Molecular Psychiatry (2018) 23, 1410-1420

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 1359-4184/18

www.nature.com/mp

ORIGINAL ARTICLE

DHEA inhibits acute microglia-mediated inflammation
through activation of the TrkA-Aktl/2-CREB-Jmjd3 pathway

VI Alexaki', G Fodelianaki', A Neuwirth', C Mund', A Kourgiantaki2'3, E leronimaki®, K Lyroni4, M Troullinaki®, C Fujii1, W Kanczkowski'”,
A Ziogas', M Peitzsch’, S Grossklaus', B Sonnichsen®, A Gravanis®?, SR Bornstein>”, | Charalampopoulos?, C Tsatsanis* and T Chavakis'

Dehydroepiandrosterone (DHEA) is the most abundant circulating steroid hormone in humans, produced by the adrenals, the
gonads and the brain. DHEA was previously shown to bind to the nerve growth factor receptor, tropomyosin-related kinase A
(TrkA), and to thereby exert neuroprotective effects. Here we show that DHEA reduces microglia-mediated inflammation in an acute
lipopolysaccharide-induced neuro-inflammation model in mice and in cultured microglia in vitro. DHEA regulates microglial
inflammatory responses through phosphorylation of TrkA and subsequent activation of a pathway involving Akt1/Akt2 and cAMP
response element-binding protein. The latter induces the expression of the histone 3 lysine 27 (H3K27) demethylase Jumonji d3
(Jmjd3), which thereby controls the expression of inflammation-related genes and microglial polarization. Together, our data
indicate that DHEA-activated TrkA signaling is a potent regulator of microglia-mediated inflammation in a Jmjd3-dependent
manner, thereby providing the platform for potential future therapeutic interventions in neuro-inflammatory pathologies.
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INTRODUCTION

Dehydroepiandrosterone (DHEA, 3(-hydroxy-5-androstene-17-
one) and its conjugate ester, DHEA sulfate (DHEA-S), are the most
abundant circulating steroid hormones in humans."™ DHEA is
produced by the adrenals, the gonads' and the central nervous
system.>>~ In the brain, DHEA is synthesized by neurons and
astrocytes,®® which is why DHEA is also considered a neurosteroid.

DHEA can bind to many different receptors and activate several
pathways,”'? including GABA-A, NMDA and sigma 1 receptors,>"’
G protein-coupled receptors'>™'* or nuclear receptors, such as the
peroxisome proliferator-activated receptor alpha (PPARa), the
pregnane X receptor, the estrogen receptors a and f (ERa and
ERB, respectively) or androgen receptors.*'%"® Furthermore, DHEA
was found to bind and activate the nerve growth factor (NGF)
high-affinity receptor, tropomyosin-related kinase A (TrkA),'® other
Trk receptors, such as TrkB and TrkC,'" as well as the pan-
neurotrophin receptor p75NTk.'®

Circulating DHEA can cross the blood-brain barrier (BBB) and
reach the brain due to its lipophilic nature.'® In contrast, DHEA-S,
which is a hydrophilic molecule, does not readily cross the BBB.>"°
In humans, the concentration of DHEA in the brain is 4-6.5 times
higher than in the plasma.®® In rodents, DHEA(S) serum
concentrations are very low, as rodent adrenals lack the
P450c17 enzyme that converts pregnenolone to DHEA>?!
However, in rodents, like in humans, DHEA is synthesized in the
brain.3?? This fact, together with DHEA's propensity to cross the
BBB, suggests that rodents represent an appropriate animal model
for studying the function of DHEA in the central nervous system.?

In humans, serum concentration of DHEA(S) peak during the
third decade of life and decline with advancing age.' The

age-related decline of circulating DHEA(S) concentration has been
associated with development of neurological, neuropsychiatric and
neurodegenerative diseases, such as depression and Alzheimer’s
disease.>*>*” Administration of DHEA to animal models of multiple
sclerosis or Parkinson’s Disease had beneficial effects.?®>* This
could be attributed to its neuroprotective functions®'>'3163234-37
as well as to its anti-inflammatory properties,>?82938-43
modulatory effects on microglial function.?*383°

Microglial cells are resident immune cells of the central nervous
system.***” In their inactive state, they are highly ramified cells,
constantly surveying their environment*” When activated by
pathogens or an injury they acquire an ameboid phenotype,
produce nitric oxide and reactive oxygen species, and express pro-
inflammatory cytokines, chemokines and MHCIL.*’~>" Normally, the
acute phase of inflammation is followed by a resolution phase,
during which microglia return to a quiescent state.**°' If
resolution is perturbed, chronic inflammation may lead to
neurodegeneration.**®' Chronic neuro-inflammation is a feature
of many neurodegenerative diseases, such as Alzheimer’s disease
and multiple sclerosis.***"

Given the beneficial role of DHEA in animal models of
neurodegenerative disease and the crucial role of microglia-
related inflammation in such pathologies, we sought to study if
DHEA modulates microglial function in acute neuro-inflammation
and to understand the underlying molecular mechanisms. Our
findings show that DHEA reduces the pro-inflammatory responses
of microglia in the context of acute lipopolysaccharide (LPS)
-induced brain inflammation. This effect is at least in part
mediated by the TrkA receptor, which, upon interaction with
DHEA, triggers phosphorylation of Akt1 and Akt2 and subsequent
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activation of cAMP response element-binding protein (CREB).
CREB in turn induces gene expression of the histone 3 lysine 27
(H3K27) demethylase Jumonji d3 (Jmjd3), which controls pro-
inflammatory gene expression and thus regulates microglia-
mediated inflammation. This study provides novel insights into
the mechanisms regulating microglia-driven innate immune
responses.

