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1 | INTRODUCTION

Abstract

Microglia, brain cells of nonneural origin, orchestrate the inflammatory response to diverse
insults, including hypoxia/ischemia or maternal/fetal infection in the perinatal brain. Experimen-
tal studies have demonstrated the capacity of microglia to recognize pathogens or damaged cells
activating a cytotoxic response that can exacerbate brain damage. However, microglia display
an enormous plasticity in their responses to injury and may also promote resolution stages of
inflammation and tissue regeneration. Despite the critical role of microglia in brain pathologies,
the cellular mechanisms that govern the diverse phenotypes of microglia are just beginning to
be defined. Here we review emerging strategies to drive microglia toward beneficial functions,
selectively reporting the studies which provide insights into molecular mechanisms underlying
the phenotypic switch. A variety of approaches have been proposed which rely on microglia
treatment with pharmacological agents, cytokines, lipid messengers, or microRNAs, as well on
nutritional approaches or therapies with immunomodulatory cells. Analysis of the molecular
mechanisms relevant for microglia reprogramming toward pro-regenerative functions points to
a central role of energy metabolism in shaping microglial functions. Manipulation of metabolic
pathways may thus provide new therapeutic opportunities to prevent the deleterious effects of

inflammatory microglia and to control excessive inflammation in brain disorders.
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In response to insult or injury, microglia are capable of acquiring

diverse and complex phenotypes, allowing them to participate in cyto-

Microglia are self-renewing, long-lived cells (Bruttger et al., 2015),
which stem from a unique nonhaematopoietic yolk-sac-derived cell
lineage, as indicated by elegant fate-mapping studies (Ginhoux et al.,
2010; Kierdorf et al., 2013; Schulz et al., 2012). They are critical both
for developmental processes such as synaptogenesis and for the
maintenance of neural homeostasis (Ekdahl, Kokaia, & Lindvall, 2009;
Nikolakopoulou, Dutta, Chen, Miller, & Trapp, 2013; Ribeiro Xavier,
Kress, Goldman, Lacerda de Menezes, & Nedergaard, 2015; Sellner
et al.,, 2016; Sierra et al., 2010; Tremblay et al., 2011).

Contributions of microglia to physiological brain function are
underlined by functional deficits in neuronal connectivity and neuro-
logic disorders in mice harboring dysfunctional microglia (Prinz & Pril-
ler, 2014), mutant for complement or CX3CR1 chemokine receptors
(Paolicelli et al., 2011; Schafer et al., 2012).

toxic response as well as in immune regulation or injury resolution
(extensively reviewed in (Q. Li & Barres, 2018; Wolf, Boddeke, & Ket-
tenmann, 2017; Colonna & Butovsky, 2017). The deleterious effects
of cytotoxic microglia include white and gray matter lesions in brain
tissue of both patients with chronic neuroinflammatory diseases such
as multiple sclerosis (MS) (Prins et al., 2015) and infants with perinatal
inflammation (Dean et al., 2010; Favrais et al., 2011). Conversely,
blockage of neuron damage after acute brain injury (Faustino et al.,
2011; Imai et al., 2007; Szalay et al., 2016) and promotion of remyeli-
nation in mice with myelin lesions (Butovsky et al., 2006; Miron et al.,
2013; Olah et al., 2012), reviewed in (Cherry, Olschowka, & O'Banion,
2014), are among supportive functions of pro-regenerative microglia.
Consolidated evidence indicates that the pro-inflammatory cyto-
kine interleukin (IL)-1B, the toll-like-receptor (TLR)-4 agonist
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lipopolysaccharide (LPS), the TLR-3 agonist Poly | : C, and tumor
necrosis factor-a (TNFa) are potent inducers of detrimental microglial
phenotype in vitro. Functionally, pro-inflammatory microglia are char-
acterized by microbicidal, antigen-presenting and immune-
potentiating abilities, through synthesis of nitric oxide (NO), chemo-
kines, and inflammatory cytokines (Amici, Dong, & Guerau-de-Are-
llano, 2017). Conversely, the anti-inflammatory cytokines IL-4 and IL-
13, immune complexes, IL- 1R ligands, IL-10, TGF-f, and glucocorti-
coids are typical agents which drive microglia toward pro-regenera-
tive, immunomodulatory or deactivated phenotypes. Pro-regenerative
microglia secrete anti-inflammatory mediators and express Argl
instead of inducible NO synthase (iNOS), switching arginine metabo-
lism from production of NO to ornithine and polyamines for collagen
and extracellular matrix synthesis. However, detrimental and pro-
regenerative microglia polarization in vitro is highly artificial and does
not reflect the real in vivo situation where microglia activation follows
a wide spectrum of phenotypes, which may be driven by diverse stim-
uli, as described for macrophages (Xue et al., 2014).

Using transcriptomic and proteomic approaches (Butovsky et al.,
2014; Gautier et al., 2012; Hickman et al., 2013; Krasemann et al., 2017)
the molecular signature of microglia in vivo has begun to be defined
under physiological and pathological conditions, including amyotrophic
lateral sclerosis (ALS) (Chiu et al., 2013), multiple sclerosis (MS), Alzhei-
mer's disease (AD) (Krasemann et al., 2017) or perinatal brain injury
(Krishnan et al., 2017). However, our understanding of the molecular
mechanisms that govern transition of microglia from detrimental to pro-
regenerative phenotypes both in vitro and in vivo remains limited. Much
more is known about cellular pathways controlling polarization in macro-
phages, the peripheral microglia counterparts, where it is increasingly
clear that metabolic activities co-define their effector state. Specifically,
in peripheral macrophages, mitochondrial oxidation is a determinant of
pro-regenerative polarization. Blocking oxidative metabolism abrogates
anti-inflammatory macrophage function without affecting the pro-
inflammatory state (Ghesquiere, Wong, Kuchnio, & Carmeliet, 2014). For
a detailed description of both classical and emerging pathways, including
metabolic pathways, relevant for macrophage phenotypes we refer the
readers to recent excellent reviews (Amici et al., 2017; Diskin & Palsson-
McDermott, 2018).

Despite the genetic profile of microglia differs profoundly from
that of macrophages (Yamasaki et al., 2014), recent evidence indicates
that energy production in mitochondria may be a determinant of pro-
regenerative/resolving differentiation also in microglia. In fact,
reduced mitochondrial oxygen consumption, reduced electron trans-
port, and mitochondrial ATP synthesis caused by deficiency in Clock
(Clk)1, a mitochondrial hydroxylase that is necessary for the biosyn-
thesis of ubiquinone (Hekimi, 2013; Lapointe & Hekimi, 2008), has
been linked to the acquisition of pro-inflammatory phenotype by
microglia. Importantly, the inflammatory state of Clk1 deficient micro-
glia relies on aerobic glycolysis, as it is abolished when glycolytic
metabolism is inhibited by knocking down hexokinase 2 (HK2), a key
rate-limiting enzyme for phosphorylating the glucose (J. J. Gu et al.,
2018). However, whether metabolic pathways may take central stage
in inducing a repair-supportive phenotype is not yet established.

In this review, we summarize emerging strategies able to redirect

microglia from detrimental to beneficial functions. As we learn more

about molecular mechanisms controlling microglia effector functions,
a central role of cell metabolism emerges, opening novel approaches

to target microglia therapeutically.

2 | RECEPTOR AND CHANNELS
PROMOTING ANTI-INFLAMMATORY
MICROGLIA FUNCTION

Multiple brain's signaling substances converge on microglia to actively
maintain or alter their functional state through a variety of neuro-
transmitter receptors and channels (Domercq, Vazquez-Villoldo, &
Matute, 2013). Here we focus on receptors and channels which are
involved in microglia reprogramming toward anti-inflammatory pheno-

type with a known mechanism of action.

2.1 | Histamine and other neurotransmitter
receptors

Histamine has a well-established role as neuron-to-glia alarm signal in
the brain and microglia constitutively express all four histamine recep-
tors (H1R, H2R, H3R, and H4R) (W. Hu & Chen, 2017). Apolloni
et al. recently demonstrated that histamine counteracts pro-
inflammatory microglia phenotype in the SOD1-G93A mouse model of
ALS. They showed that histamine not only reduces expression of both
NADPH oxidase 2 (NOX2), a super-oxide generating enzyme which
forms reactive oxygen species (ROS), and of NF-xB, the classical tran-
scription factor activated in pro-inflammatory microglia, but also
increases the anti-inflammatory genes (IL-10, ARG1, P2Y12, CD163,
and CD206) acting through H1R and H4R. Importantly, histamine exerts
beneficial action only in inflammatory SOD1-G93A microglia, which are
characterized by decreased H1R levels, while elicits a pro-inflammatory
effect in nontransgenic cells. In support to these findings a recent work
showed that histamine deficiency reduces the ramified/surveilling mor-
phology of microglia and the production of anti-inflammatory factors in
the striatum of knockout mice (Frick, Rapanelli, Abbasi, Ohtsu, & Pitten-
ger, 2016). With respect to the signal transduction mechanisms involved
downstream of H1R and H4R activation in ALS microglia, Apolloni, and
colleagues demonstrated a persistent ERK1/2 phosphorylation, which
accounts for downregulation of p-NF-xB (Figure 1).

Among other neurotransmitter receptors controlling microglia
polarization, recently reviewed by Liu et al. (Liu, Leak, & Hu, 2016),
GABA receptors are upregulated in response to brain injuries and act
via NOX4 activation (Mead et al., 2012). The endocannabinoid type
2 receptor (CB2) inhibits IL-6 and TNFa release from microglia
(Bisogno & Di Marzo, 2010; Mecha et al., 2018) and increases the
suppressive potency of myeloid-derived suppressor cells. Nicotinic
receptors, in particular a7 receptor (Y. Sun et al., 2013; King, Gille-
vet, & Kabbani, 2017), decreases p-NF-kB and its p65 subunit and
inhibits p38 mitogen-activated protein kinase (p38-MAPK), a key
player of inflammatory microglia response (Lawson, Dobrikova, Shvey-
gert, & Gromeier, 2013) (Figure 1), while upregulates antioxidant
genes, promoting a pro-regenerative microglial state (Z. Han et al,,
2014). Sphingosine-1-phosphate (S1P) receptors downregulate pro-

inflammatory cytokines and enhance pro-regenerative responses after



FUMAGALLI eT AL.

WI LEyﬂIL Hins _| 2533

GABA cannabinoids
GABAR PUFAs
CB,
%
% - FTY720
H H \~ acetyicoline
histamine ¥ S1PR
iR & =2 NOX3 «7 nAChR
D
pouBs ) .
GPRLO9A HIR & “@ @_8‘9
R \¢\J . (ERKL/2 PAP-1
N 1;5\ \ Kvl.3
\ / TRAM33
/@
P38 KCa3.1
La e NF-k8
@
IL-aR //a\‘ A
&7 110
T SF=Y Lo
NDP-MSH FPARY
«MsH @ % R g URIIIITIU ~o
GPRS 50 Argl, PPAR-y upregulation i Y
&
inflammatory
\ cytokines
110,14, 143§
release pp ¥
ey .
[5) TRK-A
Legend: a 2
o NGF
—] Inhibition

~>  Activationfinduction

r\ Traslocation
>< Block

(RvD1)

g Prosolving lipids

FIGURE 1 Schematic representation of receptors and signaling pathways mainly contributing to anti-inflammatory polarization of microglia.
Stimulation of histamine receptors H1R and H4R induces persistent ERK1/2 phosphorylation, that leads to pNF-kB downregulation and reduces the
expression of NADPH oxidase 2 (NOX2), dampening pro-inflammatory responses. Similarly, the endocannabinoid type 2 receptor (CB2) induces
sustained ERK1/2 phosphorylation causing pNF-xB downregulation. GABA receptors are also involved in reducing microglia reactivity through the
activation of NOX4. The nicotinic a7 receptor decreases pNF-kB and its p65 subunit and inhibits p38-MAPK. Blocking the voltage independent
KCa3.1 channels and the voltage-gated Kv1.3 also results in inhibition of p38-MAPK pathway and of iNOS and COX expression. IL-10, upon binding
of its receptor, suppresses pro-inflammatory cytokine production through induction of suppressor of cytokine signalling (SOCS)1 and (SOCS)3
proteins. These proteins, in turn, inhibit the cytokine-activated Janus kinase (JAK)/ STAT-1 signaling pro-inflammatory pathway. The transcription
factor signal transducer and activator of transcription (STAT) 3 is instead induced by the activation of sphingosine-1-phosphate (S1P) receptors
through its ligand FTY720, resulting in attenuation of microglia-mediated neuroinflammation. NGF, through activation of Trk-A receptor, reduces
cytokine/chemokine secretion, microglia motility, phagocytosis, and degradative pathways. The activation of the tyrosine kinase AXL receptor by
pro-resolving lipid mediators suppresses the pro-inflammatory microglial phenotype by dampening type | interferon (IFN) signaling. The
melanocortins a-MSH and NDP-MSH, through G protein-coupled receptors, enhance PPAR-y, and Argl expression and promote IL-10 release.
Upon stimulation with IL-4, IL-4 receptor (IL-4R) induces activation of STAT-6, with consequent increase in Argl, mannose receptor CD206 and
PPAR-y expression and with induction (and release) of anti-inflammatory cytokines like IL-4, IL-10, IL-13. For specific references see text [Color

figure can be viewed at wileyonlinelibrary.com]

intracerebral hemorrhage (Marfia et al., 2016; Noda, Takeuchi,
Mizuno, & Suzumura, 2013). The S1P receptor ligand FTY720 has been
recently shown to attenuate microglia-mediated neuroinflammation
after white matter ischemic injury and to promote oligodendrogenesis
via the transcription factor signal transducer activator of transcription
(STAT)3 (Qin et al., 2017) (Figure 1), one of the STAT transcription fac-
tors that regulate cytokine (El Kasmi et al., 2006) and chemokine (Kwon
etal., 2017) production. Of note, S1P is a known activator of mitochon-
drial function (Nema & Kumar, 2015), suggesting a possible contribu-

tion of enhanced respiratory function to microglia phenotypic switch.

2.2 | Neuropeptide/growth factor receptors

Neuropeptides and neurotrophins acting through specific receptors

are able to modulate microglial response by inhibiting the release of

inflammatory mediators while favoring development of an alternative
activation program (Carniglia et al., 2017; Rizzi et al., 2018). Specifi-
cally, the melanocortins a-MSH and NDP-MSH, both exerting their
actions through G protein-coupled receptors (GPCRs), were found to
induce expression of the metabolic enzyme Argl in microglia in the
retina (Kawanaka & Taylor, 2011) and in rat primary culture (Carniglia,
Durand, Caruso, & Lasaga, 2013). Argl induction was accompanied by
enhanced expression of the nuclear receptor peroxisome proliferator-
activated receptor gamma (PPAR-y) (Szanto et al., 2010), and by
enhanced IL-10 release (Figure 1), known markers of pro-regenerative
microglia (see below).

The classical neurotrophin NGF, through activation of Trk-A
receptors was recently shown to steer microglia toward a neuropro-
tective and anti-inflammatory phenotype (Rizzi et al., 2018) (Figure 1),

being particularly effective in reverting the pro-inflammatory state of
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microglia induced by p-amyloid. Importantly, the receptor signaling
activated by NGF in primary culture and ex vivo not only regulates a
number of microglia activities, such as cytokine/chemokine secretion,
motility, phagocytosis, and degradative pathways but also controls
microglia-neuron interaction, protecting neurons against AB-induced
spine alterations and synaptic dysfunction.

2.3 | Receptors of endogenous immune signals

IL-4 and IL-13 are endogenous immune signals which polarize micro-
glia toward neuron protective, pro-regenerative phenotype. Despite
microglia responsiveness to these cytokines have been studied mostly
in culture, microglia have been shown to respond to IL-4 administra-
tion with the expression of genes typical of alternative activation also
in vivo (Pepe, Calderazzi, De Maglie, Villa, & Vegeto, 2014). The phe-
notypic features of IL-4-treated microglia are controlled by a network
of molecular pathways that impact gene expression and cellular
metabolism (Figure 1). Among them, the transcription factor STAT
6 accumulates in response to IL-4 and, along with its downstream
effector PPAR-y, has a central role in the regulation of transcription of
anti-inflammatory and pro-resolving genes (Figure 1) (Lan, Han, Li,
Yang, & Wang, 2017). The specific role of PPAR-y in driving positive
metabolic and immune microglial functions will be discussed in a sub-
sequent section. Additionally, IL-4 induces expression of CD36, a
receptor of lipoproteins, whose uptake and metabolism may support
fatty-acid oxidation, contributing to metabolic microglia reprogram-
ming (Figure 2); (S. C. Huang et al., 2014).

IL-10 drives microglia toward an alternative activated phenotype,
which mainly participates in phagocytosis and removal of tissue debris
(Chhor et al., 2013). IL-10 suppresses pro-inflammatory cytokine pro-
duction from microglia via induction of suppressor of cytokine signal-
ing (SOCS)1 and (SOCS)3 proteins. SOCS1,3 act in a negative
feedback loop, inhibiting the cytokine-activated Janus kinase (JAK)/
STAT-1 signaling pathway that are activated upon binding of pro-
inflammatory cytokines to their specific receptors (Figure 1).

Both IL-4/1L-13 and IL-10 represent the challenging opportunities

to convert microglia toward protective functions.

2.4 | Triggering receptor expressed on myeloid
cells-2

Initial studies showed that protective microglial phenotype is induced
by signals derived from apoptotic cells that activate the triggering
receptor expressed on myeloid cells-2 (TREM-2). However, subse-
guent evidence (Krasemann et al., 2017) revealed that TREM-2 activa-
tion by apolipoprotein E (APOE), the major risk factor for AD,
identified as a TREM2 ligand (Atagi et al., 2015; Bailey, DeVaux, &
Farzan, 2015), drives a neurodegenerative phenotype in microglia,
characterized by suppression of major transcription factors of homeo-
static microglia (PU.1, MEF2a, SMAD3, and TGF-f signaling) and over-
lapping to some extent the classical pro-inflammatory microglia
phenotype, featured by high expression of the pro-inflammatory
miRNA miR-155 (Butovsky et al., 2012). Thus, targeting of the
TREM2-APOE pathway might serve as a way to restore homeostatic

microglia.

