by manganese (II) in BV-2 microglia is well in
accord with previous reports [19, 39]. The inhibitory effect
of this metal on transcriptional activation of the MTF-1
could be related to a competition between Mn?>* and Zn*
for their common metal transporters, such as ZIP8, ZIP14,
and DMT-1 [47]. On the other hand, the inhibitory effect of
Mn(II) on the MAPK/JINK/AP-1 pathway observed by us in
BV-2 microglia is in a contrast with data reported by Chen
et al. [38].

In order to demonstrate the applicability of the BV-2
microglia-based reporters for large-scale screening studies,
we tested responses of the six transcription factors to a set
of 64 flavonoids in BV-2 microglia. Since this set was used
in our previous study to characterize neuroinflammation-
related transcriptional responses to flavonoids in DI TNCl1
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astrocytes [29], it was possible to compare such responses
between these two cell lines. As follows from Fig. 6, there
is a consistent positive correlation between transcriptional
responses to both 10 pM and 50 pM flavonoids in the micro-
glia and astrocyte reporter lines. Indeed, tested representa-
tives of three structural classes of flavonoids, namely fla-
vanols (##1-6), flavonols (##36—-49), and anthocyan(id)ins
(##59-64), acted preferentially as inhibitors across multiple
signaling pathways, both in BV2 microglia (Fig. 3) and DI
TNCI astrocytes [29]. In both types of cells, isoflavones
(##50-58) and a subset of flavones (##14-26) consistently
stimulated the transcriptional responses over the basal levels,
with several polyphenols, such as flavone, 7-OMe-flavone
(#16), 4',7-(OMe),-flavone (#19), chrysin, acacetin, daid-
zein, formononetin, genistein, and biochanin A, acting as
the pan-inducers at both 10 pM and 50 pM concentrations.
Notably, while in DI TNC1 astrocytes the STAT3 was the
most sensitive TF to the inhibition by flavonoids as a whole
group [29], in BV2 microglia it was the STAT1 whose activ-
ity was suppressed by the largest number of flavonoids at 50
pM (Fig. 3).

In this study, we also demonstrated the utility of the
microglia-based TF activation reporters in search for poten-
tial antidotes to neurotoxic and neuroinflammatory agents,
exemplified in screening of manganese(Il)—flavonoid com-
binations with the STAT1 reporters. Our data (Figure 4) sug-
gest that, even though Mn(II) was presented to the cells in
two- to fourfold excess over flavonoids, some polyphenols,
such as ECG (#3), EGCG (#6), 3°,4’-(OH),-flavone (#17),
or myricetin (#48), could completely negate the cellular
responses to the metal in BV2 microglia. There was a direct
correlation between effects of flavonoids on the STAT1 acti-
vation in presence and in absence of Mn(II) (Fig. 7). No
such correlation was found when the effects of flavonoids
on the Nrf2 activation were compared with the effects of
the combinations on the STAT1 activity. In addition, the
interaction patterns for the Mn(II)/flavonoid and the IFNy/
flavonoid combinations were different (Fig. 4). These obser-
vations suggest inconsequential roles for metal chelation and
antioxidant potential of flavonoids in their STAT1-affecting
interactions with manganese (II) in BV-2 microglia.

To the best of our knowledge, this study and our previous
report [29] are the first works attempting to assess an array
of flavonoids in in vitro models of neuroinflammation. How
our data compare to other studies on the neuroprotective
potential of flavonoids? In one previous study [48], baica-
lin at 50 pM modestly decreased the STAT3 phosphoryla-
tion (1.2-fold) in amyloid-p treated BV-2 microglia. In our
hands, 50 pM baicalin was a weak activator of the all six TFs
(Fig. 3), but inhibited the 200 pM Mn(II)-induced STAT1
activation by twofold, along with improved viability of the
Mn-treated cells (Fig. 4). Myricetin at 50 pM counteracted
hypoxia-induced activation of BV-2 microglia, presumably
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mice [50]. As shown in Figure 3, this flavonoid (#9) at 50
UM activated the Nrf2 as well but acted as a weak inhibi-
tor of the Nrf2 at 10 pM. These examples underscore an
advantage of using stable reporters of transcriptional acti-
vation for rapid and effective generation of massive data on
the cytoprotective potential of multiple flavonoids, as com-
pared to the traditional one-compound-per-study approach.
Furthermore, the later approach usually deals with one or
limited number of flavonoid concentrations, which, for this
class of reactive, multifunctional compounds, may create a
problem of bias, due to a well-documented phenomenon of
biphasic cellular responses to flavonoids [29, 51]. Therefore,
profiling multiple flavonoids, or other sets of biologically
interesting agents, by structure and dose, should provide for
a systematic landscape of cell-signaling pathways for use in
toxicology, pharmacology or nutrition areas. The insulated
TF activation reporter transposon platform seems to be an
appropriate tool up for the task.

Conclusions

This study demonstrated the utility of insulated transcrip-
tional activity reporter transposon for screening neurotoxic,
neuroinflammatory, or neuroprotective agents in microglia.
Screening of 12 metals in six reporters of the neuroinflam-
mation-related signaling pathways exposed manganese (II)
as a strong inducer of two transcription factors, homodi-
mer STAT1 and heterodimer STAT1/STAT2 in microglia.
Screening of an array of 64 flavonoids by this reporter set
allowed mapping potentially pro- and anti-inflammatory
effects of these agents at two fixed concentrations. Screen-
ing combinations of manganese(Il) with the flavonoid
array revealed potential inhibitors of the cytotoxic and pro-
inflammatory activities of Mn(II) in microglia. Results of
this in vitro study may inform future laboratory and clinical
studies aiming at manganese neurotoxicology, as well as
neuroprotective effects of dietary flavonoids.
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