MATERIALS AND METHODS

Mice

Eight-week old male C57BL/6 mice (Janvier Labs, Le Genest-Saint-Isle,
France) were used. An estimate of at least 3—5 mice per group was used in
experiments. No blinding or randomization was performed. Mice were
injected on 2 consecutive days intraperitoneally (i.p.) with freshly prepared
DHEA (80 mgkg™") in a 500 ul solution containing phosphate-buffered
saline (PBS) with 4.5% ethanol and 1% bovine serum albumin (BSA) or with
the same solution alone as control. One hour after the second dose of
DHEA or control solution, mice were injected i.p. with LPS (5 mg kg_1)
(Ultrapure LPS, Escherichia coli 0111:B4, Invivogen, San Diego, CA, USA).
After 2 or 4 h of LPS treatment, mice were euthanized and organs were
retrieved for further analysis. Animal experiments were approved by the
Landesdirektion, Dresden, Germany.

Microglial cell sorting

Isolated brains were grinded on a 100 um pore-sized cell strainer in PBS
supplemented with 0.5% fetal bovine serum (FBS, Life Technologies,
Paisley, UK) on ice. Cells were centrifuged at 1200 r.p.m. for 7 min at 4 °C
and diluted in PBS containing 0.5% FBS. Two hundred pl of anti-myelin
magnetic beads (MACS Miltenyi Biotec, Bergisch Gladbach, Germany) were
added to each sample and cells were incubated for 15 min at 4 °C. Then
PBS with 0.5% BSA was added to each tube, samples were centrifuged at
300 g for 10 min at 4 °C, the cell pellet was diluted in PBS with 0.5% BSA
and passed through a LS column (Miltenyi Biotec).

Cells were stained with 1:100 anti-CD45-PE (553081, BD, Heidelberg,
Germany), 1:100 anti-Ly6G-APC (560599, BD) and 1:100 anti-CD11b-PerCP
(101230, Biolegend, Fell, Germany) and sorted with a BDFACS ARIA
apparatus (BD) using the BD FACSDIVA v8.0.1 software (BD). Cells were
collected in lysis buffer supplemented with beta-mercaptoethanol
(NucleoSpin RNA kit, Macherey-Nagel, Duren, Germany).

Cell culture

Primary microglial cells were isolated from brains of C57BL/6 mice. The
brains were transferred to an enzymatic solution, consisting of
025mgml~" papain (Sigma-Aldrich, Munich, Germany), 12U ml~!
dispase Il (Roche, Mannheim, Germany), 1 mm cysteine (Sigma-Aldrich)
and 0.5 mm EDTA (Sigma-Aldrich) diluted in DMEM (Invitrogen, Darmstadt,
Germany), minced and incubated at room temperature for 30 min under
continuous stirring. The enzymatic reaction was quenched by the addition
of PBS with 20% FBS. After centrifugation at 1200 r.p.m. for 10 min at room
temperature, cells were re-suspended in 0.5 mg ml~' DNase | (Thermo-
Fisher Scient, Waltham, MA, USA) in PBS and incubated for 5 min at room
temperature. Cells were gently dissociated and passed through a 70 pm
pore-sized cell strainer. Isolated cells were put in culture in DMEM/F12 with
Glutamax, 10% FBS, 100 U ml™" penicillin, 100 ug ml~" streptomycin (all
from Invitrogen) and 5 ng ml~" of murine recombinant granulocyte and
macrophage colony-stimulating factor (Peprotech, Rocky Hill, NJ, USA) in
poly-L-lysine (Sigma-Aldrich) -coated flasks and maintained in culture at
37 °C and 5% CO,. Four days thereafter, medium was changed every 2—
3 days. When a continuous feeder layer had formed (14-17 days after
isolation), loosely attached microglial cells were collected by gentle
shaking of the flasks and centrifugation of the supernatants. Before
treatments, microglial cells were cultured for 3 days in medium without
granulocyte and macrophage colony-stimulating factor.

The murine brain-derived microglia cell line BV2 (ICLC, Genova, ltaly) was
cultured in RPMI medium (Invitrogen) supplemented with 10% FBS at 37 °C
and 5% CO,.

Cell treatments

Microglial cells were treated with 10™7 m DHEA (Sigma-Aldrich) or control
solution (containing same dilution of ethanol), and DHEA-7-(O-
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carboxymethyl oxime)-BSA (DHEA-BSA) (Steraloids, Newport, RI, USA) or
control solution (with same BSA concentration) with or without LPS
(100 ng ml~"). All treatments were done in phenol red-free RPMI 1% FBS
and 1% Pen/Strep. FBS and DHEA-BSA stock solutions were stripped with
charcoal prior to use, as described,?*? in order to remove endogenous
steroids or non-conjugated DHEA, respectively. In some experiments cells
were treated with 100ngml™" NGF (25S5) (Millipore, Darmstadt,
Germany). In other experiments cells were pre-treated for 30 min with
1 um TrkA inhibitor (inhibitor of the kinase activity of TrkA) (Calbiochem—
Merck Millipore), 1 um CREB/CBP interaction inhibitor (Merck Millipore),
1 um Wortmannin (R&D Systems, Wiesbaden-Nordenstadt Germany), 10 pum
UO126 (Merck Millipore) or 10 um U-73122 (Merck Millipore). The number
of independent in vitro experiments was estimated based on our
experience with these methods. No randomization was performed.