On the contrary, other studies revealed that TREM-2 deficiency, by
limiting microglia activation and phagocytosis, facilitates Af plaque
buildup, and injury of adjacent neurons in mouse model of AD (Jay, von
Saucken, & Landreth, 2017; Ulrich et al., 2014; Y. Wang et al.,, 2015;
Y. Wang et al,, 2016; Yuan et al., 2016) and results in impaired elimi-
nation of supernumerary synapses during brain development (Filipello
et al, 2018). Interestingly the results coming from studies on
TREM2-deficient microglia showed reduced mitochondrial mass and
increased phosphorylation of adenosine monophosphate-activated
protein kinase (AMPK) (Ulland et al., 2017), a key regulator of energy
metabolism that is activated in response of low glucose and inhibits a
shift in the cellular metabolism from oxidative phosphorylation to gly-
colysis (Hardie, 2011a, 2011b).

Importantly, these metabolic changes were reverted by support-
ing ATP synthesis, suggesting that microglia dysfunctions caused by
TREM-2 deficiency depend on energetic compromise (Ghosh, Castillo,
Frias, & Swanson, 2017).

2.5 | Potassium channels

The expression of Ca2*-dependent K* channel (KCa3.1) and K* chan-
nels K, 1.3 varies during microglia activation and can be a determinant
for microglia polarization (Nguyen et al., 2017). KCa3.1 channels are
voltage independent and only require a small increase in intracellular
calcium to open. By maintaining a negative membrane potential
through K* efflux, the channels provide the driving force for prolong
calcium influx which typically occurs during microglia respiratory burst
(oxygen consumption by mitochondria) (Khanna, Roy, Zhu, & Schlich-
ter, 2001), migration (Schilling, Stock, Schwab, & Eder, 2004), prolifer-
ation (Maezawa & Jin, 2010), and NO production (Maezawa & Jin,
2010), features of classical pro-inflammatory microglia. Also the
voltage-gated potassium channel K,1.3 through K* efflux helps to
maintain a negative membrane potential (Maezawa et al., 2018), thus
contributing to a pro-inflammatory microglia phenotype. Both KCa3.1
and K,1.3 channels attracted interest as pharmacological targets for
inhibiting detrimental microglia action in different pathological condi-
tions, including spinal cord injury (Bouhy et al., 2011), ischemia
(Y. J. Chen, Raman, Bodendiek, O'Donnell, & Wulff, 2011; Y. J. Chen
et al., 2015), AD as well as cerebrovascular and traumatic brain injuries
(Dale, Staal, Eder, & Moller, 2016; Maezawa et al., 2018; Maezawa,
Jenkins, Jin, & Wulff, 2012; Nguyen et al., 2017). For example, KCa3.1
blockade with the small molecule TRAM-34 has been shown to have
beneficial effects in a rat MCAO ischemia model and to protect neu-
rons from neurotoxicity caused by microglia activated with p-amyloid
(Ap) oligomers (Figure 1) (Maezawa, Zimin, Wulff, & Jin, 2011). Simi-
larly, the K, 1.3 specific blocker PAP-1 was recently shown to reduce
neuroinflammation, Ap plaque load and to improve behavioural defi-
cits in a transgenic-mouse model of AD, a disorder characterized by
K, 1.3 upregulation in microglia (Figure 1) (Maezawa et al., 2011; Ran-
garaju, Gearing, Jin, & Levey, 2015). Inhibition of p38-mitogen-acti-
vated protein kinase (MAPK), iNOS and cyclooxygenase 2 (COX-2)
expression likely accounts for beneficial effects of the both KCa3.1
and K,1.3 blockers (Figure 1) (Kaushal, Koeberle, Wang, & Schlichter,
2007; Nguyen et al., 2017).
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2.6 | Nuclear PPARs-y

As mentioned above, PPARs-y are nuclear receptors highly expressed
in microglia, that play important roles in both the immune response
and cell metabolism (Agarwal, Yadav, & Chaturvedi, 2017; Drew, Xu,
Storer, Chavis, & Racke, 2006). Consolidated evidence indicates
that PPAR-y activation by both natural and synthetic agonists,
including the small molecule SNU-BP, inhibits expression of surface
antigen and synthesis of inflammatory mediators (Bernardo & Min-
ghetti, 2006; Saijo, Crotti, & Glass, 2013; Q. Han et al., 2017;
Y. Luo, He, Kuang, Jiang, & Yang, 2014), while increases the
expression of the anti-inflammatory genes Arg-1 and IL-4
(G. J. Song et al., 2016) and promotes microglial phagocytic ability
(Figure 2).

PPARs-y have been implicated in the phenotypic switch induced
in microglia by some neuroprotective natural compounds, such as
malibatol A, a resveratrol agonist (Pan et al., 2015) and galangin, a
molecule abundant in honey and medicinal herbs (Choi et al., 2017).

PPAR-y-dependent microglia reprogramming toward beneficial
function accounts for better outcome in several preclinical models of
brain pathologies. The treatment of AD mice with the PPAR-y agonist
pioglitazone, a drug used to treat type 2 diabetes, results in enhanced
capability of microglia to phagocyte A (Yamanaka et al., 2012) and
cognitive improvement. Moreover, pioglitazone ameliorates the dis-
ease course in both the experimental autoimmune encephalomyelitis
(EAE) model of MS (Feinstein et al., 2002; Storer, Xu, Chavis, & Drew,
2005) and in mice subjected to chronic mild stress (Q. Zhao
et al., 2016).

PPARs-y regulate inflammatory pathway in microglia by several
mechanisms. They block p-38MAPK inflammatory pathways, resulting
in decreased microglia reaction (Figure 2) (Ji et al., 2010) and reduce
the activation of the classical pro-inflammatory transcription factors
STAT-1 and NF-kB, which are known to mediate both LPS and IFNy
inflammatory signaling in microglia (Bernardo & Minghetti, 2006).
However, the pivotal role of PPARs-y in regulating the activation
state of microglia may be due to metabolic reprogramming, as
recently highlighted in macrophages, where PPAR-y has been impli-
cated in mTOR-dependent fatty acid uptake and lipid metabolic
reprogramming, downstream activation of semaphorin 6D (SemaéD)
(Kang et al., 2018), a key regulator of alternative macrophage
polarization (Figure 2). Indeed, through interaction with down-
stream transcription factors and coactivators, PPARs-y regulate the
expression of genes involved in glucose metabolism in mitochon-
dria and fatty acid oxidation (Monsalve, Pyarasani, Delgado-Lopez, &
Moore-Carrasco, 2013; Willson, Lambert, & Kliewer, 2001). Specifi-
cally, when activated by the full agonist pioglitazone, PPARs-y
increase mitochondrial biogenesis, mitochondrial DNA content and
oxygen consumption through interaction with the PPAR-y coactiva-
tor 1-alpha (PGC1la), the nuclear factor erythroid 2-related factor
1-2 (Nrf1-2),
(Gleyzer, Vercauteren, & Scarpulla, 2005), regulating antioxidant
gene expression (Liddell, 2017) (Figure 2). In addition, PPAR-y acti-

vation increases mithocondrial fission, which mediates removal

and mitochondrial transcription factors (mtTF)A

of damaged mitochondria and plays an important role in the
assembly of mitochondrial electron transport chain (Corona &
Duchen, 2016).
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Upstream PPAR-y expression, it has been identified msh-like

homeobox-3 (MSX3), a homeobox gene particularly upregulated in
pro-regenerative microglia, that acts as pivotal inducer for pro-

regenerative microglial state (Z. Yu et al., 2015).

3 | MOLECULAR MECHANISMS LINKING
RECEPTOR/CHANNEL ACTIVATION TO THE
BIOENERGETIC STATE OF MICROGLIA

Pharmacological analysis of microglia receptor/channel signaling cas-
cades points to p-NF-kB, p38 -MAPK, iNOS, COX-2, and NOX2 as
key inflammatory intracellular pathways downregulated by agents
which dampen microglia activation under pathological stimuli. Intrigu-
ingly, emerging evidence indicates that at least p-NF-xB, iNOS and
NOX2 activity are influenced by the bioenergetics state of microglia,
as clearly described in a recent review (Ghosh et al., 2017) (Figure 3).
In fact, NADPH generated via glucose metabolism through the
penthose phosphate pathway (PPP) is requisite cofactor for the pro-
duction of NO, by iNOS, and of superoxide, by NOX. Moreover, glu-
cose flux through glycolysis increases iINOS and pro-inflammatory
gene expression via NADH production (Shen et al., 2017). Specifically,
NADH promotes dimerization of C-terminal binding protein (CtBP), a
transcriptional corepressor which normally binds and inhibits p300
acetylase with resultant release of p300 from CtBP. Unbound p300
acetylates the p65 subunit of NF-kB and promotes its inflammatory
transcriptional activity (Figure 3). By these molecular mechanisms glu-
cose metabolism via glycolysis and PPP can be a determinant of the
pro-inflammatory microglia state. In support to this hypothesis, inhibi-
tion of glycolytic metabolism has been recently shown to abolish the
inflammatory state of microglia lacking Clk1 (R. Gu et al., 2017), as
already mentioned in the introduction paragraph.

The link between glucose metabolism in the cytoplasm outside
mitochondria and inflammation implicates that agents reprogramming
microglia toward protective functions would decrease glucose flux
through both glycolysis and the PPP in order to downregulate iNOS
and NOX2. This may cause a compensatory increase in glucose-based
energy production in mitochondria and fatty acid-based energy pro-
duction. Consistent with this hypothesis, PPAR-y signaling pathway,
that is induced by agents which redirect microglia toward protective
functions, promotes biogenesis of mitochondria and mitochondrial
glucose metabolism, as mentioned above, and promote fatty acids
beta oxidation, linking pro-regenerative microglia phenotype to fatty

acid- and glucose-based energy production in mitochondria (Figure 2).

4 | ALIMENTARY COMPONENTS DRIVING
PRO-REGENERATIVE MICROGLIA FUNCTION
THROUGH METABOLIC REMODELING

Bioactive fatty acids derived from nutrition such as saturated (SFA) or
polyunsaturated fatty acids (PUFA) can cross the blood-brain barrier,
and directly influence microglia, as recently reviewed by (Nadjar, Leyr-
olle, Joffre, & Laye, 2017).

While SFA mainly act as pro-inflammatory stimuli (Z. Wang et al.,
2012; Gao et al., 2014), N-3 PUFAs and their metabolites have emerged
as anti-inflammatory modulators of microglial functions (Laye, Nadjar,
Joffre, & Bazinet, 2018). Independent of the inflammatory challenge
applied (e.g., hypoxia, interferon-y, amyloid-p), cultured microglia consis-
tently show decreased production of pro-inflammatory factors
(De Smedt-Peyrusse et al., 2008), decreased COX2 and iNOS activity
(Pettit, Varsanyi, Tadros, & Vassiliou, 2013; Zendedel et al., 2015) while
exibit typical features of anti-inflammatory microglia, like CD206 surface
expression and autophagy when treated with n-3 PUFAs (Chhor et al.,
2013; Inoue et al., 2017). Many in vivo studies confirm that N-3 PUFA
supplementation reduces detrimental microglia function (summarized in
(Laye et al., 2018). Although microglia express a wide range of lipid-
sensitive receptors and lipid metabolism-related genes (Mauerer, Walc-
zak, & Langmann, 2009; Mecha et al., 2015), the molecular link between
bioactive fatty acids and their effects in microglia has not been
completely clarified yet. Emerging evidence suggests that PUFAs can
drive a protective phenotype through the activation of CB2, which is
among microglial receptors reprogramming microglia toward beneficial
function (Guida et al., 2017; Mecha et al., 2015; Nunez et al., 2004) but
other receptors may be involved including ALX/FPR2 receptors
(Bisicchia et al., 2018) (Figure 1).

Molecular pathways for the anti-inflammatory effects of N-3
PUFAs include activation and overexpression of the protein deacetylase
sirtuin1 (SIRT1), with subsequent suppression of NF-kB via subunit p65
deacetylation (Figure 3); (Inoue et al., 2017). Inhibition of p38MAPK
inflammatory pathway and PPAR-y activation are also in part responsi-
ble of protective effects of PUFAs and their products (Antonietta
Ajmone-Cat et al., 2012; De Smedt-Peyrusse et al., 2008). Given the
connection of NF-kB and PPAR-y to the bioenergetics state of microglia
(Ghosh et al., 2017), also dietary lipids may likely shape microglia pheno-
type acting on cell metabolism. In support to this hypothesis, fasting and
ketogenic diet, that lead to a sustained reduction in blood glucose levels
and to an increase in circulating ketones, have been reported to have
anti-inflammatory actions and suppress activation of microglia by regu-
lating their metabolic features (Longo & Mattson, 2014). These effects
have been shown to rely on the activation of the metabolite receptor
GPR109A by B-hydroxybutyrate, that attenuates NF-xB signaling and
pro-inflammatory cytokine production (Fu et al., 2015) (Figure 1).

Other groups of bioactive compounds, normally present in foods,
especially in the Mediterranean diet, such as phenolic compounds,
phytosterols and carotenoids (e.g., lycopene, fucoxanthin, and lutein)
exhibit anti-inflammatory properties on microglia (Pena-Altamira et al.,
2017; Jeong et al., 2010; Sachdeva & Chopra, 2015; D. Zhao, Kwon,
Chun, Gu, & Yang, 2017), but the mechanisms underlined their effects

still remain to be defined.

5 | MicroRNAs PROMOTING PRO-
REGENERATIVE MICROGLIA PHENOTYPE
AND THEIR POTENTIAL LINK WITH ENERGY
METABOLISM

MicroRNAs (miRNAs) are endogenous, short, noncoding RNAs that

act as important posttranscriptional regulators of gene expression,
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FIGURE 3 Metabolic drugs and molecular pathways exploitable to drive microglia into a pro-regenerative phenotype. Dichloroacetate (DCA)
promotes glucose metabolism in mitochondria by increasing the flux of pyruvate. Dimethylfumarate (DMF) promotes an antioxidant response and
mitochondrial biogenesis through activation of the Nrf2 pathway. It may also enhance TCA cycle by increasing the TCA cycle intermediate
fumarate. Metformin promotes oxidative phosphorylation through AMPK activation. Aldose reductase (AR) converts glucose into sorbitol using
NADPH as a cofactor. Sorbitol, in turn, activates the phospholipase C/protein kinase C signaling pathway, resulting in downstream activation of
pro-inflammatory NF-xB. By inhibiting AR, the small-molecule FMHM, Sorbinil, Zopolrestat, and Fidarestat, limit inflammatory microglia response.
Furthermore, Fidarestat induces CREB phosphorylation to increase Argl. SIRT1 activators, such as Resveratrol, inhibit the pro-inflammatory NF-
kB pathway and activate fatty acid metabolism. The scheme also depicts how NF-kB, iNOS, and NOX activities are influenced by the
bioenergetics state of microglia. NADPH generated via glucose metabolism through PPP is a cofactor for the production of NO, by iNOS, and of
superoxide, by NOX. NADH generated through glycolysis promotes dimerization of C-terminal binding protein (CtBP), preventing the corepressor
activity of the monomeric form on the p300 acetylase, a NK-kB activator, with consequent activation of NF-kB transcriptional activity [Color

figure can be viewed at wileyonlinelibrary.com]

playing crucial roles in both the brain (Cao, Li, & Chan, 2016; Schratt,
2009) and the immune system (Xiao & Rajewsky, 2009). Due to their
ability to simultaneously modulate the fate of different genes, these
molecules are particularly well suited to act as key regulators during
neural and immune cell differentiation and activation.

The impact of miRNAs on microglial phenotype has been recently
revealed by generating mice lacking microglial Dicer, an enzyme nec-
essary for miRNA maturation. Dicer ablation resulted in hyper-
responsiveness of adult microglia to stimuli (peripheral endotoxin),
indicating that miRNAs overall limit microglia responses to challenge
(Varol et al., 2017). A number of studies dissected the role of specific
miRNAs in microglia (Guedes, Cardoso, & Pedroso de Lima, 2013;
Karthikeyan, Patnala, Jadhav, Eng-Ang, & Dheen, 2016; Ponomarev,
Veremeyko, & Weiner, 2013). Given the central role of cellular metab-
olism in the effector function of microglia, we focus below on
anti-inflammatory miRNAs induced in response to either pro- or anti-

inflammatory stimuli, which switch microglia toward protective func-
tions and that may act by modulating bioenergetic metabolism (listed
in Table 1).