Cell transfection and generation of stable clones

BV2 cells (50 000 cells per well in a 24-well plate) were transfected with
siRNA targeting TrkA (10 nm), Jmjd3 (30 nm) or control non-targeting siRNA
(10 or 30 nm). Primary microglia cells were transfected with siRNA against
Akt1 (30 nm) or siRNA against Akt2 (30 nm) or control siRNA (30 nwm). All
transfections were performed using Lipofectamine RNAimax (Invitrogen,
Darmstadt, Germany) and the reverse transfection method according to
manufacturer’s instructions. All siRNAs were from Dharmacon.

For generation of stable clones, BV2 cells seeded in six-well plates
(1x10° cells per well) were transfected with 4 ug DNA empty pCMV
plasmid or pCMV-KCREB plasmid (both kindly provided by A Mauviel, Curie
Institute, Paris, France) and 8 pl Lipofectamine LTX Reagent (Invitrogen)
according to manufacturer's instructions. pCMV-KCREB over-expresses
CREB containing mutations in its DNA-binding domain. Two days after
transfection, 375 pg ml~! Geneticin (G418) (Life Technologies) was added
to the medium to select transfected clones. Stably transfected clones were
maintained by culturing in G418-suplemented medium.

RNA extraction and gene expression analysis

RNA was isolated from frozen brain tissues with the Trizol Reagent
(Invitrogen). Total RNA was isolated from cell cultures using the NucleoSpin
RNA isolation kit (Macherey-Nagel). Genomic DNA contamination was
eliminated by DNase | treatment. One microgram of RNA was reverse
transcribed with the iScript cDNA Synthesis kit (Bio-Rad, Munich, Germany).
cDNA was analyzed by gPCR using the SsoFast Eva Green Supermix
(Bio-Rad), a CFX384 real-time System C1000 Thermal Cycler (Bio-Rad) and
the Bio-Rad CFX Manager 3.1 software. The relative amount of the different
mMRNAs was quantified with the AACt method while 18 S RNA was used for
normalization.>® Primers used are described in Supplementary Table 1.

Western blot

Whole-cell extracts were collected in lysis buffer (10 mm Tris pH 7.4, 1%
SDS, 1 mm sodium orthovanadate, 1:400 benzonase (Sigma), supplemen-
ted with Mini Protease Inhibitor and Phosphatase Inhibitor Cocktail
(Roche)) and denatured by heating at 95 °C for 3 min. Thirty to sixty
microgram of proteins were subjected to SDS—polyacrylamide gel
electrophoresis, and transferred onto Hybond nitrocellulose membranes
(GE Healthcare Europe, Freiburg, Germany). Membranes were blocked for
1 h in 5% non-fat milk diluted in TBS-T buffer (0.15 m NaCl, 2.7 mm KCl,
248 mm Tris-base, 0.1% Tween-20), and immunoblotted with anti-
phosphoTrkA (Tyr490) (Abcam, Cambridge, MA, USA, ab1445, 1:500), TrkA
(Abcam, ab76291, 1:1000), anti-iNos (Abcam, ab15323 1:1000), anti-Jmjd3
(Abcam, ab154126, 1:1000), anti-arginase 1 (Abcam ab60176, 1:1000),
anti-phosphoCREB (Cell Signaling Technology, Danvers, MA, USA, #9196,
1:1000), anti-phosphoAkt (Ser473) (Cell Signaling, #4060, 1:1000), anti-
phosphoAkt1 (Ser473) (Abcam, ab81283, 1:1000), anti-phosphoAkt2
(Ser474) (Cell Signaling, #8599, 1:1000) and anti-Actin (1:1000, Abcam,
ab3280) overnight in 5% BSA or 5% non-fat milk in TBS-T buffer at 4 °C and
then incubated with appropriate horseradish peroxidase-conjugated
secondary antibodies (R&D Systems; Santacruz Biotechnologies,
Heidelberg, Germany; and Jackson Immunoresearch, Hamburg, Germany).
Band intensity of western blots was quantified with the open source Fiji
software (http:/fiji.sc/).

Cytokine measurement

Brain lysates were prepared in RIPA Buffer (50 mm Tris-HCl, pH 7.4, 1%
NP-40, 0.25% sodium deoxycholate, 150 mm NaCl, 1 mm EDTA, protease
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Figure 1. DHEA inhibits microglia-driven inflammation. (a-d) DHEA (80 mgkg~™') or ethanol-containing control solution (Eth.) was

administered i.p. to male C57BL/6 mice twice, at 24 h and 1 h before LPS treatment. Mice were killed 4 h after LPS treatment. Real-time PCR
was performed in whole-brain extracts for the indicated genes using 78 S RNA for normalization. Normalized gene expression of brains from
mice treated only with ethanol-containing control solution (Eth.) was set as 1. Data are expressed as mean =+ s.e.m. (n = 3;5;5). (e and f). [I1beta
and Cxcl1 protein levels were measured in brain lysates from the same mice as in (a-d). Data are expressed as mean +s.em. (n=3;5;5).
(g and h). Microglial cells were sorted by FACS as CD11b"CD45™'Ly6G~ cells from brains of mice treated as described in (a-f); gene
expression was analyzed by gqPCR. Normalized gene expression in samples from mice treated with control solution (Eth.) was set as 1;
mean +s.e.m. (n=3;5;5). (i and j). Cultured primary murine microglial cells were treated with DHEA (10~ m) or control solution (containing
ethanol at same dilution (Eth.)) twice, at 24 h and 1 h before LPS (100 ng ml~") incubation (for 4 h). Gene expression was analyzed by qPCR;
normalized gene expression of cells treated with LPS and control solution (Eth.) was set in each experiment as 1; mean +s.em. (n=3
independent experiments). (k) BV2 microglial cell line was pre-treated for 24 h with DHEA (10~7 M) or ethanol at same dilution (Eth.), as
control, then they were treated with a second dose of DHEA (10~7 M) or ethanol-containing control solution for 1 h, followed by stimulation
or not by LPS (100 ng ml™") for 4 h. The normalized gene expression of samples treated with LPS and control solution (Eth.) was set as 1 in
each experiment; mean +s.e.m. (n=4 independent experiments). *P < 0.05 (MWU test). DHEA, dehydroepiandrosterone; FACS, fluorescence-
activated cell sorting; LPS, lipopolysaccharide; MWU, Mann-Whitney U-test; qPCR, quantitative PCR.

RESULTS
DHEA reduces LPS-induced microglial inflammation

Firstly, we tested whether DHEA regulates neuro-inflammation in
an acute LPS-induced brain inflammation model. Notably, DHEA
systemically administrated to mice can be detected by liquid

inhibitors) by mechanical homogenization. Supernatants were collected
from 80-90% confluent cell cultures. Cytokines were measured in brain
lysates and cell supernatants using the Meso Scale Discovery (MSD)
Technology following manufacturer’s instructions.

Statistical analysis

All values are expressed as the meanz+s.e.m. Comparison between
groups was made with Mann-Whitney U-test; P<0.05 was the
significance level.

Molecular Psychiatry (2018), 1410—-1420

chromatography-tandem mass spectrometry in brain regions,
such as the cortex, the hippocampus, the hypothalamus and the
cerebellum (data not shown). Four hours after systemic LPS
administration in C57BL/6 mice, we found a strong induction of
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Figure 2. DHEA induces microglial M2 polarization. (a—d) DHEA (80 mg kg~ ") or ethanol-containing control solution (Eth.) was administrated i.
p. to male C57BL/6 mice twice, at 24 h and 1 h, before LPS treatment for another 4 h. Real-time PCR was performed in whole-brain extracts for
the indicated genes using 78 S for normalization. Normalized gene expression of brains from mice treated only with ethanol-containing
control solution (Eth.) was set as 1. Data are expressed as mean +s.e.m. (n=3;5;5). (e). 110 protein concentration was determined in brain
lysates of mice treated as in (a-d). Data are expressed as mean + s.e.m. (n =3;5;5). (f) BV2 cells were pre-treated for 24 h with DHEA (10~7 m) or
ethanol at same dilution (Eth.) as control, then they were treated with a second dose of DHEA (10~7 m) or the ethanol-containing control
solution for 1 h and finally they were stimulated or not with LPS (100 ng ml~") for 4 h. The normalized gene expression of samples treated
with control solution (Eth.) in the absence of LPS was set as 1 in each experiment; mean + s.e.m. (n =4 independent experiments). (g) BV2 cells
were treated as described in (f) and cell culture supernatants were analyzed for 1110 protein levels. 1110 levels of samples treated with control
solution (Eth.) and LPS were set as 1 in each experiment; mean + s.e.m. (n =5 independent experiments). (h) BV2 cells were treated with DHEA
(107 m) or ethanol-containing control solution (Eth.) for 24 h and cell lysates were analyzed by western blot for Arginase 1. Actin was used as
a loading control. Three independent experiments were quantified. The intensity of Arg1 and Actin bands was quantified; in each experiment
the ratio Arg1/Actin was set as 1 for samples treated with control solution (Eth.); mean+s.e.m. (n=5). *P<0.05 (MWU test). DHEA,
dehydroepiandrosterone; LPS, lipopolysaccharide; MWU, Mann-Whitney U-test.

pro-inflammatory gene expression such as Tnf, Il6, 1112/23p40 and
Mcp1 (Figures 1a-d), as well as enhanced protein concentrations of
cytokines, such as Il1beta and Cxcl1 (Figures 1e and f) in whole-
brain extracts. A similar inflammatory response was observed
upon LPS administration in microglia isolated by fluorescence-
activated cell sorting from the brain (Figures 1g and h).
Intraperitoneal administration of DHEA before LPS significantly
reduced LPS-induced gene expression of pro-inflammatory
cytokines and of the chemokine Mcpl as well as protein
concentrations of IlTbeta and Cxcl1 in whole-brain extracts
(Figures 1a—f). In addition, DHEA pre-treatment decreased LPS-
induced /l6 and Mcp1 expression in sorted microglia (Figures 1g
and h). The anti-inflammatory effect of DHEA was reproduced

© 2018 Macmillan Publishers Limited, part of Springer Nature.

in vitro; DHEA blocked the LPS-induced upregulation of iNos, as
well as of pro-inflammatory cytokines and chemokines in cultured
murine primary microglia (Figures 1i and j) and in the BV2
microglial cell line (Figure 1k).