MiR-124 was one of the first miRNA to be linked to pro-
regenerative microglial phenotype (Y. Sun, Luo, Guo, Su, & Liu, 2015).
It is absent in perinatal microglia but present at high levels in adult
microglia where it is strongly downregulated under inflammatory con-
ditions (~70% decrease in EAE mice) (Ponomarev, Veremeyko, Barte-
& Weiner, 2011). Its

downregulates pro-inflammatory markers, while increases the expres-

neva, Krichevsky, forced expression
sion of protective markers, as is the case of TGF-f, Argl, and FIZZ1
(Y. Sun et al., 2013; Ponomarev et al., 2011; S. Huang et al., 2018;
Periyasamy et al., 2018) and reduces microglial phagocytic ability
(Pinto, Cunha, Barbosa, Vaz, & Brites, 2017; Svahn, Giacomotto, Grae-
ber, Rinkwitz, & Becker, 2016). The contribution of miR-124 to

homeostatic/anti-inflammatory microglia functions relies on silencing
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TABLE1 MicroRNAs with proregenerative functions in microglia and their metabolic targets

miRNA
miR-124

miR-200b

miR-146a

miR-223

miR-181a

miR-let-7

Microglia
pro-regenerative
function

Downregulates
IL-6, TNF-q,
iNOS

Increases TGF-p,
arginase-1, and
Flzz1

Reduces motility
and phagocytosis
capacity

Targets C/EBPa

Supresses
p38-MAPK

Reduces iNOS
expression and
NO production

Suppresses c-Jun
and JNK activity

Reduces the
migratory ability

Targets the key
inflammatory
regulators
IRAK1/2 and
TRAF6

Negatively
regulates IL-6
and TNF-a

Increases Argl and
IL-10 expression

Suppresses
PKNOX1, NFAT
and RASA1

It is required for
PPARy function

Down-regulates
IL-1a

Inhibits levels of
IL-1b, IL-6, and
TNFa

Targets C/EBPa
and KLFé

Increases PPARy
levels

Inhibits INOS and
IL-6 expression

Reduces ROS,
and enhances
IL-10, IL-4

Reference

Sun et al,, 2013;
Ponomarev
etal, 2011;
Huang et al.,
2018

Ponomarev et al.,
2011

Svahn et al., 2015;
Pinto et al.,
2017

Zhang P et al.,
2004; Yu A
2017

Lawson SK et al.,
2013

Jadhav SP et al,,
2014

Jayadev et al.,
2013; Sharma N
etal., 2015

Zhao H et al.,
2013

Wei Ying et al.,
2015

Zhuang G, 2012

Xie et al.,, 2013

JiaBietal, 2016

Cho KJ et al., 2015

Metabolic
target gene

RPIA

PRPS1, PDK1

LDHA

Undefined

FAS

Undefined

IDH1

PDK1, insulin-
PIBK-mTOR
pathway,
EZH2, IRS2

Ppargclb

Metabolic pathway

Pentose phosphate
shunt

Lactate production

Aerobic glycolysis

Glycolysis

Fatty acid synthesis

Glycolysis

NADPH production

Oxidative
metabolism

Glucose uptake and
lactate
production

Gluconeogenesis,
beta-oxidation of
fatty acids and
ketogenesis
during fasting

Model

Human colorectal
cancer cells

Human colorectal
cancer cells

Glioma cells

Synovial fibroblasts

Mesenchymal stem
cells; germinal
center B cells

Macrophages

Mouse embryonic
fibroblasts

Colon cancer cells;
hepatocytes

Human
hepatocellular
carcinoma,
C2C12
myoblasts,
human
embryonic stem
cell-derived
cardiomyocytes

Human
adipose-derived
mesenchymal
stem cells

Reference
Qiu Z. Et al., 2015

Qiu Z. Et al., 2015

Hu S et al., 2016

Saferding V 2017

Suzuki Y
et al.,2010; Guo
etal, 2013

Zhuang G et al.,
2012

ChuBetal, 2015

Wei Z et al., 2014;
Du X et al, 2017

Ma X et al.,, 2014;
Zhu H et al,,
2011;
Kuppusamy KT
etal, 2015

Wei J et al. 2014

(Continues)
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TABLE1 (Continued)
Microglia
pro-regenerative Metabolic
miRNA function Reference target gene
Targets PAK and Banerijee et al.,
C/EBPa 2013; Zhang W
et al., 2015
Suppresses the Lv Jetal, 2018
release of
inflammatory
mediators
miR-21 Suppresses IRAK Chen et al., 2013; PEPCK;
and MyD88 and Sheddy et al., Gb6Pase,
PDCD4 2010 FOXO1
Negatively Fafian-Labora J
regulates TLR-4 etal., 2017
signaling
Suppresses FasL Zhang L,
expression et al. 2012
miR-29b Suppresses immune  Ma et al,, 2011 PPARS,
responses to SPARC
intracellular
pathogens by
targeting IFN-k
IRS1, PI3K,
and AKT2
PPARD
miR-125a  Not defined ENO-1, HK2,
PFK1

of CCAAT/enhancer-binding protein (C/EBP)-a (P. Zhang et al., 2004),
one of the major transcription factor that drives pro-inflammatory micro-
glia polarization (A. Yu et al, 2017). Moreover, miR-124 suppresses
p38-MAPK, that also has central role in coordinating inflammatory
microglia responses (Lawson et al., 2013). Of relevance for metabolic
microglia reprogramming, miR-124 (Qiu et al., 2015) directly controls the
bioenergetic state of the cells. Specifically, it reduces lactate production
and the PPP, that supports NO and superoxide production, by targeting
mRNAs encoding phosphoribosyl pyrophosphate synthetase 1 (PRPS1)
and ribose-5-phosphate isomerase-A (RPIA) (Qiu et al., 2015); (Table 1).
MiR200b reduces iNOS expression and NO production and limits
the migratory potential of reactive microglia. Suppression of the gly-
colytic enzyme lactate dehydrogenase A (LDHA) and aerobic glycoly-
sis likely underlies the miRNA action (S. Hu et al., 2016); (Table 1).
MiR-146a is a microglia-enriched miRNA (Jovicic et al., 2013)
induced in inflammatory microglia, which dampens inflammation by
suppressing the key inflammatory proteins interleukin-1 receptor
associated kinase 1 (IRAK1) and TNF receptor associated factor-6
(TRAF-6) (Jayadev et al., 2013; Sharma, Verma, Kumawat, Basu, &
Singh, 2015). In addition, miR-146a may promote microglia transition
toward pro-regenerative traits by enhancing mitochondrial energy
metabolism and fatty acid oxidation. This intriguing hypothesis is sup-
ported by recent evidence showing (a) miR-146a-dependent PPAR-y
upregulation at both protein and mRNA levels (C. Huang et al., 2016);
(b) positive correlation between circulating levels of miR-146a and
metabolic TCA cycle intermediates, which are indicative of intense

glucose metabolism in mitochondria (Wu et al., 2015); and (c) the

Metabolic pathway = Model Reference

Glycolysis Hepatocytes Luo et al., 2017

Zhou Y et al., 2016;
song H 2018

Skeletal muscle
cells, adipocytes

Glycose uptake

Glycolysis Human and mouse Massart J et al.,
skeletal muscle 2017
cells

Human and mouse
skeletal muscle
cells

Fatty acid oxidation

Glycolysis Hepatocellular Jinetal, 2017

carcinoma cells

ability of the miR-146a to inhibit glycolytic activity (Saferding et al.,
2017) and to reduce fatty acid synthesis, via FASN silencing (Guo
et al., 2013; Suzuki, Kim, Ashraf, & Haider, 2010) (Table 1).

MiR-223 is another microglia-enriched miRNA (Jovicic et al,,
2013; Prada et al, 2018) that promotes anti-inflammatory gene
expression (Table 1). Its deficiency leads to compromised pro-
regenerative differentiation in response to IL-4 (Zhuang et al., 2012).
Three important inflammatory genes are validated miR-223 targets:
the pro-inflammatory regulator PBX/knotted 1 homeobox 1 (Pknox1)
(Zhuang et al., 2012), the transcription factor NFATS5, that is involved
in NF-kB signaling (Lopez-Rodriguez et al., 2001) and RAS p21 protein
activator 1 (RASA1), a crucial component of pro-inflammatory path-
ways in macrophage (Ying et al., 2015). Importantly miR-223 has been
shown to be required for PPAR-y function (Zhuang et al., 2012), link-
ing the acquisition of pro-regenerative traits to mitochondrial glucose
metabolism and fatty acid beta oxidation.

miR-181a targets the inflammatory genes IL-1a (Xie et al., 2013),
TNF (He et al., 2013) and the transcriptional factor C/EBPa but also sup-
presses Kruppel-like factor 6 (KLF6) (Bi et al., 2016), a PPAR-y inhibitor
(Date et al., 2014), thus likely favoring PPAR-y-dependent energy metab-
olism in mitochondria and fatty acid peroxidation in microglia. This has
been proven in lymphocytes where miR-181a enhances the expression
of genes involved in beta oxidation while suppresses isocitrate dehydro-
genase 1 (IDH1), a cytoplasmic enzyme involved in production of
NADPH, the cofactor for NO and superoxide generation (Lian et al.,
2016; Chu, Wu, Miao, Mei, & Wu, 2015; Table 1).
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let 7b belongs to the let 7 family of miRNAs, that dampens pro-
duction and release of inflammatory molecules from microglia
(Table 1). p21-activated kinase 1 (PAK) and C/EBP have been dis-
closed as downstream inflammatory targets of let 7 miRNAs
(Banerjee, Xie et al., 2013). However, let 7 miRNAs also serve as
important mediators in energetic metabolism (Chu et al., 2015). They
reduce glucose uptake and lactate production and prompt the use of
fatty acid as energy source. However, further work is required to
define how let 7b impacts microglia metabolism.

MiR-21 is one of the most common anti-inflammatory miRNAs
(Sheedy, 2015). It is a negative regulator of TLR-4 signaling (Fafian-
Labora et al., 2017), able to downregulate the expression of two
essential mediators for NF-xB activation, the TLR-4 adaptor protein
MyD88 and its downstream target IL1 receptor-associated kinase
(IRAK) (Y. Chen et al., 2013). In addition, miR-21 targets programmed
cell death protein 4 (PDCD4) (Sheedy et al., 2010) and the apoptotic
protein FasL (L. Zhang, Dong, Li, Hong, & Wei, 2012) protecting
against microglia-mediated neuron cell death in hypoxic/ischemic con-
ditions (L. Zhang et al., 2012). Despite the action on miR-21 on micro-
glia bioenergetic state is still undefined, miR-21 inhibits glucose
production by targeting phosphoenolpyruvate carboxykinase (PEPCK),
glucose-6-phosphatase (GéPase), and forkhead box protein O1
(FOXO1) an important transcription factor of insulin signaling (A. Luo
et al,, 2017); (Table 1).

miR-29b is upregulated in cultured microglia during neuroviral
infection (Thounaojam, Kaushik, Kundu, & Basu, 2014) and suppresses
immune responses to pathogens by targeting interferon-k (IFN-k)
(Ma et al., 2011). As other member of the miR-29 family, miR-29b
reduces glucose uptake (Zhou et al., 2016; H. Song, Ding, Zhang, &
Wang, 2018) and glycolysis (Massart et al., 2017). However, whether
miR-29 impacts glucose metabolism in a similar manner in microglia
remains still unknown.

Finally, miR-125-a, known to be involved in macrophage differen-
tial activation through downregulation of TNF-a-induced protein
3 (TNFAIP3) (Graff, Dickson, Clay, McCaffrey, & Wilson, 2012) and of
the inflammatory transcription factor Kruppel-like factor 13 (KLF13)
(Banerjee, Cui, et al., 2013), has been recently found to be upregulated
in reactive microglia and in extracellular vesicles (EVs) thereof (Prada
et al., 2018). Few glycolytic enzymes, including enolase-1 (ENO-1),
HK2 (F. Jin et al., 2017; C. M. Sun, Wu, Zhang, Shi, & Chen, 2017) and
(PFK1) are miR-125-a validated
(Table 1). Consistently, miR-125-a decreases the uptake of glucose
and the production of lactate, and the levels of ATP and ROS in other
cell types (F. Jin et al., 2017). Whether the miRNA suppresses glycoly-

phosphofructokinase targets

sis in microglia remains to be proven.

6 | ANATTRACTIVE CELL THERAPY
APPROACH TO REDIRECT MICROGLIA
TOWARD BENEFICIAL FUNCTIONS:
INVOLVEMENT OF ENERGY METABOLISM

Mesenchymal stem cells (MSCs) are widely used in cell therapy of
brain injury and inflammation thanks to their immunomodulatory

properties, their self-renewal, their multipotency and their minimally

invasive accessibility that make them an attractive tool for regenera-
tive medicine. A large part of MSC positive effects across models of
brain injury is due to their secretion products which create a favorable
regenerative microenvironment. MSC secretome includes soluble fac-
tors, released in a naked form, and molecules (proteins, lipids and
genetic material) released in association with EVs. EVs, including exo-
somes and microvesicles, are fundamental mediators of intercellular
communication. They shuttle bioactive molecules from one cell to
another, causing the exchange of information and reprogramming of
the recipient cells (Turola, Furlan, Bianco, Matteoli, & Verderio, 2012).

Previous findings from our group and others have shown that
through their secretome MSCs re-direct microglia from detrimental
toward pro-regenerative functions (Giunti et al., 2012; Zanier et al.,
2014). By investigating post-traumatic changes of microglia in mice
that had received MSCs through intracerebroventricular administra-
tion, we observed an increased number of Ym1(+) protective micro-
glia, associated with early and persistent recovery of neurological
functions. MSCs, indirectly co-cultured with microglia in vitro, directly
counteract the pro-inflammatory response of cells activated with
inflammatory cytokines and induce persistent pro-regenerative traits
(Giunti et al., 2012; Zanier et al., 2014). More recent studies demon-
strated that MSCs-derived EVs may be sufficient to significantly
dampen microglia response and improve functional recovery upon
intravenous administration in traumatic brain or spinal cord injuries
(L. X. Zhang, Yin, Zhang, & Deng, 2015; J. W. Kim, Ha, Molon, & Kim,
2013; Ruppert et al, 2018) as well as in a mouse model of
AD. Despite these findings offer a hopeful opportunity to advance
novel cell-free therapeutic strategies that might prevail over the risks
associated with the use of cells, a still unresolved issue is the molecu-
lar mechanism whereby the infused EVs reduce inflammation and res-
cue cognitive impairments in rodent models of neuroinflammatory
diseases. Indeed, EVs contain many active components and it is diffi-
cult to identify those with significant effects on microglia and other
brain cells (D. K. Kim et al., 2016).

An alternative source of stem cells able to redirect brain inflam-
matory myeloid cells (microglia and monocyte-derived cells) are neural
precursor cells (NPCs) (De Feo et al., 2017). Martino and coworkers
recently showed that intrathecal transplantation of NPCs in mice with
EAE restrains microglia activation and impairs the accumulation of
inflammatory monocyte-derived cells, favoring their switch toward an
anti-inflammatory phenotype. Transcriptome analysis, combined to
the use of TGF-B2 knockout neural progenitors, identified a secretory
protein, TGF-p2, as the primary factor responsible for NPC immuno-
modulation and disease amelioration. TGF-p2 is a well-known inducer
of Argl, the key metabolic enzyme which distinguishes alternatively
activated myeloid cells (Gordon, 2003). Consistent with the presence
of TGF-f responsive elements in the flanking region of the metabolic
gene (Peranzoni et al., 2007), Martino and colleagues found by tran-
scriptome analysis an early upregulation of Argl in myeloid cells
exposed in vitro to NPCs, followed by subsequent induction of anti-
inflammatory molecules (e.g., Hspala, IL-1 decoy receptor that blocks
IL-1 [ll1r2] and the NF-xB inhibitor Ascc1). Moreover, a profound
rearrangement of metabolic and synthetic processes was observed

in vivo in myeloid cells FACS-sorted from EAE mice intrathecally



FUMAGALLI eT AL.

WILEY-GLIA (@ | za

TABLE2 Metabolic drugs for pro-regenerative microglia polarization

Targets Drugs References

PDK 1 (inhibitor) DCA Kato et al., 2007; Gerriets
etal, 2015

Nrf2 (activator) DMF Liddell, 2017

AMPK (activator) Metformin Hardie, 2011a, 2011b

PPARYy (agonist) Pioglitazone Heneka et al., 2015

Rosiglitazone Heneka et al., 2015

DSP-8658 Yamanaka et al., 2012
MDG548 Lecca et al., 2015
SNU-BP Bernardo & Minghetti,

2006

Aldose reductase Small-molecule Zeng et al., 2013

(inhibitor) FMHM
Sorbinil X. M. Song et al., 2017
Zopolrestat X. M. Song et al., 2017
Fidarestat Q. Zhang et al., 2016
Tolrestat Rosa & Dias, 2014
Sirtuins (activator) Resveratrol Carafa et al., 2016

injected with NPCs. In particular, oxidative phosphorylation was the
most prominent pathway altered under NPC treatment.

Very recently a significant progress has been made toward under-
standing the molecular mechanism that underpins the capacity of
NPCs to drive pro-inflammatory microglia and infiltrating macro-
phages toward beneficial functions in EAE (Peruzzotti-Jametti et al.,
2018). Pluchino and colleagues clearly showed that NPCs counteract
the metabolic changes of pro-inflammatory cells and reprogram them
toward an oxidative phosphorylation anti-inflammatory phenotype.
Indeed NPCs restore basal oxygen consumption rate and extracellular
acidification rate in pro-inflammatory macrophages. Furthermore, by
performing an untargeted mass spectrometry analysis of the extracel-
lular and intracellular metabolite content of macrophages, they identi-
fied the metabolite succinate as the main target of the pro-
regenerative NPC action. Intracellular succinate is known to act as a
key pro-inflammatory signal in phagocytes, by enhancing IL-1p gener-
ation (Littlewood-Evans et al., 2016; Tannahill et al., 2013) and favour-
ing mitochondrial production of ROS over ATP synthesis (E. L. Mills
et al, 2016). Extracellular succinate also exhibits pro-inflammatory
activity though interaction with its specific receptor SUCNR1 and it is
emerging as a biomarker of metabolic distress and inflammatory activ-
ity (Littlewood-Evans et al., 2016; E. Mills & O'Neill, 2014). Specifi-
cally, the work by Pluchino and colleagues demonstrated that
succinate is released by inflammatory phagocytes and activates
SUCNR1 on NPCs, leading to the acquisition of an anti-inflammatory
NPC phenotype. In fact, in NPCs SUCNR1 activation elicits both
secretion of the immune modulator PGE2, that in turn deactivates
pro-inflammatory phagocytes, and upregulation of two succinate co-
transporters (i.e., SLC13A3 and SLC13A5) which remove the extracel-
lular metabolite and prevent its autocrine and paracrine action on
inflammatory phagocytes. A significant decrease in succinate concen-
tration was reported in the CSF of EAE mice transplanted with NPCs
and the expression of SUCNR1 was shown to be necessary for the
therapeutic effects of transplanted NPCs in vivo. Besides identifying

scavenging of extracellular succinate as a novel anti-inflammatory

mechanism underlying the regenerative potential of NPCs, this work
provides a direct link between NPC-dependent phenotypic and meta-

bolic switch in microglia/macrophages.

7 | METABOLIC DRUGS AND MOLECULAR
PATHWAYS WHICH MAY BE EXPLOITED TO
DRIVE MICROGLIA INTO A NEURO-
SUPPORTIVE PHENOTYPE

Some metabolic pathways may be exploited to drive a pro-
regenerative microglia phenotype, and a few drugs may already be
available for metabolic microglia reprogramming (Table 2).

Dichloroacetate (DCA) is a small orally available drug with several
therapeutic applications including MS, solid tumors and inherited
mitochondrial disorders (James et al., 2017) based on its ability to
inhibit the kinase PDK1 and to consequently increase pyruvate dehy-
drogenase (PDH) activity and the flux of pyruvate into the mitochon-
dria (Gerriets et al., 2015; Kato, Li, Chuang, & Chuang, 2007);
(Figure 3). DCA has been shown to shifts glucose metabolism toward
the TCA cycle/oxidative phosphorylation in T cells in mice affected by
EAE (Gerriets et al., 2015) and to promote a pro-regenerative micro-
glia/macrophages phenotype in vitro and in a peripheral inflammation
model (Kato et al., 2007). However, whether DCA shifts microglial
phenotype by promoting oxidative phosphorylation has not been
proven yet.

Dimethylfumarate (DMF) is an approved drug for MS, known to
switch pro-inflammatory microglia to a neuroprotective state (Parodi
et al., 2015) and to reduce disease progression via activation of (ery-
throid-derived 2)-related factor-2 (Nrf2), a transcription factor with
antioxidant properties (Liddell, 2017). DMF has been proposed to
exert its therapeutic effects modulating oxidative phosphorylation,
through increased levels of the TCA cycle intermediate fumarate in
microglia (Tannahill, Iraci, Gaude, Frezza, & Pluchino, 2015); (Figure 3).
However, this intriguing hypothesis still remains to be validated.

Metformin is a widely used drug to treat diabetes and a well-
known activator of AMPK, already mentioned to be activated in
response of low glucose and to promote oxidative phosphorylation
(Hardie, 2011a, 2011b); (Figure 3) Metformin has been recently
shown to promote pro-regenerative microglial phenotype and signifi-
cantly ameliorate neurobehavioral function after stroke (Q. Jin et al.,
2014) and traumatic brain injury (Tao et al., 2018), suggesting that it
may be used to enhance pro-regenerative microglial function by pro-
moting oxidative metabolism.

PPAR-y activation is an alternative way to push oxidative metabo-
lism in microglia, as already mentioned. PPARs-y can be activated with
thiazolidinediones (e.g., pioglitazone or rosiglitazone) a class of antidia-
betic drugs proven to be effective in reducing the extent of neuroin-
flammation in different models of brain diseases and to attenuate
neurodegeneration in patients with mild-to-moderate dementia
(Heneka, Fink, & Doblhammer, 2015).

Protective microglial function may be also promoted by pharma-
cological inhibitors of aldose reductase (AR), a metabolic enzyme
implicated in inflammation-related diseases, that converts glucose into
sorbitol using NADPH as a cofactor (Petrash, 2004); (Figure 3). The
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small-molecule FMHM, a natural derived AR inhibitor, was initially
reported to suppress the expression of various inflammatory genes in
microglia both in vitro and in vivo. Mechanistically FMHM suppresses
the activity of AR-dependent phospholipase C/protein kinase C sig-
naling, resulting in downstream inactivation of NF-kB inflammatory
pathway (Zeng et al., 2013); (Figure 3). More recently, two other AR
inhibitors have been identified, Sorbinil and Zopolrestat, which signifi-
cantly inhibit inflammatory cytokine expression by blocking NF-xB
and MAPK signaling pathways in AB-treated microglia (X. M. Song
et al., 2017); (Figure 3). In support to these findings, Zhang and col-
leagues showed that AR deficiency drives microglia/macrophages
toward an anti-inflammatory after spinal cord injury in mice and treat-
ment with the AR inhibitor Fidarestat induces c-AMP response ele-
ment binding protein (CREB) phosphorylation to increase Argl
expression in cultured microglia (Figure 3); (Q. Zhang et al., 2016).
Importantly some AR inhibitors have gone through Phase-3 clinical
studies (Pandey, Srivastava, & Ramana, 2012) and Tolrestat has been
approved to prevent diabetic complications (Rosa & Dias, 2014).
Finally, regulation of sirtuins (SIRTs) may represent another strategy
to promote protective microglial phenotype through metabolic remo-
deling. SIRTs are a family of NAD-dependent lysine deacetylases, that
play a key role in regulation of cellular metabolism among other fun-
damental cell function. SIRT1 and SIRTé were reported to coordinate
a switch from glycolysis to fatty acid oxidation in macrophages
(J. Yu & Auwerx, 2009) and SIRT1 and 2 were shown to prevent
excessive microglia activation through NF-kB deacetylation (Figure 3);
(L. Li et al., 2015); (Inoue et al., 2017; Pais et al., 2013). Starting from
Resveratrol, the first SIRT1activator described, other SIRT activators
have been developed and some of them are currently in clinical trials
(Carafa

for the treatment of age-related neuroinflammation

etal., 2016).
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A large variety of receptors are present in microglia, whose activation
by immune signals, neurotransmitters, neuropeptides, hormones, lipid
messengers, metabolites, and even alimentary components drives
microglia toward beneficial functions. Their signaling pathways con-
verge on common anti-inflammatory and pro-regenerative molecular
programs. While the nuclear receptor PPAR-y, that promotes glucose
and fatty acid metabolism in mitochondria, is consistently induced, the
inflammatory pathways dependent on NF-xB, p38-MAPK, iNOS,
COX-2 and NOX2 are commonly inhibited. Importantly, iNOS, NOX2
and NF-kB activities are strictly connected to glucose metabolism
through glycolysis and the PPP, implicating that a change in microglia
bioenergetics would shape the microglia phenotype. Specifically
switching from aerobic glycolysis to oxidative phosphorylation would
dampen microglia pro-inflammatory activity.

A set of miRNAs with anti-inflammatory action has been identi-
fied. Among their validated target genes, we here highlighted many
metabolic enzymes involved in glucose uptake, glycolysis, lactate pro-
duction, pentose phosphate shunt, suggesting a connection between
miRNA-induced transition toward protective phenotype and changes

in energy metabolism.

Finally stem cells, (at least NPCs), which redirect microglia toward
protective function, induce a profound rearrangement of metabolic
and synthetic microglial processes, further supporting the key involve-
ment of bioenergetics in microglia reprogramming toward an alterna-
tive activation state.

From this scenario, targeting cell metabolism emerges as a new
potential therapeutic approach to redirect microglia from detrimental
to pro-regenerative phenotype. In this respect, two drugs shifting glu-
cose metabolism toward the TCA cycle/oxidative phosphorylation
(DCA and DMF) have already been approved for the treatment of MS,
the prototypical neuroinflammatory disease characterized by microglia
inflammation and drugs approved to treat metabolic disorders (met-
formin and thiazolidinediones) have been proven to dampen excessive

microglial activation in brain diseases.

ACKNOWLEDGMENTS

This work has been supported by ERA-NET NEURON, project
“MICRO-MET” to PG and CV; Merck Serono Grant for Multiple Scle-
rosis Innovation (GMSI) to CV, and PG and MF as partners; Fonda-
zione Cariplo, grant no. 2015-0910 to MF, Universita degli Studi di
Milano, piano di sostegno alla Ricerca 2015-2017 to MF; Fondation
Roger de Spoelberch and Fondation Grace de Monaco to PG. The fun-
ders had no role in decision to publish, or preparation of the manu-
script. The authors thank Dr Myriam Baes (KU Leuven) and Dr
Francesco Bifari (Universita di Milano) for useful discussion.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS

All authors: conception of idea, review of the literature, manuscript

writing and editing.

ORCID

Claudia Verderio "2 https://orcid.org/0000-0001-7216-5873

REFERENCES

Agarwal, S., Yadav, A, & Chaturvedi, R. K. (2017). Peroxisome
proliferator-activated receptors (PPARs) as therapeutic target in neuro-
degenerative disorders. Biochemical and Biophysical Research Communi-
cations, 483(4), 1166-1177. doi:10.1016/j.bbrc.2016.08.043.

Amici, S. A,, Dong, J., & Guerau-de-Arellano, M. (2017). Molecular mecha-
nisms modulating the phenotype of macrophages and microglia. Fron-
tiers in Immunology, 8, 1520. doi:10.3389/fimmu.2017.01520.

Antonietta Ajmone-Cat, M., Lavinia Salvatori, M., De Simone, R,
Mancini, M., Biagioni, S., Bernardo, A,, ... Minghetti, L. (2012). Docosa-
hexaenoic acid modulates inflammatory and antineurogenic functions
of activated microglial cells. Journal of Neuroscience Research, 90(3),
575-587. doi:10.1002/jnr.22783.

Atagi, Y., Liu, C. C,, Painter, M. M., Chen, X. F., Verbeeck, C., Zheng, H., ...
Bu, G. (2015). Apolipoprotein E is a ligand for triggering receptor
expressed on myeloid cells 2 (TREMZ2). The Journal of Biological
Chemistry, 290(43), 26043-26050. doi: 10.1074/jbc.M115.679043

Bailey, C. C., DeVaux, L. B., & Farzan, M. (2015). The triggering receptor
expressed on myeloid cells 2 binds apolipoprotein E. The Journal of


https://orcid.org/0000-0001-7216-5873
https://orcid.org/0000-0001-7216-5873
info:doi/10.1016/j.bbrc.2016.08.043
info:doi/10.3389/fimmu.2017.01520
info:doi/10.1002/jnr.22783
info:doi/10.1074/jbc.M115.679043

FUMAGALLI eT AL.

WI LEY—LII4 &

Biological Chemistry, 290(43), 26033-26042. doi:10.1074/jbc.M115.
677286.

Banerjee, S., Cui, H., Xie, N., Tan, Z,, Yang, S., Icyuz, M.... Liu, G. (2013).
miR-125a-5p regulates differential activation of macrophages and
inflammation. The Journal of Biological Chemistry, 288(49),
35428-35436. doi: 10.1074/jbc.M112.426866

Banerjee, S., Xie, N., Cui, H., Tan, Z., Yang, S., lcyuz, M, ... Liu, G. (2013).
MicroRNA let-7c regulates macrophage polarization. Journal of
Immunology, 190(12), 6542-6549. doi: 10.4049/jimmunol.1202496

Bernardo, A., & Minghetti, L. (2006). PPAR-gamma agonists as regulators
of microglial activation and brain inflammation. Current Pharmaceutical
Design, 12(1), 93-109.

Bi, J., Zeng, X., Zhao, L., Wei, Q., Yu, L., Wang, X., ... Wei, M. (2016).
miR-181a induces macrophage polarized to M2 phenotype and pro-
motes M2 macrophage-mediated tumor cell metastasis by targeting
KLF6 and C/EBPa. Mol Ther Nucleic Acids, 5(9), e368. doi:
10.1038/mtna.2016.71.

Bisicchia, E., Sasso, V., Catanzaro, G., Leuti, A., Besharat, Z. M,
Chiacchiarini, M., ... Chiurchiu, V. (2018). Resolvin D1 halts remote
Neuroinflammation and improves functional recovery after focal brain
damage via ALX/FPR2 receptor-regulated MicroRNAs. Molecular Neu-
robiology, 55, 6894-6905. doi:10.1007/512035-018-0889-z.

Bisogno, T., & Di Marzo, V. (2010). Cannabinoid receptors and endocan-
nabinoids: Role in neuroinflammatory and neurodegenerative disor-
ders. CNS & Neurological Disorders Drug Targets, 9(5), 564-573.

Bouhy, D., Ghasemlou, N., Lively, S., Redensek, A., Rathore, K. I,
Schlichter, L. C., & David, S. (2011). Inhibition of the Caz+-dependent
K* channel, KCNN4/KCa3.1, improves tissue protection and locomotor
recovery after spinal cord injury. The Journal of Neuroscience, 31(45),
16298-16308. doi:10.1523/JNEUROSCI.0047-11.2011.

Bruttger, J., Karram, K., Wortge, S., Regen, T., Marini, F., Hoppmann, N, ...
Waisman, A. (2015). Genetic cell ablation reveals clusters of local
self-renewing microglia in the mammalian central nervous system.
Immunity, 43(1), 92-106. doi:10.1016/j.immuni.2015.06.012.

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J.,
Gabriely, G., ... Weiner, H. L. (2014). Identification of a unique
TGF-p-dependent molecular and functional signature in microglia.
Nature Neuroscience, 17(1), 131-143. doi:10.1038/nn.3599.

Butovsky, O., Landa, G., Kunis, G., Ziv, Y., Avidan, H., Greenberg, N., ...
Schwartz, M. (2006). Induction and blockage of oligodendrogenesis by
differently activated microglia in an animal model of multiple sclerosis.
The Journal of Clinical Investigation, 116(4), 905-915. doi:10.1172/
JCI26836.

Butovsky, O., Siddiqui, S., Gabriely, G., Lanser, A. J., Dake, B,
Murugaiyan, G., ... Weiner, H. L. (2012). Modulating inflammatory
monocytes with a unique microRNA gene signature ameliorates
murine ALS. The Journal of Clinical Investigation, 122(9), 3063-3087.
doi:10.1172/JCl162636.

Cao, D. D,, Li, L., & Chan, W. Y. (2016). MicroRNAs: Key regulators in the
central nervous system and their implication in neurological diseases.
International Journal of Molecular Sciences, 17(6). doi:10.3390/
ijms17060842.

Carafa, V., Rotili, D., Forgione, M., Cuomo, F., Serretiello, E., Hailu, G. S., ...
Altucci, L. (2016). Sirtuin functions and modulation: From chemistry to
the clinic. Clinical Epigenetics, 8, 61. doi:10.1186/s13148-016-0224-3.

Carniglia, L., Durand, D., Caruso, C., & Lasaga, M. (2013). Effect of
NDP-alpha-MSH on PPAR-y and - expression and anti-inflammatory
cytokine release in rat astrocytes and microglia. PLoS One, 8(2),
e57313. doi:10.1371/journal.pone.0057313.

Carniglia, L., Ramirez, D., Durand, D., Saba, J., Turati, J., Caruso, C,, ...
Lasaga, M. (2017). Neuropeptides and microglial activation in inflam-
mation, pain, and neurodegenerative diseases. Mediators of Inflamma-
tion, 2017, 5048616-5048623. doi:10.1155/2017/5048616.

Chen, Y., Chen, J., Wang, H., Shi, J., Wu, K,, Liu, S., ... Wu, J. (2013).
HCV-induced miR-21 contributes to evasion of host immune system
by targeting MyD88 and IRAK1. PLoS Pathogens, 9(4), €1003248. doi:
10.1371/journal.ppat.1003248.

Chen, Y. J., Raman, G., Bodendiek, S., O'Donnell, M. E., & Wulff, H. (2011).
The KCa3.1 blocker TRAM-34 reduces infarction and neurological def-
icit in a rat model of ischemia/reperfusion stroke. Journal of Cerebral

Blood Flow and Metabolism, 31(12), 2363-2374. doi:10.1038/
jcbfm.2011.101.

Chen, Y. J, Wallace, B. K, Yuen, N., Jenkins, D. P., Wulff, H., &
O'Donnell, M. E. (2015). Blood-brain barrier KCa3.1 channels: Evidence
for a role in brain Na uptake and edema in ischemic stroke. Stroke,
46(1), 237-244. doi:10.1161/STROKEAHA.114.007445.

Cherry, J. D., Olschowka, J. A., & O'Banion, M. K. (2014). Are "resting"
microglia more "m2"? Frontiers in Immunology, 5, 594. doi:10.3389/
fimmu.2014.00594.

Chhor, V., Le Charpentier, T., Lebon, S., Ore, M. V., Celador, I. L.,
Josserand, J., ... Fleiss, B. (2013). Characterization of phenotype
markers and neuronotoxic potential of polarised primary microglia
in vitro. Brain, Behavior, and Immunity, 32, 70-85. doi:10.1016/].
bbi.2013.02.005.

Chiu, I. M., Morimoto, E. T., Goodarzi, H., Liao, J. T., O'Keeffe, S.,
Phatnani, H. P., ... Maniatis, T. (2013). A neurodegeneration-specific
gene-expression signature of acutely isolated microglia from an amyo-
trophic lateral sclerosis mouse model. Cell Reports, 4(2), 385-401. doi:
10.1016/j.celrep.2013.06.018.

Choi, M. J,, Lee, E. J., Park, J. S., Kim, S. N., Park, E. M., & Kim, H. S. (2017).
Anti-inflammatory mechanism of galangin in lipopolysaccharide-
stimulated microglia: Critical role of PPAR-gamma signaling pathway.
Biochemical Pharmacology, 144, 120-131. doi:10.1016/j.bcp.2017.
07.021.

Chu, B., Wu, T., Miao, L., Mei, Y., & Wu, M. (2015). MiR-181a regulates
lipid metabolism via IDH1. Scientific Reports, 5, 8801. doi:
10.1038/srep08801.

Colonna, M., & Butovsky, O. (2017). Microglia function in the central ner-
vous system during health and neurodegeneration. Annual Review of
Immunology, 35, 441-468. doi:10.1146/annurev-immunol-051116-
052358.

Corona, J. C., & Duchen, M. R. (2016). PPARgamma as a therapeutic target
to rescue mitochondrial function in neurological disease. Free Radical
Biology & Medlicine, 100, 153-163. doi:10.1016/j.freeradbiomed.2016.
06.023.

Dale, E., Staal, R. G., Eder, C., & Moller, T. (2016). KCa 3.1-a microglial tar-
get ready for drug repurposing? Glia, 64(10), 1733-1741. doi:10.1002/
glia.22992.

Date, D., Das, R. Narla, G. Simon, D. I, Jain, M. K, &
Mahabeleshwar, G. H. (2014). Kruppel-like transcription factor 6 regu-
lates inflammatory macrophage polarization. The Journal of Biological
Chemistry, 289(15), 10318-10329. doi:10.1074/jbc.M113.526749.

De Feo, D., Merlini, A., Brambilla, E., Ottoboni, L., Laterza, C., Menon, R.,
... Martino, G. (2017). Neural precursor cell-secreted TGF-beta2 redi-
rects inflammatory monocyte-derived cells in CNS autoimmunity. The
Journal of Clinical Investigation, 127(11), 3937-3953. doi:10.1172/
JC192387.

De Smedt-Peyrusse, V., Sargueil, F., Moranis, A. Harizi, H.,
Mongrand, S., & Laye, S. (2008). Docosahexaenoic acid prevents
lipopolysaccharide-induced cytokine production in microglial cells by
inhibiting lipopolysaccharide receptor presentation but not its mem-
brane subdomain localization. Journal of Neurochemistry, 105(2),
296-307. doi:10.1111/j.1471-4159.2007.05129 ..

Dean, J. M., Wang, X., Kaindl, A. M., Gressens, P., Fleiss, B., Hagberg, H., &
Mallard, C. (2010). Microglial MyD88 signaling regulates acute neuro-
nal toxicity of LPS-stimulated microglia in vitro. Brain, Behavior, and
Immunity, 24(5), 776-783. doi:10.1016/j.bbi.2009.10.018.