We also assessed whether DHEA administration had systemic
anti-inflammatory properties, by examining livers and spleens that
derived from the same mice as the analyzed brain lysates. LPS-
induced enhanced expression of inflammatory genes, such as Tnf
or iNos in these organs was not affected by DHEA pre-treatment
(data not shown). Hence, at least in this specific experimental
setting, the anti-inflammatory effect of DHEA was observed
specifically in the brain, suggesting that DHEA may preferentially
target brain immune cells, such as microglia.
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Figure 3. Jmjd3 mediates the anti-inflammatory effect of DHEA. (a and b) Mice were injected i.p. with DHEA (80 mg kg~") or ethanol-

containing control solution (Eth.) 24 h and 1 h before LPS treatment for another 2 h. Whole brains (a) and FACS sorted microglia (b) were
analyzed for Jmjd3 gene expression by qPCR using 78 S RNA for normalization. Normalized Jmjd3 expression of samples deriving from mice
treated only with control solution (Eth.) was set as 1; mean +s.e.m.; n=4. (c) BV2 cells were transfected with siRNA targeting Jmjd3 or with
control siRNA. Twenty-four hours after transfection they were treated with DHEA (10~ ”m) or control solution (ethanol at same concentration
(Eth.)) and on the next day they were treated with a second dose of DHEA (107 m) or control solution together with LPS (100 ng ml~") for 6 h.
Proteins were analyzed by western blot for Jmjd3 and actin. The western blot shown here is one out of two experiments. (d) BV2 cells were
transfected with siRNA targeting Jmdj3 or control siRNA and on the next day they were treated with DHEA (10~ ’M) or ethanol-containing
control solution (Eth.). After further 24 h, they were treated with a second dose of DHEA (10~ 7 m) or control solution for 1 h and finally they
were stimulated or not by LPS (100 ng mI™") for 4 h. Normalized Tnf expression of samples treated with siCtrl, ethanol-containing control
solution (Eth.) and LPS was set in each experiment as 1; mean +s.e.m. (n=3 independent experiments). *P<0.05; ns (MWU test). DHEA,
dehydroepiandrosterone; FACS, fluorescence-activated cell sorting; LPS, lipopolysaccharide; MWU, Mann-Whitney U-test; ns, non-significant;
qPCR, quantitative PCR.

DHEA-treated microglia acquire an M2-like phenotype

Similar to macrophages, microglial cells also acquire different
polarization phenotypes, the two extremes of which are the M1
(pro-inflammatory) and the M2 (anti-inflammatory) phenotype.**
Interestingly, along with reduced inflammation, whole-brain
extracts from mice treated with DHEA and LPS displayed increased
gene expression of M2 polarization markers, such as arginase 1,
Ym?1 (chitinase-like protein 3), Fizz1 and KlIf4 (Kruppel like factor 4)
(Figures 2a-d), as well as increased protein concentrations of 110
(Figure 2e), as compared to brain extracts from mice treated with
LPS and control solution. Furthermore, DHEA enhanced gene
expression of M2 polarization markers (Figure 2f), secretion of 1110
(Figure 2g) and protein expression of arginase 1 in BV2 microglial
cells (Figure 2h).

expression is induced in macrophages by inflammatory stimuli,
such as LPS® and acts to finetune the LPS-induced transcriptional
responses in macrophages by binding to the transcription start
sites of genes encoding inflammatory cytokines and chemokines,
proteins for microbial recognition, adhesion molecules, immune
receptors or transcription factors, negatively regulating their
expression.>®

LPS treatment for 2 h significantly induced Jmjd3 gene expres-
sion in whole-brain extracts (Figure 3a). The induction of Jmjd3
mRNA was also obvious in microglia sorted from brains of LPS-
treated mice (Figure 3b), as well as in cultured primary microglia
treated ex vivo with LPS (Supplementary Figure 1). Interestingly,
pre-treatment of mice with DHEA significantly increased Jmjd3
expression in whole-brain extracts and in sorted microglia, as
compared to LPS treatment with vehicle (Figures 3a and b). In BV2
cells DHEA also induced Jmjd3 expression (Figure 3c). We next

Jmjd3 contributes to the anti-inflammatory effects of DHEA in
microglia

Jmjd3 is a H3K27 demethylase that has a key role in regulation of
macrophage®*>° and microglial®® inflammatory responses. Jmjd3

Molecular Psychiatry (2018), 1410—-1420

examined whether Jmjd3 is required for the anti-inflammatory
effect of DHEA. siRNA-mediated Jmjd3 knockdown (Figure 3c and
Supplementary Figure 2) abrogated the inhibitory effect of DHEA
on LPS-induced expression of Tnf (Figure 3d) and iNos (not shown),

© 2018 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. TrkA mediates the anti-inflammatory effect of DHEA in microglia. (a) BV2 cells were treated with DHEA (10~ 7 m) for 10 or 20 min or
with ethanol-containing control solution (Eth.) for 20 min. Proteins were analyzed by western blot for phospho-TrkA and Actin. (left) A
representative out of four blots. (right) The intensity of the bands of phospho-TrkA and Actin was quantified; the ratio phospho-TrkA/Actin
was calculated for each sample and in each experiment it was set as 1 for control-treated samples (Eth. for 20 min); mean +s.em. (n=4
independent experiments). (b and c) BV2 cells were pre-treated with TrkA inhibitor (1 pm) or control dimethyl sulfoxide (DMSO) solution for
30 min and then they were treated with DHEA (10~7 m) or ethanol-containing control solution (Eth.) for 24 h in the absence (b) or presence (c)
of 100 ng ml~" LPS. Western blots were performed to measure the levels of Jmjd3 and Actin. The intensity of the bands of Jmjd3 and Actin
was quantified and the ratio Jmdj3/Actin was set in each experiment as 1 for samples treated with DMSO and control solution (Eth.) (b), or for
samples treated with DMSO, control solution (Eth.) and LPS (c). Data are mean +s.e.m. (n=3 independent experiments). (d) BV2 cells were
transfected with siRNA against TrkA or control siRNA, on the next day they were pre-treated with DHEA (107 m) or ethanol-containing control
solution (Eth.) for 24 h and thereafter, the}/ were treated with a second dose of DHEA (107 m) or control solution (Eth.). One hour later they
were treated or not with LPS (100 ng ml™ ") for 4 h. Normalized gene expression in samples treated with siCtrl, control solution (Eth.) and LPS
was set as 1; mean + s.e.m. (n =3 independent experiments). (e) BV2 cells were pre-treated with TrkA inhibitor (1 pm) or control DMSO solution
and with DHEA (10~ ”m) or ethanol-containing control solution (Eth.) for 24 h. On the next day they were treated a second time with DHEA or
control solution (Eth.) and with LPS (100 ngml~") for 6 h. iNos and Actin protein levels were analyzed by western blot. Here one
representative out of three blots is shown. (right) The intensity of the bands of iNos and Actin was quantified and the ratio iNos/Actin was set
in each experiment as 1 for samples treated with DMSO, control solution (Eth.) and LPS (n =3 independent experiments). *P <0.05; ns (MWU
test). DHEA, dehydroepiandrosterone; LPS, lipopolysaccharide; MWU, Mann-Whitney U-test; ns, not significant.