Diskin, C., & Palsson-McDermott, E. M. (2018). Metabolic modulation in
macrophage effector function. Frontiers in Immunology, 9, 270. doi:
10.3389/fimmu.2018.00270.

Domercq, M., Vazquez-Villoldo, N., & Matute, C. (2013). Neurotransmitter
signaling in the pathophysiology of microglia. Frontiers in Cellular Neu-
roscience, 7, 49. doi:10.3389/fncel.2013.00049.

Drew, P. D., Xu, J., Storer, P. D., Chavis, J. A., & Racke, M. K. (2006). Perox-
isome proliferator-activated receptor agonist regulation of glial activa-
tion: Relevance to CNS inflammatory disorders. Neurochemistry
International, 49(2), 183-189. doi:10.1016/j.neuint.2006.04.003.

Ekdahl, C. T., Kokaia, Z., & Lindvall, O. (2009). Brain inflammation and adult
neurogenesis: The dual role of microglia. Neuroscience, 158(3),
1021-1029. doi:10.1016/j.neuroscience.2008.06.052.


info:doi/10.1074/jbc.M115.677286
info:doi/10.1074/jbc.M115.677286
info:doi/10.1074/jbc.M112.426866
info:doi/10.4049/jimmunol.1202496
info:doi/10.1038/mtna.2016.71
info:doi/10.1007/s12035-018-0889-z
info:doi/10.1523/JNEUROSCI.0047-11.2011
info:doi/10.1016/j.immuni.2015.06.012
info:doi/10.1038/nn.3599
info:doi/10.1172/JCI26836
info:doi/10.1172/JCI26836
info:doi/10.1172/JCI62636
info:doi/10.3390/ijms17060842
info:doi/10.3390/ijms17060842
info:doi/10.1186/s13148-016-0224-3
info:doi/10.1371/journal.pone.0057313
info:doi/10.1155/2017/5048616
info:doi/10.1371/journal.ppat.1003248
info:doi/10.1038/jcbfm.2011.101
info:doi/10.1038/jcbfm.2011.101
info:doi/10.1161/STROKEAHA.114.007445
info:doi/10.3389/fimmu.2014.00594
info:doi/10.3389/fimmu.2014.00594
info:doi/10.1016/j.bbi.2013.02.005
info:doi/10.1016/j.bbi.2013.02.005
info:doi/10.1016/j.celrep.2013.06.018
info:doi/10.1016/j.bcp.2017.07.021
info:doi/10.1016/j.bcp.2017.07.021
info:doi/10.1038/srep08801
info:doi/10.1146/annurev-immunol-051116-052358
info:doi/10.1146/annurev-immunol-051116-052358
info:doi/10.1016/j.freeradbiomed.2016.06.023
info:doi/10.1016/j.freeradbiomed.2016.06.023
info:doi/10.1002/glia.22992
info:doi/10.1002/glia.22992
info:doi/10.1074/jbc.M113.526749
info:doi/10.1172/JCI92387
info:doi/10.1172/JCI92387
info:doi/10.1111/j.1471-4159.2007.05129.x
info:doi/10.1016/j.bbi.2009.10.018
info:doi/10.3389/fimmu.2018.00270
info:doi/10.3389/fncel.2013.00049
info:doi/10.1016/j.neuint.2006.04.003
info:doi/10.1016/j.neuroscience.2008.06.052

me | Wy py-GLIA

FUMAGALLI ET AL

El Kasmi, K. C., Holst, J., Coffre, M., Mielke, L., de Pauw, A., Lhocine, N, ...
Murray, P. J. (2006). General nature of the STAT3-activated
anti-inflammatory response. Journal of Immunology, 177(11), 7880-7888.

Fafian-Labora, J.,, Lesende-Rodriguez, |, Fernandez-Pernas, P,
Sangiao-Alvarellos, S., Monserrat, L., Arntz, O. J,, ... Arufe, M. C. (2017).
Effect of age on pro-inflammatory miRNAs contained in mesenchymal
stem cell-derived extracellular vesicles. Scientific Reports, 7, 43923. doi:
10.1038/srep43923.

Faustino, J. V., Wang, X, Johnson, C. E., Klibanov, A., Derugin, N.,
Wendland, M. F., & Vexler, Z. S. (2011). Microglial cells contribute to
endogenous brain defenses after acute neonatal focal stroke. The Jour-
nal of Neuroscience, 31(36), 12992-13001. doi:10.1523/JNEUROSCI.2102-
11.2011.

Favrais, G., van de Looij, Y., Fleiss, B., Ramanantsoa, N., Bonnin, P.,
Stoltenburg-Didinger, G.,, ... Gressens, P. (2011). Systemic inflammation
disrupts the developmental program of white matter. Annals of Neurol-
ogy, 70(4), 550-565. doi:10.1002/ana.22489.

Feinstein, D. L., Galea, E., Gavrilyuk, V., Brosnan, C. F., Whitacre, C. C,,
Dumitrescu-Ozimek, L., Heneka, M. T. (2002). Peroxisome
proliferator-activated receptor-gamma agonists prevent experimental
autoimmune encephalomyelitis. Annals of Neurology, 51(6), 694-702.
doi:10.1002/ana.10206.

Filipello, F., Morini, R., Corradini, I., Zerbi, V., Canzi, A., Michalski, B., ...
Matteoli, M. (2018). The microglial innate immune receptor TREM2 is
required for synapse elimination and normal brain connectivity.
Immunity, 48(5), 979-991 €978. doi: 10.1016/j.immuni.2018.04.016

Frick, L., Rapanelli, M., Abbasi, E., Ohtsu, H., & Pittenger, C. (2016). Hista-
mine regulation of microglia: Gene-environment interaction in the reg-
ulation of central nervous system inflammation. Brain, Behavior, and
Immunity, 57, 326-337. doi:10.1016/j.bbi.2016.07.002.

Fu, S. P, Wang, J. F., Xue, W. J, Liu, H. M,, Liu, B. R,, Zeng, Y. L, ...
Liu, J. X. (2015). Anti-inflammatory effects of BHBA in both in vivo and
in vitro Parkinson's disease models are mediated by GPR109A-
dependent mechanisms. Journal of Neuroinflammation, 12, 9. doi:
10.1186/s12974-014-0230-3.

Gao, Y., Ottaway, N., Schriever, S. C., Legutko, B., Garcia-Caceres, C., de la
Fuente, E., ... Yi, C. X. (2014). Hormones and diet, but not body weight,
control hypothalamic microglial activity. Glia, 62(1), 17-25. doi:
10.1002/glia.22580.

Gautier, E. L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanoyv, S., ...
Immunological Genome, Consortium. (2012). Gene-expression profiles
and transcriptional regulatory pathways that underlie the identity and
diversity of mouse tissue macrophages. Nature Immunology, 13(11),
1118-1128. doi:10.1038/ni.2419.

Gerriets, V. A., Kishton, R. J., Nichols, A. G., Macintyre, A. N., Inoue, M.,
llkayeva, O., ... Rathmell, J. C. (2015). Metabolic programming and
PDHK1 control CD4+ T cell subsets and inflammation. The Journal of
Clinical Investigation, 125(1), 194-207. doi:10.1172/JCI76012.

Ghesquiere, B., Wong, B. W., Kuchnio, A., & Carmeliet, P. (2014). Metabo-
lism of stromal and immune cells in health and disease. Nature,
511(7508), 167-176. doi:10.1038/nature13312.

Ghosh, S., Castillo, E., Frias, E. S., & Swanson, R. A. (2017). Bioenergetic
regulation of microglia. Glia, 66, 1200-1212. doi:10.1002/glia.23271.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., ...
Merad, M. (2010). Fate mapping analysis reveals that adult microglia
derive from primitive macrophages. Science, 330(6005), 841-845. doi:
10.1126/science.1194637.

Giunti, D., Parodi, B., Usai, C., Vergani, L., Casazza, S., Bruzzone, S., ...
Uccelli, A. (2012). Mesenchymal stem cells shape microglia effector
functions through the release of CX3CL1. Stem Cells, 30(9),
2044-2053. doi:10.1002/stem.1174.

Gleyzer, N., Vercauteren, K., & Scarpulla, R. C. (2005). Control of mito-
chondrial transcription specificity factors (TFBIM and TFB2M) by
nuclear respiratory factors (NRF-1 and NRF-2) and PGC-1 family coac-
tivators. Molecular and Cellular Biology, 25(4), 1354-1366. doi:
10.1128/MCB.25.4.1354-1366.2005.

Gordon, S. (2003). Alternative activation of macrophages. Nature Reviews.
Immunology, 3(1), 23-35. doi:10.1038/nri978.

Graff, J. W., Dickson, A. M., Clay, G., McCaffrey, A. P., & Wilson, M. E.
(2012). Identifying functional microRNAs in macrophages with

polarized phenotypes. The Journal of Biological Chemistry, 287(26),
21816-21825. doi:10.1074/jbc.M111.327031.

Gu, J. J., Singh, A, Xue, K, Mavis, C., Barth, M., Yanamadala, V., ...
Hernandez-llizaliturri, F. J. (2018). Up-regulation of hexokinase Il con-
tributes to rituximab-chemotherapy resistance and is a clinically rele-
vant target for therapeutic development. Oncotarget, 9(3), 4020-4033.
doi:10.18632/oncotarget.23425.

Gu, R,, Zhang, F., Chen, G, Han, C,, Liu, J., Ren, Z,, ... Zhen, X. (2017). Clk1
deficiency promotes neuroinflammation and subsequent dopaminergic
cell death through regulation of microglial metabolic reprogramming.
Brain, Behavior, and Immunity, 60, 206-219. doi:10.1016/].
bbi.2016.10.018.

Guedes, J., Cardoso, A. L., & Pedroso de Lima, M. C. (2013). Involvement
of microRNA in microglia-mediated immune response. Clinical & Devel-
opmental Immunology, 2013, 186872-186811. doi:10.1155/2013/
186872.

Guida, F., Luongo, L., Boccella, S., Giordano, M. E., Romano, R., Bellini, G.,
... Maione, S. (2017). Palmitoylethanolamide induces microglia changes
associated with increased migration and phagocytic activity: Involve-
ment of the CB2 receptor. Scientific Reports, 7(1), 375. doi:
10.1038/s41598-017-00342-1.

Guo, Q., Zhang, J., Li, J., Zou, L., Zhang, J., Xie, Z., ... Wu, Y. (2013). Forced
miR-146a expression causes autoimmune lymphoproliferative syn-
drome in mice via downregulation of Fas in germinal center B cells.
Blood, 121(24), 4875-4883. doi:10.1182/blood-2012-08-452425.

Han, Q., Yuan, Q., Meng, X., Huo, J., Bao, Y., & Xie, G. (2017). 6-Shogaol
attenuates LPS-induced inflammation in BV2 microglia cells by activat-
ing PPAR-gamma. Oncotarget, 8(26), 42001-42006. doi:10.18632/
oncotarget.16719.

Han, Z., Shen, F., He, Y., Degos, V., Camus, M., Maze, M,, ... Su, H. (2014).
Activation of alpha-7 nicotinic acetylcholine receptor reduces ischemic
stroke injury through reduction of pro-inflammatory macrophages and
oxidative stress. PLoS One, 9(8), e€105711. doi:10.1371/journal.
pone.0105711.

Hardie, D. G. (2011a). AMP-activated protein kinase: An energy sensor
that regulates all aspects of cell function. Genes & Development, 25(18),
1895-1908. doi:10.1101/gad.17420111.

Hardie, D. G. (2011b). Sensing of energy and nutrients by AMP-activated
protein kinase. The American Journal of Clinical Nutrition, 93(4),
891S5-896S. doi:10.3945/ajcn.110.001925.

He, Q. Zhou, X, Li, S, Jin, Y., Chen, Z.,, Chen, D., ... Wang, A. (2013).
MicroRNA-181a suppresses salivary adenoid cystic carcinoma metas-
tasis by targeting MAPK-Snai2 pathway. Biochimica et Biophysica Acta,
1830(11), 5258-5266. doi:10.1016/j.bbagen.2013.07.028.

Hekimi, S. (2013). Enhanced immunity in slowly aging mutant mice with
high mitochondrial oxidative stress. Oncoimmunology, 2(4), €23793.
doi:10.4161/0nci.23793.

Heneka, M. T., Fink, A., & Doblhammer, G. (2015). Effect of pioglitazone
medication on the incidence of dementia. Annals of Neurology, 78(2),
284-294. doi:10.1002/ana.24439.

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C.,
Means, T. K., & El Khoury, J. (2013). The microglial sensome revealed
by direct RNA sequencing. Nature Neuroscience, 16(12), 1896-1905.
doi:10.1038/nn.3554.

Hu, S., Jiang, Q. Luo, D., Zhao, L., Fu, X,, Chen, Y., ... Peng, B. (2016).
miR-200b is a key regulator of tumor progression and metabolism tar-
geting lactate dehydrogenase a in human malignant glioma.
Oncotarget, 7(30), 48423-48431. D0i:10.18632/oncotarget.10301.

Hu, W., & Chen, Z. (2017). The roles of histamine and its receptor ligands
in central nervous system disorders: An update. Pharmacology & Thera-
peutics, 175, 116-132. doi:10.1016/j.pharmthera.2017.02.039.

Huang, C,, Liu, X. J., Zhou, Q., Xie, J., Ma, T. T., Meng, X. M., & Li, J. (2016).
MiR-146a modulates macrophage polarization by inhibiting Notch1
pathway in RAW264.7 macrophages. International Immunopharmacol-
ogy, 32,46-54. doi:10.1016/j.intimp.2016.01.009.

Huang, S. C., Everts, B., Ivanova, Y., O'Sullivan, D., Nascimento, M.,
Smith, A. M., ... Pearce, E. J. (2014). Cell-intrinsic lysosomal lipolysis is
essential for alternative activation of macrophages. Nature Immunology,
15(9), 846-855. doi:10.1038/ni.2956.

Huang, S., Ge, X,, Yu, J,, Han, Z,, Yin, Z, Li, Y., ... Lei, P. (2018). Increased
miR-124-3p in microglial exosomes following traumatic brain injury


info:doi/10.1038/srep43923
info:doi/10.1523/JNEUROSCI.2102-11.2011
info:doi/10.1523/JNEUROSCI.2102-11.2011
info:doi/10.1002/ana.22489
info:doi/10.1002/ana.10206
info:doi/10.1016/j.immuni.2018.04.016
info:doi/10.1016/j.bbi.2016.07.002
info:doi/10.1186/s12974-014-0230-3
info:doi/10.1002/glia.22580
info:doi/10.1038/ni.2419
info:doi/10.1172/JCI76012
info:doi/10.1038/nature13312
info:doi/10.1002/glia.23271
info:doi/10.1126/science.1194637
info:doi/10.1002/stem.1174
info:doi/10.1128/MCB.25.4.1354-1366.2005
info:doi/10.1038/nri978
info:doi/10.1074/jbc.M111.327031
info:doi/10.18632/oncotarget.23425
info:doi/10.1016/j.bbi.2016.10.018
info:doi/10.1016/j.bbi.2016.10.018
info:doi/10.1155/2013/186872
info:doi/10.1155/2013/186872
info:doi/10.1038/s41598-017-00342-1
info:doi/10.1182/blood-2012-08-452425
info:doi/10.18632/oncotarget.16719
info:doi/10.18632/oncotarget.16719
info:doi/10.1371/journal.pone.0105711
info:doi/10.1371/journal.pone.0105711
info:doi/10.1101/gad.17420111
info:doi/10.3945/ajcn.110.001925
info:doi/10.1016/j.bbagen.2013.07.028
info:doi/10.4161/onci.23793
info:doi/10.1002/ana.24439
info:doi/10.1038/nn.3554
info:doi/10.18632/oncotarget.10301
info:doi/10.1016/j.pharmthera.2017.02.039
info:doi/10.1016/j.intimp.2016.01.009
info:doi/10.1038/ni.2956

FUMAGALLI eT AL.

WI LEYLM

inhibits neuronal inflammation and contributes to neurite outgrowth
via their transfer into neurons. The FASEB Journal, 32(1), 512-528. doi:
10.1096/fj.201700673R.

Imai, F., Suzuki, H., Oda, J., Ninomiya, T., Ono, K., Sano, H., & Sawada, M.
(2007). Neuroprotective effect of exogenous microglia in global brain
ischemia. Journal of Cerebral Blood Flow and Metabolism, 27(3),
488-500. doi:10.1038/sj.jcbfm.9600362.

Inoue, T., Tanaka, M., Masuda, S. Ohue-Kitano, R., Yamakage, H.,
Muranaka, K., ... Satoh-Asahara, N. (2017). Omega-3 polyunsaturated
fatty acids  suppress the inflammatory responses  of
lipopolysaccharide-stimulated mouse microglia by activating SIRT1
pathways. Biochimica et Biophysica Acta, 1862(5), 552-560. doi:
10.1016/j.bbalip.2017.02.010.

James, M. O., Jahn, S. C, Zhong, G., Smeltz, M. G., Hu, Z, &
Stacpoole, P. W. (2017). Therapeutic applications of dichloroacetate
and the role of glutathione transferase zeta-1. Pharmacology & Thera-
peutics, 170, 166-180. doi:10.1016/j.pharmthera.2016.10.018.

Jay, T. R,, von Saucken, V. E., & Landreth, G. E. (2017). TREM2 in neurode-
generative diseases. Molecular Neurodegeneration, 12(1), 56. doi:
10.1186/s13024-017-0197-5.

Jayadev, S., Case, A. Alajajian, B., Eastman, A. J., Moller, T, &
Garden, G. A. (2013). Presenilin 2 influences miR146 level and activity
in microglia. Journal of Neurochemistry, 127(5), 592-599. doi:
10.1111/jnc.12400.

Jeong, G. S, Li, B, Lee, D. S, Kim, K. H,, Lee, I. K, Lee, K. R,, & Kim, Y. C.
(2010). Cytoprotective and anti-inflammatory effects of spinasterol via
the induction of heme oxygenase-1 in murine hippocampal and micro-
glial cell lines. International Immunopharmacology, 10(12), 1587-1594.
doi:10.1016/j.intimp.2010.09.013.

Ji, H., Wang, H., Zhang, F., Li, X,, Xiang, L., & Aiguo, S. (2010). PPARgamma
agonist pioglitazone inhibits microglia inflammation by blocking p38
mitogen-activated protein kinase signaling pathways. Inflammation
Research, 59(11), 921-929. doi:10.1007/s00011-010-0203-7.

Jin, F,, Wang, Y., Zhuy, Y., Li, S, Liu, Y., Chen, C, ... Li, L. (2017). The
miR-125a/HK2 axis regulates cancer cell energy metabolism repro-
gramming in hepatocellular carcinoma. Scientific Reports, 7(1), 3089.
doi:10.1038/s41598-017-03407-3.

Jin, Q, Cheng, J.,, Liu, Y., Wu, J.,, Wang, X., Wei, S., ... Zhen, X. (2014).
Improvement of functional recovery by chronic metformin treatment is
associated with enhanced alternative activation of microglia/macro-
phages and increased angiogenesis and neurogenesis following experi-
mental stroke. Brain, Behavior, and Immunity, 40, 131-142. doi:
10.1016/j.bbi.2014.03.003.

Jovicic, A., Roshan, R., Moisoi, N., Pradervand, S., Moser, R., Pillai, B., &
Luthi-Carter, R. (2013). Comprehensive expression analyses of neural
cell-type-specific miRNAs identify new determinants of the specifica-
tion and maintenance of neuronal phenotypes. The Journal of Neurosci-
ence, 33(12), 5127-5137. doi:10.1523/JNEUROSCI.0600-12.2013.

Kang, S., Nakanishi, Y., Kioi, Y., Okuzaki, D., Kimura, T., Takamatsu, H., ...
Kumanogoh, A. (2018). Semaphorin 6D reverse signaling controls mac-
rophage lipid metabolism and anti-inflammatory polarization. Nature
Immunology, 19(6), 561-570. doi:10.1038/s41590-018-0108-0.

Karthikeyan, A., Patnala, R., Jadhav, S. P., Eng-Ang, L., & Dheen, S. T.
(2016). MicroRNAs: Key players in microglia and astrocyte mediated
inflammation in CNS pathologies. Current Medicinal Chemistry, 23(30),
3528-3546.

Kato, M., Li, J., Chuang, J. L., & Chuang, D. T. (2007). Distinct structural
mechanisms for inhibition of pyruvate dehydrogenase kinase isoforms
by AZD7545, dichloroacetate, and radicicol. Structure, 15(8),
992-1004. doi:10.1016/j.str.2007.07.001.

Kaushal, V., Koeberle, P. D., Wang, Y., & Schlichter, L. C. (2007). The Ca%*-
activated K* channel KCNN4/KCa3.1 contributes to microglia activa-
tion and nitric oxide-dependent neurodegeneration. The Journal of
Neuroscience, 27(1), 234-244. doi:10.1523/JNEUROSCI.3593-
06.2007.

Kawanaka, N., & Taylor, A. W. (2011). Localized retinal neuropeptide regu-
lation of macrophage and microglial cell functionality. Journal of Neu-
roimmunology, 232(1-2), 17-25. doi:10.1016/j.jneuroim.2010.09.025.

Khanna, R., Roy, L., Zhu, X., & Schlichter, L. C. (2001). K* channels and the
microglial respiratory burst. American Journal of Physiology. Cell Physiol-
ogy, 280(4), C796-C806. doi:10.1152/ajpcell.2001.280.4.C796.

Kierdorf, K. Ery, D. Goldmann, T. Sander, V. Schulz, C,
Perdiguero, E. G., ... Prinz, M. (2013). Microglia emerge from erythro-
myeloid precursors via Pu.1l- and Irf8-dependent pathways. Nature
Neuroscience, 16(3), 273-280. doi:10.1038/nn.3318.

Kim, D. K., Nishida, H., An, S. Y., Shetty, A. K, Bartosh, T. J, &
Prockop, D. J. (2016). Chromatographically isolated CD63+CD81+
extracellular vesicles from mesenchymal stromal cells rescue cognitive
impairments after TBI. Proceedings of the National Academy of Sciences
of the United States of America, 113(1), 170-175. doi:10.1073/
pnas.1522297113.

Kim, J. W.,, Ha, K. Y. Molon, J. N, & Kim, Y. H. (2013). Bone
marrow-derived mesenchymal stem cell transplantation for chronic spi-
nal cord injury in rats: Comparative study between intralesional and
intravenous  transplantation. Spine (Phila Pa 1976), 38(17),
E1065-E1074. doi:10.1097/BRS.0b013e3182983%fa.

King, J. R, Gillevet, T. C., & Kabbani, N. (2017). A G protein-coupled alpha7
nicotinic receptor regulates signaling and TNF-alpha release in micro-
glia. FEBS Open Bio, 7(9), 1350-1361. doi:10.1002/2211-5463.12270.

Krasemann, S., Madore, C., Cialic, R, Baufeld, C., Calcagno, N., El
Fatimy, R, ... Butovsky, O. (2017). The TREM2-APOE pathway drives
the transcriptional phenotype of dysfunctional microglia in neurode-
generative diseases. Immunity, 47(3), 566-581. doi:10.1016/j.
immuni.2017.08.008.

Krishnan, M. L., Van Steenwinckel, J., Schang, A. L., Yan, J., Arnadottir, J.,
Le Charpentier, T., ... Gressens, P. (2017). Integrative genomics of
microglia implicates DLG4 (PSD95) in the white matter development
of preterm infants. Nature Communications, 8(1), 428. doi:10.1038/
s41467-017-00422-w.

Kwon, S. H., Han, J. K,, Choi, M., Kwon, Y. J., Kim, S. J,,Yi,E. H., ... Ye, S. K.
(2017). Dysfunction of microglial STAT3 alleviates depressive behavior
via neuron-microglia interactions. Neuropsychopharmacology, 42(10),
2072-2086. doi:10.1038/npp.2017.93.

Lan, X., Han, X,, Li, Q. Yang, Q. W., & Wang, J. (2017). Modulators of
microglial activation and polarization after intracerebral haemorrhage.
Nature Reviews. Neurology, 13(7), 420-433. doi:10.1038/nrneurol.
2017.69.

Lapointe, J., & Hekimi, S. (2008). Early mitochondrial dysfunction in
long-lived Mclk1+/- mice. The Journal of Biological Chemistry, 283(38),
26217-26227. doi:10.1074/jbc.M803287200.

Lawson, S. K., Dobrikova, E. Y., Shveygert, M., & Gromeier, M. (2013).
p38alpha mitogen-activated protein kinase depletion and repression of
signal transduction to translation machinery by miR-124 and -128 in
neurons. Molecular and Cellular Biology, 33(1), 127-135. doi:
10.1128/MCB.00695-12.

Laye, S., Nadjar, A., Joffre, C., & Bazinet, R. P. (2018). Anti-inflammatory
effects of Omega-3 fatty acids in the brain: Physiological mechanisms
and relevance to pharmacology. Pharmacological Reviews, 70(1), 12-38.
doi:10.1124/pr.117.014092.

Li, L., Sun, Q. Li, Y., Yang, Y., Yang, Y., Chang, T, ... Zheng, L. (2015). Over-
expression of SIRT1 induced by resveratrol and inhibitor of miR-204
suppresses activation and proliferation of microglia. Journal of Molecu-
lar Neuroscience, 56(4), 858-867. doi:10.1007/512031-015-0526-5.

Li, Q., & Barres, B. A. (2018). Microglia and macrophages in brain homeo-
stasis and disease. Nature Reviews. Immunology, 18(4), 225-242. doi:
10.1038/nri.2017.125.

Lian, S., Guo, J. R., Nan, X. M., Ma, L., Loor, J. J., & Bu, D. P. (2016). Micro-
RNA Bta-miR-181a regulates the biosynthesis of bovine milk fat by
targeting ACSL1. Journal of Dairy Science, 99(5), 3916-3924. doi:
10.3168/jds.2015-10484.

Liddell, J. R. (2017). Are astrocytes the predominant cell type for activation
of Nrf2 in aging and neurodegeneration? Antioxidants (Basel), 6(3). doi:
10.3390/antiox6030065.

Littlewood-Evans, A., Sarret, S., Apfel, V., Loesle, P., Dawson, J., Zhang, J.,

. Carballido, J. M. (2016). GPR91 senses extracellular succinate
released from inflammatory macrophages and exacerbates rheumatoid
arthritis. The Journal of Experimental Medicine, 213(9), 1655-1662. doi:
10.1084/jem.20160061.

Liu, H., Leak, R. K., & Hu, X. (2016). Neurotransmitter receptors on micro-
glia. Trends in. Neuroscience, 1(2), 52-58. doi:10.1136/svn-2016-
000012.


info:doi/10.1096/fj.201700673R
info:doi/10.1038/sj.jcbfm.9600362
info:doi/10.1016/j.bbalip.2017.02.010
info:doi/10.1016/j.pharmthera.2016.10.018
info:doi/10.1186/s13024-017-0197-5
info:doi/10.1111/jnc.12400
info:doi/10.1016/j.intimp.2010.09.013
info:doi/10.1007/s00011-010-0203-7
info:doi/10.1038/s41598-017-03407-3
info:doi/10.1016/j.bbi.2014.03.003
info:doi/10.1523/JNEUROSCI.0600-12.2013
info:doi/10.1038/s41590-018-0108-0
info:doi/10.1016/j.str.2007.07.001
info:doi/10.1523/JNEUROSCI.3593-06.2007
info:doi/10.1523/JNEUROSCI.3593-06.2007
info:doi/10.1016/j.jneuroim.2010.09.025
info:doi/10.1152/ajpcell.2001.280.4.C796
info:doi/10.1038/nn.3318
info:doi/10.1073/pnas.1522297113
info:doi/10.1073/pnas.1522297113
info:doi/10.1097/BRS.0b013e31829839fa
info:doi/10.1002/2211-5463.12270
info:doi/10.1016/j.immuni.2017.08.008
info:doi/10.1016/j.immuni.2017.08.008
info:doi/10.1038/s41467-017-00422-w
info:doi/10.1038/s41467-017-00422-w
info:doi/10.1038/npp.2017.93
info:doi/10.1038/nrneurol.2017.69
info:doi/10.1038/nrneurol.2017.69
info:doi/10.1074/jbc.M803287200
info:doi/10.1128/MCB.00695-12
info:doi/10.1124/pr.117.014092
info:doi/10.1007/s12031-015-0526-5
info:doi/10.1038/nri.2017.125
info:doi/10.3168/jds.2015-10484
info:doi/10.3390/antiox6030065
info:doi/10.1084/jem.20160061
info:doi/10.1136/svn-2016-000012
info:doi/10.1136/svn-2016-000012

mo |y py-GLIA

FUMAGALLI ET AL

Longo, V. D., & Mattson, M. P. (2014). Fasting: Molecular mechanisms and
clinical applications. Cell Metabolism, 19(2), 181-192. doi:10.1016/j.
cmet.2013.12.008.

Lopez-Rodriguez, C., Aramburu, J., Jin, L., Rakeman, A. S., Michino, M., &
Rao, A. (2001). Bridging the NFAT and NF-kappaB families: NFAT5
dimerization regulates cytokine gene transcription in response to
osmotic stress. Immunity, 15(1), 47-58.

Luo, A, Yan, H,, Liang, J., Du, C.,, Zhao, X., Sun, L., & Chen, Y. (2017).
MicroRNA-21 regulates hepatic glucose metabolism by targeting
FOXO1. Gene, 627, 194-201. doi:10.1016/j.gene.2017.06.024.

Luo, Y., He, Q., Kuang, G,, Jiang, Q., & Yang, J. (2014). PPAR-alpha and
PPAR-beta expression changes in the hippocampus of rats undergoing
global cerebral ischemia/reperfusion due to PPAR-gamma status.
Behavioral and Brain Functions, 10(1), 21. doi:10.1186/1744-
9081-10-21.

Ma, F., Xu, S., Liu, X., Zhang, Q., Xu, X, Liu, M,, ... Cao, X. (2011). The
microRNA miR-29 controls innate and adaptive immune responses to
intracellular bacterial infection by targeting interferon-gamma. Nature
Immunology, 12(9), 861-869. doi:10.1038/ni.2073.

Maezawa, |., Jenkins, D. P., Jin, B. E., & Wulff, H. (2012). Microglial KCa3.1
channels as a potential therapeutic target for Alzheimer's disease. Inter-
national Journal of Alzheimer’s Disease, 2012, 868972-868978. doi:
10.1155/2012/868972.

Maezawa, I., & Jin, L. W. (2010). Rett syndrome microglia damage den-
drites and synapses by the elevated release of glutamate. The Journal
of Neuroscience, 30(15), 5346-5356. doi:10.1523/JNEUROSCI.5966-
09.2010.

Maezawa, |., Nguyen, H. M., Di Lucente, J., Jenkins, D. P., Singh, V.,
Hilt, S., .. Jin, L. W. (2018). Kv1.3 inhibition as a potential
microglia-targeted therapy for Alzheimer's disease: Preclinical proof of
concept. Brain, 141(2), 596-612. doi:10.1093/brain/awx346.

Maezawa, I., Zimin, P. I, Wulff, H., & Jin, L. W. (2011). Amyloid-beta pro-
tein oligomer at low nanomolar concentrations activates microglia and
induces microglial neurotoxicity. The Journal of Biological Chemistry,
286(5), 3693-3706. doi:10.1074/jbc.M110.135244.

Maresz, K., Pryce, G., Ponomarev, E. D., Marsicano, G., Croxford, J. L.,
Shriver, L. P., ... Dittel, B. N. (2007). Direct suppression of CNS autoim-
mune inflammation via the cannabinoid receptor CB1 on neurons and
CB2 on autoreactive T cells. Nature Medicine, 13(4), 492-497. doi:
10.1038/nm1561.

Marfia, G., Navone, S. E., Hadi, L. A., Paroni, M., Berno, V., Beretta, M,, ...
Campanella, R. (2016). The adipose mesenchymal stem cell Secretome
inhibits inflammatory responses of microglia: Evidence for an involve-
ment of Sphingosine-1-phosphate Signalling. Stem Cells and Develop-
ment, 25(14), 1095-1107. doi:10.1089/scd.2015.0268.

Massart, J., Sjogren, R. J. O., Lundell, L. S., Mudry, J. M., Franck, N,
O'Gorman, D. J,, ... Krook, A. (2017). Altered miR-29 expression in type
2 diabetes influences glucose and lipid metabolism in skeletal muscle.
Diabetes, 66(7), 1807-1818. doi:10.2337/db17-0141.

Mauerer, R., Walczak, Y., & Langmann, T. (2009). Comprehensive mRNA
profiling of lipid-related genes in microglia and macrophages using tag-
man arrays. Methods in Molecular Biology, 580, 187-201. doi:
10.1007/978-1-60761-325-1_10.

Mead, E. L., Mosley, A., Eaton, S., Dobson, L., Heales, S. J., & Pocock, J. M.
(2012). Microglial neurotransmitter receptors trigger superoxide pro-
duction in microglia; consequences for microglial-neuronal interac-
tions. Journal of Neurochemistry, 121(2), 287-301. doi:
10.1111/j.1471-4159.2012.07659 x.

Mecha, M., Feliu, A. Carrillo-Salinas, F. J, Rueda-Zubiaurre, A,
Ortega-Gutierrez, S., de Sola, R. G., & Guaza, C. (2015). Endocannabi-
noids drive the acquisition of an alternative phenotype in microglia.
Brain, Behavior, and Immunity, 49, 233-245. doi:10.1016/j.bbi.2015.
06.002.

Mecha, M., Feliu, A., Machin, I., Cordero, C., Carrillo-Salinas, F., Mestre, L.,
... Guaza, C. (2018). 2-AG limits Theiler's virus induced acute neuroin-
flammation by modulating microglia and promoting MDSCs. Glia, 66,
1447-1463. doi:10.1002/glia.23317.

Mills, E. L., Kelly, B., Logan, A., Costa, A. S. H., Varma, M., Bryant, C. E,, ...
O'Neill, L. A. (2016). Succinate dehydrogenase supports metabolic
repurposing of mitochondria to drive inflammatory macrophages. Cell,
167(2), 457, e413-470. doi:10.1016/j.cell.2016.08.064.

Mills, E., & O'NEeill, L. A. (2014). Succinate: A metabolic signal in inflamma-
tion. Trends in Cell Biology, 24(5), 313-320. do0i:10.1016/j.
tcb.2013.11.008.

Miron, V. E., Boyd, A., Zhao, J. W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L.,
... Ffrench-Constant, C. (2013). M2 microglia and macrophages drive
oligodendrocyte differentiation during CNS remyelination. Nature Neu-
roscience, 16(9), 1211-1218. doi:10.1038/nn.3469.

Monsalve, F. A., Pyarasani, R. D., Delgado-Lopez, F., & Moore-Carrasco, R.
(2013). Peroxisome proliferator-activated receptor targets for the
treatment of metabolic diseases. Mediators of Inflammation, 2013,
549627-549618. doi:10.1155/2013/549627.

Nadjar, A, Leyrolle, Q., Joffre, C., & Laye, S. (2017). Bioactive lipids as new
class of microglial modulators: When nutrition meets neuroimunology.
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 79(Pt A),
19-26. doi:10.1016/j.pnpbp.2016.07.004.

Nguyen, H. M., Grossinger, E. M., Horiuchi, M., Davis, K. W,, Jin, L. W,,
Maezawa, |., & Wulff, H. (2017). Differential Kv1.3, KCa3.1, and Kir2.1
expression in "classically" and "alternatively" activated microglia. Glia,
65(1), 106-121. doi:10.1002/glia.23078.

Nikolakopoulou, A. M., Dutta, R., Chen, Z., Miller, R. H., & Trapp, B. D.
(2013). Activated microglia enhance neurogenesis via trypsinogen
secretion. Proceedings of the National Academy of Sciences of the United
States of America, 110(21), 8714-8719. doi:10.1073/pnas.
1218856110.

Noda, H., Takeuchi, H., Mizuno, T., & Suzumura, A. (2013). Fingolimod
phosphate promotes the neuroprotective effects of microglia. Journal
of Neuroimmunology, 256(1-2), 13-18. doi:10.1016/j.
jneuroim.2012.12.005.

Nunez, E. Benito, C., Pazos, M. R. Barbachano, A. Fajardo, O,
Gonzalez, S., ... Romero, J. (2004). Cannabinoid CB2 receptors are
expressed by perivascular microglial cells in the human brain: An immu-
nohistochemical study. Synapse, 53(4), 208-213. doi:10.1002/
syn.20050.