hence, suggesting that Jmjd3 may contribute to the anti- signals are sufficient to suppress LPS responses and induce M2
inflammatory effect of DHEA in microglia. polarization in microglia. Thus, the anti-inflammatory effect of DHEA

on microglia must be mediated by membrane-localized receptors.
TrkA mediates the anti-inflammatory effects of DHEA We have previously shown that DHEA binds to the NGF receptor

TrkA."® Microglial cells express TrkA, as also macrophages do

We continued to address the signaling mechanisms involved in ) .
(Supplementary Figure 4). Previous reports have also demon-

the regulation of Jmjd3 gene expression by DHEA. First, to assess, ] ] ; )
whether DHEA mediates its effects through membrane or strated expression of TrkA in  microglial cells and
intracellular receptors, we treated BV2 cells with a membrane- macrophages.” ™" Furthermore, TrkA protein expression does
impermeable DHEA-BSA conjugate'? or BSA as a control in the ~ Not significantly change after LPS treatment in BV2 cells
absence or presence of LPS. DHEA-BSA was charcoal-stripped ~ (Supplementary Figure 5). DHEA induced TrkA phosphorylation
before use in order to remove any free steroid molecules. DHEA-  in microglial cells (Figure 4a) and co-treatment of BV2 cells with
BSA blocked LPS-induced expression of 1l6, iNos, Tnf and DHEA and a TrkA inhibitor abolished the positive effect of DHEA
1112/23p40 (Supplementary Figure 3A), whereas it increased the on Jmjd3 levels under both baseline conditions and upon LPS
gene expression of arginase 1, Fizzl and Ym1 (Supplementary stimulation (Figures 4b and c). Furthermore, knockdown of TrkA
Figure 3B). These data suggest that membrane-initiated DHEA by siRNA transfection (Supplementary Figure 6) as well as
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Figure 5. DHEA induces Jmjd3 gene expression through activation of the Akt1/Akt2 pathway. (a) BV2 cells were pre-treated with UO126

(10 pm), U-73122 (10 pm), Wortmannin (1 um) or DMSO as control for 30 min, and then with DHEA (10~7 m) or ethanol-containing control
solution (Eth.) for 24 h. On the next day, treatments were repeated, and 1 h later, cells were treated with LPS (100 ng ml~") for 4 h. Jmjd3
expression was analyzed by qPCR and 78 S RNA was used for normalization. Normalized gene expression of samples treated with DMSO,
control solution (Eth.) and LPS was set as 1; mean +s.e.m. (n=4 independent experiments). (b) BV2 cells pre-treated for 30 min with TrkA
inhibitor (1 pm) or same amount of DMSO were stimulated for 30 min with DHEA (107 m) or ethanol-containing control solution (Eth.). Cell
lysates were analyzed by western blot for phospho-Akt and Actin levels. (left) A representative blot out of three; (right) the intensity of the
bands of phospho-Akt and Actin was quantified and the ratio phospho-Akt/Actin was set as 1 in samples treated with DMSO and control
solution (Eth.); mean +s.e.m. (n=3 independent experiments). (c) BV2 cells were pre-treated with Wortmannin (1 um) or control DMSO
solution for 30 min followed by treatment with DHEA (10~ 7 m) or ethanol-containing control solution (Eth.) for 30 min. Phospho-Akt1,
phospho-Akt2 and Actin were analyzed by western blot. (d) Primary microglial cells were transfected with siRNAs against Akt1, Akt2 or control
siRNA and on the next day they were treated with DHEA (10~ ’m) or ethanol-containing control solution (Eth.) for 24 h. Thereafter, cells were
treated with a second dose of DHEA (10~ ’m) or control solution (Eth.), and 1 h later cells were stimulated or not with 100 ng ml~" LPS for 4 h.
Expression of iNos was analyzed by qPCR and 78 S RNA was used for normalization. Normalized iNos expression of samples treated with siCtrl,
control solution (Eth.) and LPS was set in each experiment as 1; mean + s.e.m. (n = 3 independent experiments) *P < 0.05; ns (MWU test). DHEA,
dehydroepiandrosterone; LPS, lipopolysaccharide; MWU, Mann-Whitney U-test; ns, not significant.

the Shc-Ras-Raf-MEK-ERK, the

treatment with TrkA inhibitor reversed the inhibitory effect of
DHEA on LPS-induced iNos mRNA and iNos protein expression
(Figures 4d and e). In accordance with these findings, the
prototype ligand of TrkA, NGF, reduced the expression of iNos
in LPS-activated microglia; the inhibitory effect of NGF on iNos
protein levels was reversed by TrkA inhibition (Supplementary
Figure 7). These data point to an anti-inflammatory role of
signaling induced by TrkA ligation and activation in microglia and
that TrkA mediates the effects of DHEA on microglia polarization.