Olah, M., Amor, S., Brouwer, N., Vinet, J., Eggen, B., Biber, K, &
Boddeke, H. W. (2012). Identification of a microglia phenotype sup-
portive of remyelination. Glia, 60(2), 306-321. doi:10.1002/glia.21266.

Pais, T. F., Szego, E. M., Marques, O., Miller-Fleming, L., Antas, P,
Guerreiro, P., ... Outeiro, T. F. (2013). The NAD-dependent deacetylase
sirtuin 2 is a suppressor of microglial activation and brain inflammation.
The EMBO Journal, 32(19), 2603-2616. doi:10.1038/emb0oj.2013.200.

Pan, J,, Jin, J. L., Ge, H. M., Yin, K. L., Chen, X, Han, L. J., ... Xu, Y. (2015).
Malibatol A regulates microglia M1/M2 polarization in experimental
stroke in a PPARgamma-dependent manner. Journal of Neuroinflamma-
tion, 12, 51. doi:10.1186/s12974-015-0270-3.

Pandey, S., Srivastava, S. K., & Ramana, K. V. (2012). A potential therapeu-
tic role for aldose reductase inhibitors in the treatment of
endotoxin-related inflammatory diseases. Expert Opinion on Investiga-
tional Drugs, 21(3), 329-339. doi:10.1517/13543784.2012.656198.

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P.,
... Gross, C. T. (2011). Synaptic pruning by microglia is necessary for
normal brain development. Science, 333(6048), 1456-1458. doi:
10.1126/science.1202529.

Parodi, B., Rossi, S., Morando, S., Cordano, C., Bragoni, A., Motta, C,, ...
Uccelli, A. (2015). Fumarates modulate microglia activation through a
novel HCAR2 signaling pathway and rescue synaptic dysregulation in
inflamed CNS. Acta Neuropathologica, 130(2), 279-295. doi:
10.1007/s00401-015-1422-3.

Pena-Altamira, E., Petralla, S., Massenzio, F., Virgili, M., Bolognesi, M. L., &
Monti, B. (2017). Nutritional and pharmacological strategies to regulate
microglial polarization in cognitive aging and Alzheimer's disease. Fron-
tiers in Aging Neuroscience, 9, 175. doi:10.3389/fnagi.2017.00175.

Pepe, G., Calderazzi, G., De Maglie, M., Villa, A. M., & Vegeto, E. (2014).
Heterogeneous induction of microglia M2a phenotype by central
administration of interleukin-4. Journal of Neuroinflammation, 11, 211.
doi:10.1186/512974-014-0211-6.

Peranzoni, E., Marigo, I., Dolcetti, L., Ugel, S., Sonda, N., Taschin, E., ...
Zanovello, P. (2007). Role of arginine metabolism in immunity and
immunopathology. Immunobiology, 212(9-10), 795-812. doi:
10.1016/j.imbio.2007.09.008.

Periyasamy, P., Liao, K., Kook, Y. H., Niu, F., Callen, S. E., Guo, M. L., &
Buch, S. (2018). Cocaine-mediated downregulation of miR-124


info:doi/10.1016/j.cmet.2013.12.008
info:doi/10.1016/j.cmet.2013.12.008
info:doi/10.1016/j.gene.2017.06.024
info:doi/10.1186/1744-9081-10-21
info:doi/10.1186/1744-9081-10-21
info:doi/10.1038/ni.2073
info:doi/10.1155/2012/868972
info:doi/10.1523/JNEUROSCI.5966-09.2010
info:doi/10.1523/JNEUROSCI.5966-09.2010
info:doi/10.1093/brain/awx346
info:doi/10.1074/jbc.M110.135244
info:doi/10.1038/nm1561
info:doi/10.1089/scd.2015.0268
info:doi/10.2337/db17-0141
info:doi/10.1007/978-1-60761-325-1_10
info:doi/10.1111/j.1471-4159.2012.07659.x
info:doi/10.1016/j.bbi.2015.06.002
info:doi/10.1016/j.bbi.2015.06.002
info:doi/10.1002/glia.23317
info:doi/10.1016/j.cell.2016.08.064
info:doi/10.1016/j.tcb.2013.11.008
info:doi/10.1016/j.tcb.2013.11.008
info:doi/10.1038/nn.3469
info:doi/10.1155/2013/549627
info:doi/10.1016/j.pnpbp.2016.07.004
info:doi/10.1002/glia.23078
info:doi/10.1073/pnas.1218856110
info:doi/10.1073/pnas.1218856110
info:doi/10.1016/j.jneuroim.2012.12.005
info:doi/10.1016/j.jneuroim.2012.12.005
info:doi/10.1002/syn.20050
info:doi/10.1002/syn.20050
info:doi/10.1002/glia.21266
info:doi/10.1038/emboj.2013.200
info:doi/10.1186/s12974-015-0270-3
info:doi/10.1517/13543784.2012.656198
info:doi/10.1126/science.1202529
info:doi/10.1007/s00401-015-1422-3
info:doi/10.3389/fnagi.2017.00175
info:doi/10.1186/s12974-014-0211-6
info:doi/10.1016/j.imbio.2007.09.008

FUMAGALLI eT AL.

WI LEYLM

activates microglia by targeting KLF4 and TLR4 signaling. Molecular
Neurobiology, 55(4), 3196-3210. doi:10.1007/s12035-017-0584-5.

Peruzzotti-Jametti, L., Bernstock, J. D., Vicario, N., Costa, A. S. H,,
Kwok, C. K., Leonardi, T., ... Pluchino, S. (2018). Macrophage-derived
extracellular succinate licenses neural stem cells to suppress chronic
Neuroinflammation. Cell Stem Cell, 22(3), 355-368e313. doi:10.1016/j.
stem.2018.01.020.

Petrash, J. M. (2004). All in the family: Aldose reductase and closely related
aldo-keto reductases. Cellular and Molecular Life Sciences, 61(7-8),
737-749. doi:10.1007/s00018-003-3402-3.

Pettit, L. K., Varsanyi, C., Tadros, J., & Vassiliou, E. (2013). Modulating the
inflammatory properties of activated microglia with docosahexaenoic
acid and aspirin. Lipids in Health and Disease, 12, 16. doi:
10.1186/1476-511X-12-16.

Pinto, S., Cunha, C., Barbosa, M., Vaz, A. R., & Brites, D. (2017). Exosomes
from NSC-34 cells transfected with hSOD1-G93A are enriched in
miR-124 and drive alterations in microglia phenotype. Frontiers in Neu-
roscience, 11, 273. doi:10.3389/fnins.2017.00273.

Ponomarev, E. D., Veremeyko, T., Barteneva, N., Krichevsky, A. M., &
Weiner, H. L. (2011). MicroRNA-124 promotes microglia quiescence
and suppresses EAE by deactivating macrophages via the C/-
EBP-alpha-PU.1 pathway. Nature Medicine, 17(1), 64-70. doi:
10.1038/nm.2266.

Ponomarev, E. D., Veremeyko, T., & Weiner, H. L. (2013). MicroRNAs are
universal regulators of differentiation, activation, and polarization of
microglia and macrophages in normal and diseased CNS. Glia, 61(1),
91-103. doi:10.1002/glia.22363.

Prada, ., Gabrielli, M., Turola, E., lorio, A., D'Arrigo, G., Parolisi, R., ...
Verderio, C. (2018). Glia-to-neuron transfer of miRNAs via extracellular
vesicles: A new mechanism underlying inflammation-induced synaptic
alterations. Acta Neuropathologica, 135(4), 529-550. doi:10.1007/
s00401-017-1803-x.

Prins, M., Schul, E., Geurts, J., van der Valk, P., Drukarch, B., & van
Dam, A. M. (2015). Pathological differences between white and grey
matter multiple sclerosis lesions. Annals of the New York Academy of
Sciences, 1351, 99-113. doi:10.1111/nyas.12841.

Prinz, M., & Priller, J. (2014). Microglia and brain macrophages in the
molecular age: From origin to neuropsychiatric disease. Nature Reviews.
Neuroscience, 15(5), 300-312. doi:10.1038/nrn3722.

Qin, C., Fan, W. H,, Liu, Q., Shang, K., Murugan, M., Wu, L. J,, ... Tian, D. S.
(2017). Fingolimod protects against ischemic white matter damage by
modulating microglia toward M2 polarization via STAT3 pathway.
Stroke, 48(12), 3336-3346. doi:10.1161/STROKEAHA.117.018505.

Qiu, Z., Guo, W., Wang, Q., Chen, Z,, Huang, S., Zhao, F., ... He, X. (2015).
MicroRNA-124 reduces the pentose phosphate pathway and prolifera-
tion by targeting PRPS1 and RPIA mRNAs in human colorectal cancer
cells. Gastroenterology, 149(6), 1587-1598e1511. doi:10.1053/j.
gastro.2015.07.050.

Rajeev Nema, Ashok Kumar (2015). Regulation of mitochondrial function
by bioactivesphingolipids. Cell Biology, 3 (2-1), 1-7. doi:10.11648/j.cb.
5.2015030201.11.

Rangaraju, S., Gearing, M., Jin, L. W., & Levey, A. (2015). Potassium chan-
nel Kv1.3 is highly expressed by microglia in human Alzheimer's dis-
ease. Journal of Alzheimer's Disease, 44(3), 797-808. doi:10.3233/
JAD-141704.

Ribeiro Xavier, A. L., Kress, B. T. Goldman, S. A. Lacerda de
Menezes, J. R, & Nedergaard, M. (2015). A distinct population of
microglia supports adult neurogenesis in the subventricular zone. The
Journal of Neuroscience, 35(34), 11848-11861. doi:
10.1523/JNEUROSCI.1217-15.2015.

Rizzi, C., Tiberi, A., Giustizieri, M., Marrone, M. C., Gobbo, F.,
Carucci, N. M,, ... Cattaneo, A. (2018). NGF steers microglia toward a
neuroprotective phenotype. Glia, 66, 1395-1416. doi:10.1002/

glia.23312.
Rosa, M. M., & Dias, T. (2014). Commonly used endocrine drugs. Handbook
of Clinical Neurology, 120, 809-824. doi:

10.1016/B978-0-7020-4087-0.00054-1.

Ruppert, K. A.,, Nguyen, T. T., Prabhakara, K. S., Toledano Furman, N. E.,
Srivastava, A. K., Harting, M. T., ... Olson, S. D. (2018). Human mesen-
chymal stromal cell-derived extracellular vesicles modify microglial

response and improve clinical outcomes in experimental spinal cord
injury. Scientific Reports, 8(1), 480. doi:10.1038/s41598-017-18867-w.

Sachdeva, A. K, & Chopra, K. (2015). Lycopene abrogates Abeta(1-
42)-mediated neuroinflammatory cascade in an experimental model of
Alzheimer's disease. The Journal of Nutritional Biochemistry, 26(7),
736-744. doi:10.1016/j.jnutbio.2015.01.012.

Saferding, V., Puchner, A., Goncalves-Alves, E., Hofmann, M., Bonelli, M.,
Brunner, J. S, ... Bluml, S. (2017). MicroRNA-146a governs fibroblast
activation and joint pathology in arthritis. Journal of Autoimmunity, 82,
74-84. doi:10.1016/j.jaut.2017.05.006.

Saijo, K., Crotti, A., & Glass, C. K. (2013). Regulation of microglia activation
and deactivation by nuclear receptors. Glia, 61(1), 104-111. doi:
10.1002/glia.22423.

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., ... Stevens, B. (2012). Microglia sculpt postnatal neural
circuits in an activity and complement-dependent manner. Neuron,
74(4), 691-705. doi:10.1016/j.neuron.2012.03.026.

Schilling, T., Stock, C., Schwab, A., & Eder, C. (2004). Functional impor-
tance of Ca2+-activated K+ channels for lysophosphatidic
acid-induced microglial migration. The European Journal of Neurosci-
ence, 19(6), 1469-1474. doi:10.1111/j.1460-9568.2004.03265.x.

Schratt, G. (2009). microRNAs at the synapse. Nature Reviews. Neurosci-
ence, 10(12), 842-849. doi:10.1038/nrn2763.

Schulz, C., Gomez Perdiguero, E., Chorro, L. Szabo-Rogers, H.,
Cagnard, N., Kierdorf, K., ... Geissmann, F. (2012). A lineage of myeloid
cells independent of Myb and hematopoietic stem cells. Science,
336(6077), 86-90. doi:10.1126/science.1219179.

Sellner, S., Paricio-Montesinos, R., Spiess, A., Masuch, A, Erny, D.,
Harsan, L. A, ... Blank, T. (2016). Microglial CX3CR1 promotes adult
neurogenesis by inhibiting Sirt 1/pé5 signaling independent of
CX3CL1. Acta Neuropathologica Communications, 4(1), 102. doi:
10.1186/s40478-016-0374-8.

Sharma, N., Verma, R., Kumawat, K. L., Basu, A., & Singh, S. K. (2015).
miR-146a suppresses cellular immune response during Japanese
encephalitis virus JaOArS982 strain infection in human microglial cells.
Journal of Neuroinflammation, 12, 30. doi:10.1186/s12974-
015-0249-0.

Sheedy, F. J. (2015). Turning 21: Induction of miR-21 as a key switch in
the inflammatory response. Frontiers in Immunology, 6, 19. doi:
10.3389/fimmu.2015.00019.

Sheedy, F. J., Palsson-McDermott, E., Hennessy, E. J., Martin, C,
QO'Leary, J. J., Ruan, Q., ... O'Neill, L. A. (2010). Negative regulation of
TLR4 via targeting of the proinflammatory tumor suppressor PDCD4
by the microRNA miR-21. Nature Immunology, 11(2), 141-147. doi:
10.1038/ni.1828.

Shen, Y., Kapfhamer, D., Minnella, A. M., Kim, J. E., Won, S. J,, Chen, Y., ...
Swanson, R. A. (2017). Bioenergetic state regulates innate inflamma-
tory responses through the transcriptional co-repressor CtBP. Nature
Communications, 8(1), 624. doi:10.1038/s41467-017-00707-0.

Sierra, A., Encinas, J. M., Deudero, J. J., Chancey, J. H., Enikolopov, G.,
Overstreet-Wadiche, L. S., ... Maletic-Savatic, M. (2010). Microglia
shape adult hippocampal neurogenesis through apoptosis-coupled
phagocytosis. Cell Stem Cell, 7(4), 483-495. doi:10.1016/j.
stem.2010.08.014.

Song, G. J,, Nam, Y., Jo, M., Jung, M., Koo, J. Y., Cho, W., ... Suk, K. (2016).
A novel small-molecule agonist of PPAR-gamma potentiates an
anti-inflammatory M2 glial phenotype. Neuropharmacology, 109,
159-169. doi:10.1016/j.neuropharm.2016.06.009.

Song, H., Ding, L., Zhang, S., & Wang, W. (2018). MiR-29 family members
interact with SPARC to regulate glucose metabolism. Biochemical and
Biophysical Research Communications, 497(2), 667-674. doi:10.1016/j.
bbrc.2018.02.129.

Song, X. M,, Yu, Q. Dong, X, Yang, H. O., Zeng, K. W,, Li, J., & Tu, P. F.
(2017). Aldose reductase inhibitors attenuate beta-amyloid-induced
TNF-alpha production in microlgia via ROS-PKC-mediated NF-kappaB
and MAPK pathways. International Imnmunopharmacology, 50, 30-37.
doi:10.1016/j.intimp.2017.06.005.

Storer, P. D., Xu, J.,, Chavis, J,, & Drew, P. D. (2005). Peroxisome
proliferator-activated receptor-gamma agonists inhibit the activation
of microglia and astrocytes: Implications for multiple sclerosis. Journal


info:doi/10.1007/s12035-017-0584-5
info:doi/10.1016/j.stem.2018.01.020
info:doi/10.1016/j.stem.2018.01.020
info:doi/10.1007/s00018-003-3402-3
info:doi/10.1186/1476-511X-12-16
info:doi/10.3389/fnins.2017.00273
info:doi/10.1038/nm.2266
info:doi/10.1002/glia.22363
info:doi/10.1007/s00401-017-1803-x
info:doi/10.1007/s00401-017-1803-x
info:doi/10.1111/nyas.12841
info:doi/10.1038/nrn3722
info:doi/10.1161/STROKEAHA.117.018505
info:doi/10.1053/j.gastro.2015.07.050
info:doi/10.1053/j.gastro.2015.07.050
info:doi/10.11648/j.cb.s.2015030201.11
info:doi/10.11648/j.cb.s.2015030201.11
info:doi/10.3233/JAD-141704
info:doi/10.3233/JAD-141704
info:doi/10.1523/JNEUROSCI.1217-15.2015
info:doi/10.1002/glia.23312
info:doi/10.1002/glia.23312
info:doi/10.1016/B978-0-7020-4087-0.00054-1
info:doi/10.1038/s41598-017-18867-w
info:doi/10.1016/j.jnutbio.2015.01.012
info:doi/10.1016/j.jaut.2017.05.006
info:doi/10.1002/glia.22423
info:doi/10.1016/j.neuron.2012.03.026
info:doi/10.1111/j.1460-9568.2004.03265.x
info:doi/10.1038/nrn2763
info:doi/10.1126/science.1219179
info:doi/10.1186/s40478-016-0374-8
info:doi/10.1186/s12974-015-0249-0
info:doi/10.1186/s12974-015-0249-0
info:doi/10.3389/fimmu.2015.00019
info:doi/10.1038/ni.1828
info:doi/10.1038/s41467-017-00707-0
info:doi/10.1016/j.stem.2010.08.014
info:doi/10.1016/j.stem.2010.08.014
info:doi/10.1016/j.neuropharm.2016.06.009
info:doi/10.1016/j.bbrc.2018.02.129
info:doi/10.1016/j.bbrc.2018.02.129
info:doi/10.1016/j.intimp.2017.06.005

me | Wy py-GLIA

FUMAGALLI ET AL

of Neuroimmunology, 161(1-2), 113-122. doi:10.1016/j.
jneuroim.2004.12.015.

Sun, C. M., Wu, J,, Zhang, H., Shi, G., & Chen, Z. T. (2017). Circulating
miR-125a but not miR-125b is decreased in active disease status and
negatively correlates with disease severity as well as inflammatory
cytokines in patients with Crohn's disease. World Journal of Gastroen-
terology, 23(44), 7888-7898. doi:10.3748/wijg.v23.i44.7888.