Akt1 and Akt2 mediate the effect of DHEA on Jmjd3 gene
expression

We next assessed the intermediate pathways linking DHEA-
mediated TrkA activation to Jmjd3 expression. TrkA activates three

Molecular Psychiatry (2018), 1410—-1420

different signaling cascades:
Shc-PI3K-Akt and the PLCgamma-PKCdelta pathway.®>%° We first
pre-treated microglial cells with UO126 (a MEK inhibitor),
Wortmannin (a PI3K inhibitor) or U-73122 (a PLCgamma inhibitor)
to block each of these three pathways and incubated the cells
with DHEA and LPS. Wortmannin blocked the effect of DHEA on
Jmjd3 gene expression (Figure 5a), while the other two inhibitors
had no effect (Figure 5a). These findings suggest that the effect of
DHEA on promoting Jmjd3 expression is mediated by the PI3K/Akt
pathway, but not by the ERK or the PKCdelta pathways. In
accordance, DHEA induced phosphorylation of Akt in a TrkA-
dependent manner (Figure 5b).

The Akt family consists of three isoforms, Aktl, Akt2 and
Akt3.57%8 All isoforms are expressed in macrophages.5¥7°
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However, Aktl and Akt2 are the isoforms predominantly
expressed and mostly studied in the context of macrophage
polarization.”’~* DHEA induced phosphorylation of both Akt1 and
Akt2 to a similar degree. DHEA-induced Akt1 and Akt2 phosphor-
ylation was abolished in the presence of Wortmannin (Figure 5c).
We then established siRNA-mediated silencing of Akt1 and Akt2 in
primary microglia, which was efficient and specific for each
isoform (Supplementary Figure 8). Suppression of either Akt1 or
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Figure 6. CREB is involved in the transcriptional induction of Jmjd3
expression by DHEA. (a) BV2 cells were pre-treated with Wortmannin
(1 pm) or same amount of DMSO for 30 min, then they were
incubated for 60 min with DHEA (1077 m) or ethanol-containing
control solution (Eth.) and phospho(Ser133)-CREB levels were
measured by western blot. (left) A representative out of three
western blots; (right) the ratio phospho-CREB/Actin was calculated
for each sample and it was set as 1 in samples treated with DMSO
and control solution (Eth.; meanzs.e.m. (n=3 independent
experiments). (b) BV2 clones expressing CREB with a mutated
DNA-binding domain (KCREB) or control clones (transfected with a
control plasmid, pcDNA) were pre-treated with DHEA (10~ m) or
ethanol-containing control solution (Eth.) for 24 h, then they
received a second dose of DHEA or control solution (Eth.) in the
absence or presence of 100 ng ml~" LPS for 6 h. iNos expression was
analyzed by western blot using Actin as loading control. The
intensity of iNos and Actin bands was quantified for each sample
and in each experiment the ratio iNos/Actin was set as 1 for control
PcDNA clones treated with control solution (Eth.) and LPS; mean +
s.e.m. (n=3 independent experiments). (c) BV2 cells were pre-
treated with DMSO or CREB/CBP inhibitor (1 pm) for 30 min and were
then incubated with ethanol-containing control solution (Eth.) or
DHEA (10~ 7 m) for 24 h in the presence of LPS (100 ng ml~"). Jmjd3
and Actin protein levels were analyzed by western blot. (left) A
representative out of four blots; (right) the intensity of the bands of
Jmjd3 and Actin was measured and the ratio Jmjd3/Actin was set in
each experiment as 1 for samples treated with DMSO, control
solution (Eth.) and LPS; mean +s.em. (n=4 independent experi-
ments). *P<0.05; ns (MWU test). (d) Schematic summary: in
microglia, DHEA activates TrkA and triggers the signaling cascade
PI3K-Akt1/Akt2-CREB that leads to transcriptional induction of Jmdj3,
which in turn downregulates the expression of inflammatory genes.
CREB, cAMP response element-binding protein; DHEA, dehydroe-
piandrosterone; LPS, lipopolysaccharide; MWU, Mann-Whitney
U-test; ns, not significant.

<
<

Akt2 abrogated the inhibitory effect of DHEA on iNos expression in
LPS-activated primary microglia (Figure 5d). Furthermore, siRNA-
mediated silencing of Akt1l and Akt2 reduced the stimulatory
effect of DHEA on Jmjd3 expression in LPS-stimulated BV2 cells
(not shown). Hence, Akt1 and Akt2 both mediate the effect of
DHEA on regulation of microglia activation. As Akt1 and Akt2 have
opposing roles in M1 or M2 polarization of macrophages,”'”* we
assessed if siRNA-mediated knockdown of Akt1 and Akt2 in
primary microglia also affected their polarization. Silencing of Akt1
or Akt2 did not alter LPS- or IL4-induced microglia polarization in
contrast to the role of these Akt isoforms in macrophage
polarization (data not shown).

CREB is activated by TrkA signaling and induces Jmjd3 gene
expression

CREB is a leucine zipper transcription factor that is activated by
DHEA and NGF as well as by Akt signaling.®>”*7¢ It regulates
several immune-related genes, such as /6, 110 or Tnf’” We
therefore tested, whether CREB is activated by DHEA in microglia.
CREB phosphorylation was induced by DHEA and this effect was
abolished by Wortmannin (Figure 6a), suggesting that CREB is
activated by DHEA through an Akt-dependent signaling cascade.
Next, we generated BV2 clones overexpressing CREB carrying
mutations in its DNA-binding domain (KCREB mutant clones).
Although DHEA blocked LPS-induced iNos expression in control
clones, it failed to do so in the mutant clones (Figure 6b). Of note,
LPS more efficiently induced iNos expression in the KCREB clones
indicating a potential anti-inflammatory transcriptional role of
CREB (Figure 6b). Finally, a CREB/CBP interaction inhibitor
abrogated the effect of DHEA on Jmjd3 expression (Figure 6c).
Hence, our results indicate that CREB mediates the anti-
inflammatory effects of DHEA. Therefore, we suggest that CREB

Molecular Psychiatry (2018), 1410—-1420
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is activated by DHEA through a TrkA-Akt1/2-CREB signaling
pathway and induces Jmdj3 expression. Jmjd3 in turn negatively
regulates the expression of LPS-induced pro-inflammatory genes
(Figure 6d).

DISCUSSION

DHEA is an adrenal steroid hormone, which is present in relatively
high concentrations in the brain,>*®%° due to its peripheral
production and its BBB-penetrable nature, as well as its abundant
production by neurons and astrocytes.>>®%? In the present work,
we have identified a novel mechanism, by which DHEA reduces
endotoxin-induced pro-inflammatory microglia activation.

DHEA is a precursor of androgen and estrogen. However, its
effect in microglia described here is, at least in part, independent
of its conversion to other steroid hormones, as the membrane-
impermeable conjugate DHEA-BSA had a similar anti-
inflammatory effect in microglia. These data suggested that the
effect of DHEA is mediated through receptors/binding sites
localized on the cell membrane. Moreover, DHEA induced within
few minutes TrkA phosphorylation, whereas TrkA inactivation by a
highly selective TrkA inhibitor abrogated the anti-inflammatory
effect of DHEA. This receptor was recently identified as an
important receptor for the DHEA-mediated neuroprotective
effects.’®*® In accordance with these findings, NGF, the classical
TrkA ligand, can also downregulate inflammatory responses of
microglial cells and monocytes/macrophages. Moreover, the anti-
inflammatory effect of NGF in microglia was blocked by TrkA
inhibition®'°2”8 (Supplementary Figure 7).

TrkA phosphorylation by DHEA was rapidly followed by Akt
phosphorylation. The latter effect was blunted by a TrkA inhibitor,
which diminishes ligand-induced TrkA phosphorylation and
targets the kinase activity of the receptor.”® This finding suggests
that phosphorylation of TrkA is required for downstream
activation of the Akt/CREB pathway, leading to enhanced Jmjd3
expression.

It was previously shown that Akt1 and Akt2 deletion impact on
macrophage polarization in an opposite fashion; Akt1 deletion
induces M1, while Akt2 deletion favors M2 polarization.ﬂ"73
However, in microglia, siRNA-mediated knockdown of Akt1 or
Akt2 did not affect their polarization. Further in vivo studies are
needed to address the role of Aktl and Akt2 in microglia
polarization, for instance by engaging Akt1- and Akt2-deficient
mice. Notably, both Akt1 and Akt2 mediated the effect of DHEA on
the CREB/Jmjd3 pathway, suggesting that both Akt1 and Akt2 are
involved in signaling initiated upon TrkA activation in microglia.
That the effect of DHEA on microglia polarization is mediated by
both Akt1 and Akt2 should be verified in vivo with Akt1- and Akt2-
deficient mice in the future.

Jmjd3 has been implicated in the regulation of inflammatory
responses in macrophages and microglia by binding to the
promoter of inflammation-related genes.>>*®*%%° |nflammatory
stimuli, such as LPS, induce Jmjd3 gene expression in
macrophages.>*% We here found that Jmjd3 is upregulated by
LPS in microglia as well. Pre-treatment of microglia with DHEA
further enhanced the LPS-induced expression of Jmjd3 and
reduced in parallel LPS-triggered inflammation. Of note, a
several-hour pre-treatment with DHEA was necessary for DHEA
to exert its anti-inflammatory actions; simultaneous application of
DHEA and LPS did not inhibit the pro-inflammatory effects of LPS
(data not shown). This observation stands in accordance with the
fact that Jmjd3 gene expression and translation are involved in
the anti-inflammatory effects of DHEA.

The signaling pathways mediating the induction of Jmdj3
expression by LPS have not been elucidated so far. Here we show
that TrkA activation by DHEA induced Jmjd3 expression through
activation of the transcription factor CREB. TrkA signaling did not
induce Jmdj3 expression in microglial cells treated with a CREB/
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CBP interaction inhibitor. Together, these findings support that
DHEA-induced Jmjd3 expression depends on CREB activation.

In conclusion, we suggest that DHEA activates through its
interaction with TrkA the Akt1/Akt2-CREB pathway leading to
enhanced Jmjd3 expression, thereby acting as an endogenous
regulator of neuro-inflammatory microglial responses. Thus, in
addition to the previously described neuroprotective effects of
DHEA, such as support of cell growth and survival of neuronal
cells,'>"31835737 DHEA may also suppress neuro-inflammation.
Therefore, application of small lipophilic ligands of TrkA, like
DHEA, which can penetrate the BBB and selectively activate TrkA
signaling in microglia, could be envisioned as a means to control
innate immune responses in the central nervous system, which are
relevant in the pathogenesis of a variety of neuro-inflammatory,
neurodegenerative and neuropsychiatric disorders.
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