Sun, Y., Li, Q. Gui, H., Xu, D. P, Yang, Y. L, Su, D. F., & Liu, X. (2013).
MicroRNA-124 mediates the cholinergic anti-inflammatory action
through inhibiting the production of pro-inflammatory cytokines. Cell
Research, 23(11), 1270-1283. doi:10.1038/cr.2013.116.

Sun, Y., Luo, Z. M., Guo, X. M,, Su, D. F., & Liu, X. (2015). An updated role
of microRNA-124 in central nervous system disorders: A review. Fron-
tiers in Cellular Neuroscience, 9, 193. doi:10.3389/fncel.2015.00193.

Suzuki, Y., Kim, H. W.,, Ashraf, M., & Haider, H. K. (2010). Diazoxide poten-
tiates mesenchymal stem cell survival via NF-kappaB-dependent
miR-146a expression by targeting Fas. American Journal of Physiology.
Heart and Circulatory Physiology, 299(4), H1077-H1082. doi:
10.1152/ajpheart.00212.2010.

Svahn, A. J., Giacomotto, J., Graeber, M. B., Rinkwitz, S., & Becker, T. S.
(2016). miR-124 contributes to the functional maturity of microglia.
Developmental Neurobiology, 76(5), 507-518. doi:
10.1002/dneu.22328.

Szalay, G., Martinecz, B., Lenart, N., Kornyei, Z., Orsolits, B., Judak, L., ...
Denes, A. (2016). Microglia protect against brain injury and their selec-
tive elimination dysregulates neuronal network activity after stroke.
Nature Communications, 7, 11499. doi:10.1038/ncomms11499.

Szanto, A., Balint, B. L., Nagy, Z. S., Barta, E., Dezso, B., Pap, A,, ... Nagy, L.
(2010). STAT6 transcription factor is a facilitator of the nuclear recep-
tor PPARgamma-regulated gene expression in macrophages and den-
dritic cells. Immunity, 33(5), 699-712. doi:10.1016/j.immuni.2010.
11.009.

Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson-McDermott, E. M.,
McGettrick, A. F., Goel, G., ... O'Neill, L. A. (2013). Succinate is an
inflammatory signal that induces IL-1beta through HIF-1alpha. Nature,
496(7444), 238-242. doi:10.1038/nature11986.

Tannahill, G. M,, Iraci, N., Gaude, E., Frezza, C., & Pluchino, S. (2015). Meta-
bolic reprograming of mononuclear phagocytes in progressive multiple
sclerosis. Frontiers in Immunology, 6, 106. doi:10.3389/fimmu.2015.
00106.

Tao, L, Li, D,, Liu, H., Jiang, F., Xu, Y., Cao, Y., ... Chen, G. (2018). Neuro-
protective effects of metformin on traumatic brain injury in rats associ-
ated with NF-kappaB and MAPK signaling pathway. Brain Research
Bulletin, 140, 154-161. doi:10.1016/j.brainresbull.2018.04.008.

Thounaojam, M. C., Kaushik, D. K, Kundu, K, & Basu, A. (2014).
MicroRNA-29b modulates Japanese encephalitis virus-induced micro-
glia activation by targeting tumor necrosis factor alpha-induced protein
3. Journal of Neurochemistry, 129(1), 143-154. doi:10.1111/jnc.12609.

Tremblay, M. E., Stevens, B., Sierra, A, Wake, H., Bessis, A, &
Nimmerjahn, A. (2011). The role of microglia in the healthy brain. The
Journal of Neuroscience, 31(45), 16064-16069. doi:10.1523/
JNEUROSCI.4158-11.2011.

Turola, E., Furlan, R., Bianco, F., Matteoli, M., & Verderio, C. (2012). Micro-
glial microvesicle secretion and intercellular signaling. Frontiers in Physi-
ology, 3, 149. doi:10.3389/fphys.2012.00149.

Ulland, T. K., Song, W. M., Huang, S. C., Ulrich, J. D., Sergushichev, A,
Beatty, W. L., ... Colonna, M. (2017). TREM2 maintains microglial meta-
bolic fitness in Alzheimer's disease. Cell, 170(4), 649-663e13. doi:
10.1016/j.cell.2017.07.023.

Ulrich, J. D., Finn, M. B., Wang, Y., Shen, A., Mahan, T. E., Jiang, H., ...
Holtzman, D. M. (2014). Altered microglial response to Abeta plaques
in APPPS1-21 mice heterozygous for TREM2. Molecular Neurodegen-
eration, 9, 20. doi:10.1186/1750-1326-9-20.

Varol, D., Mildner, A, Blank, T., Shemer, A., Barashi, N, Yona, S., ... Jung, S.
(2017). Dicer deficiency differentially impacts microglia of the develop-
ing and adult brain. Immunity, 46(6), 1030, e1038-1044. doi:10.1016/j.
immuni.2017.05.003.

Wang, Y. Cella, M. Mallinson, K. Ulrich, J. D. Young, K. L,
Robinette, M. L., ... Colonna, M. (2015). TREM2 lipid sensing sustains
the microglial response in an Alzheimer's disease model. Cell, 160(6),
1061-1071. doi:10.1016/j.cell.2015.01.049.

Wang, Y., Ulland, T. K., Ulrich, J. D., Song, W., Tzaferis, J. A,, Hole, J. T,, ...
Colonna, M. (2016). TREM2-mediated early microglial response limits
diffusion and toxicity of amyloid plaques. The Journal of Experimental
Medicine, 213(5), 667-675. doi:10.1084/jem.20151948.

Wang, Z., Liu, D., Wang, F,, Liu, S., Zhao, S., Ling, E. A., & Hao, A. (2012).
Saturated fatty acids activate microglia via toll-like receptor 4/
NF-kappaB signalling. The British Journal of Nutrition, 107(2), 229-241.
doi:10.1017/50007114511002868.

Willson, T. M., Lambert, M. H., & Kliewer, S. A. (2001). Peroxisome
proliferator-activated receptor gamma and metabolic disease. Annual
Review of Biochemistry, 70, 341-367. doi:10.1146/annurev.
biochem.70.1.341.

Wolf, S. A., Boddeke, H. W., & Kettenmann, H. (2017). Microglia in physi-
ology and disease. Annual Review of Physiology, 79, 619-643. doi:
10.1146/annurev-physiol-022516-034406.

Wu, Q., Li, J. V., Seyfried, F., le Roux, C. W., Ashrafian, H., Athanasiou, T,
... Gooderham, N. J. (2015). Metabolic phenotype-microRNA data
fusion analysis of the systemic consequences of roux-en-Y gastric
bypass surgery. International Journal of Obesity, 39(7), 1126-1134. doi:
10.1038/ijo.2015.33.

Xiao, C., & Rajewsky, K. (2009). MicroRNA control in the immune system:
Basic principles. Cell, 136(1), 26-36. doi:10.1016/j.cell.2008.12.027.
Xie, W., Li, M., Xu, N., Lv, Q, Huang, N., He, J., & Zhang, Y. (2013).
MiR-181a regulates inflammation responses in monocytes and macro-

phages. PLoS One, 8(3), €58639. doi:10.1371/journal.pone.0058639.

Xue, J., Schmidt, S. V., Sander, J., Draffehn, A., Krebs, W., Quester, I, ...
Schultze, J. L. (2014). Transcriptome-based network analysis reveals a
spectrum model of human macrophage activation. Immunity, 40(2),
274-288. doi:10.1016/j.immuni.2014.01.006.

Yamanaka, M., Ishikawa, T., Griep, A, Axt, D., Kummer, M. P, &
Heneka, M. T. (2012). PPARgamma/RXRalpha-induced and
CD36-mediated microglial amyloid-beta phagocytosis results in cogni-
tive improvement in amyloid precursor protein/presenilin 1 mice. The
Journal of Neuroscience, 32(48), 17321-17331. doi:10.1523/JNEUROSCI.
1569-12.2012.

Yamasaki, R., Lu, H., Butovsky, O., Ohno, N., Rietsch, A. M,, Cialic, R,, ...
Ransohoff, R. M. (2014). Differential roles of microglia and monocytes
in the inflamed central nervous system. The Journal of Experimental
Medicine, 211(8), 1533-1549. doi:10.1084/jem.20132477.

Ying, W., Tseng, A., Chang, R. C., Morin, A., Brehm, T., Triff, K., ... Zhou, B.
(2015). MicroRNA-223 is a crucial mediator of PPARgamma-regulated
alternative macrophage activation. The Journal of Clinical Investigation,
125(11), 4149-4159. doi:10.1172/JCI81656.

Yu, A, Zhang, T., Duan, H., Pan, Y., Zhang, X, Yang, G, ... Yang, Z. (2017).
MiR-124 contributes to M2 polarization of microglia and confers brain
inflammatory protection via the C/EBP-alpha pathway in intracerebral
hemorrhage. Immunology Letters, 182, 1-11. doi:10.1016/j.
imlet.2016.12.003.

Yu, J., & Auwerx, J. (2009). The role of sirtuins in the control of metabolic
homeostasis. Annals of the New York Academy of Sciences, 1173(Suppl
1), E10-E19. d0i:10.1111/j.1749-6632.2009.04952 x.

Yu, Z., Sun, D., Feng, J., Tan, W., Fang, X., Zhao, M,, ... He, C. (2015). MSX3
switches microglia polarization and protects from inflammation-
induced demyelination. The Journal of Neuroscience, 35(16),
6350-6365. doi:10.1523/JNEUROSCI.2468-14.2015.

Yuan, P., Condello, C., Keene, C. D., Wang, Y., Bird, T. D., Paul, S. M,, ...
Grutzendler, J. (2016). TREM2 Haplodeficiency in mice and humans
impairs the microglia barrier function leading to decreased amyloid
compaction and severe axonal dystrophy. Neuron, 90(4), 724-739. doi:
10.1016/j.neuron.2016.05.003.

Zanier, E. R, Pischiutta, F., Riganti, L., Marchesi, F., Turola, E., Fumagalli, S.,

. De Simoni, M. G. (2014). Bone marrow mesenchymal stromal cells
drive protective M2 microglia polarization after brain trauma. Neu-
rotherapeutics, 11(3), 679-695. doi:10.1007/s13311-014-0277-y.

Zendedel, A., Habib, P., Dang, J., Lammerding, L., Hoffmann, S,
Beyer, C., & Slowik, A. (2015). Omega-3 polyunsaturated fatty acids
ameliorate neuroinflammation and mitigate ischemic stroke damage
through interactions with astrocytes and microglia. Journal of Neuroim-
munology, 278, 200-211. doi:10.1016/j.jneuroim.2014.11.007.

Zeng, K. W, Li, J., Dong, X, Wang, Y. H., Ma, Z. Z, Jiang, Y., ... Tu, P. F.
(2013). Anti-neuroinflammatory efficacy of the aldose reductase


info:doi/10.1016/j.jneuroim.2004.12.015
info:doi/10.1016/j.jneuroim.2004.12.015
info:doi/10.3748/wjg.v23.i44.7888
info:doi/10.1038/cr.2013.116
info:doi/10.3389/fncel.2015.00193
info:doi/10.1152/ajpheart.00212.2010
info:doi/10.1002/dneu.22328
info:doi/10.1038/ncomms11499
info:doi/10.1016/j.immuni.2010.11.009
info:doi/10.1016/j.immuni.2010.11.009
info:doi/10.1038/nature11986
info:doi/10.3389/fimmu.2015.00106
info:doi/10.3389/fimmu.2015.00106
info:doi/10.1016/j.brainresbull.2018.04.008
info:doi/10.1111/jnc.12609
info:doi/10.1523/JNEUROSCI.4158-11.2011
info:doi/10.1523/JNEUROSCI.4158-11.2011
info:doi/10.3389/fphys.2012.00149
info:doi/10.1016/j.cell.2017.07.023
info:doi/10.1186/1750-1326-9-20
info:doi/10.1016/j.immuni.2017.05.003
info:doi/10.1016/j.immuni.2017.05.003
info:doi/10.1016/j.cell.2015.01.049
info:doi/10.1084/jem.20151948
info:doi/10.1017/S0007114511002868
info:doi/10.1146/annurev.biochem.70.1.341
info:doi/10.1146/annurev.biochem.70.1.341
info:doi/10.1146/annurev-physiol-022516-034406
info:doi/10.1038/ijo.2015.33
info:doi/10.1016/j.cell.2008.12.027
info:doi/10.1371/journal.pone.0058639
info:doi/10.1016/j.immuni.2014.01.006
info:doi/10.1523/JNEUROSCI.1569-12.2012
info:doi/10.1523/JNEUROSCI.1569-12.2012
info:doi/10.1084/jem.20132477
info:doi/10.1172/JCI81656
info:doi/10.1016/j.imlet.2016.12.003
info:doi/10.1016/j.imlet.2016.12.003
info:doi/10.1111/j.1749-6632.2009.04952.x
info:doi/10.1523/JNEUROSCI.2468-14.2015
info:doi/10.1016/j.neuron.2016.05.003
info:doi/10.1007/s13311-014-0277-y
info:doi/10.1016/j.jneuroim.2014.11.007

FUMAGALLI eT AL.

WI LEY—LII4 ,

inhibitor FMHM via phospholipase C/protein kinase C-dependent
NF-kappaB and MAPK pathways. Toxicology and Applied Pharmacology,
273(1), 159-171. doi:10.1016/j.taap.2013.08.028.

Zhang, L., Dong, L. Y., Li, Y. J., Hong, Z., & Wei, W. S. (2012). miR-21
represses FasL in microglia and protects against microglia-mediated
neuronal cell death following hypoxia/ischemia. Glia, 60(12),
1888-1895. doi:10.1002/glia.22404.

Zhang, L. X,, Yin, Y. M., Zhang, Z. Q., & Deng, L. X. (2015). Grafted bone
marrow stromal cells: A contributor to glial repair after spinal cord
injury. The Neuroscientist, 21(3), 277-289. doi:10.1177/107385841
4532171.

Zhang, P., Iwasaki-Arai, J., lwasaki, H., Fenyus, M. L., Dayaram, T.,
Owens, B. M, ... Tenen, D. G. (2004). Enhancement of hematopoietic
stem cell repopulating capacity and self-renewal in the absence of the
transcription factor C/EBP alpha. Immunity, 21(6), 853-863. doi:
10.1016/j.immuni.2004.11.006.

Zhang, Q., Bian, G., Chen, P,, Liu, L., Yu, C,, Liu, F,, ... Wang, J. (2016).
Aldose reductase regulates microglia/macrophages polarization
through the cAMP response element-binding protein after spinal cord
injury in mice. Molecular Neurobiology, 53(1), 662-676. doi:
10.1007/s12035-014-9035-8.

Zhao, D., Kwon, S. H., Chun, Y. S,, Gu, M. Y., & Yang, H. O. (2017).
Anti-Neuroinflammatory effects of Fucoxanthin via inhibition of Akt/
NF-kappaB and MAPKs/AP-1 pathways and activation of PKA/CREB

pathway in lipopolysaccharide-activated BV-2 microglial cells. Neuro-
chemical Research, 42(2), 667-677. doi:10.1007/s11064-016-2123-6.

Zhao, Q., Wu, X, Yan, S., Xie, X,, Fan, Y., Zhang, J., ... You, Z. (2016). The
antidepressant-like effects of pioglitazone in a chronic mild stress
mouse model are associated with PPARgamma-mediated alteration of
microglial activation phenotypes. Journal of Neuroinflammation, 13(1),
259. doi:10.1186/s12974-016-0728-y.

Zhou, T., Meng, X., Che, H., Shen, N., Xiao, D., Song, X., ... Wang, L. (2016).
Regulation of insulin resistance by multiple MiRNAs via targeting the
GLUT4 Signalling pathway. Cellular Physiology and Biochemistry, 38(5),
2063-2078. doi:10.1159/000445565.

Zhuang, G., Meng, C., Guo, X., Cheruku, P. S., Shi, L., Xu, H., ... Zhou, B.
(2012). A novel regulator of macrophage activation: miR-223 in
obesity-associated adipose tissue inflammation. Circulation, 125(23),
2892-2903. doi:10.1161/CIRCULATIONAHA.111.087817.

How to cite this article: Fumagalli M, Lombardi M,
Gressens P, Verderio C. How to reprogram microglia toward
beneficial functions. Glia. 2018;66:2531-2549. https://doi.
org/10.1002/glia.23484



info:doi/10.1016/j.taap.2013.08.028
info:doi/10.1002/glia.22404
info:doi/10.1177/1073858414532171
info:doi/10.1177/1073858414532171
info:doi/10.1016/j.immuni.2004.11.006
info:doi/10.1007/s12035-014-9035-8
info:doi/10.1007/s11064-016-2123-6
info:doi/10.1186/s12974-016-0728-y
info:doi/10.1159/000445565
info:doi/10.1161/CIRCULATIONAHA.111.087817
https://doi.org/10.1002/glia.23484
https://doi.org/10.1002/glia.23484

	 How to reprogram microglia toward beneficial functions
	1  INTRODUCTION
	2  RECEPTOR AND CHANNELS PROMOTING ANTI-INFLAMMATORY MICROGLIA FUNCTION
	2.1  Histamine and other neurotransmitter receptors
	2.2  Neuropeptide/growth factor receptors
	2.3  Receptors of endogenous immune signals
	2.4  Triggering receptor expressed on myeloid cells-2
	2.5  Potassium channels
	2.6  Nuclear PPARs-γ

	3  MOLECULAR MECHANISMS LINKING RECEPTOR/CHANNEL ACTIVATION TO THE BIOENERGETIC STATE OF MICROGLIA
	4  ALIMENTARY COMPONENTS DRIVING PRO-REGENERATIVE MICROGLIA FUNCTION THROUGH METABOLIC REMODELING
	5  MicroRNAs PROMOTING PRO-REGENERATIVE MICROGLIA PHENOTYPE AND THEIR POTENTIAL LINK WITH ENERGY METABOLISM
	6  AN ATTRACTIVE CELL THERAPY APPROACH TO REDIRECT MICROGLIA TOWARD BENEFICIAL FUNCTIONS: INVOLVEMENT OF ENERGY METABOLISM
	7  METABOLIC DRUGS AND MOLECULAR PATHWAYS WHICH MAY BE EXPLOITED TO DRIVE MICROGLIA INTO A NEURO-SUPPORTIVE PHENOTYPE
	8  CONCLUSIONS
	8  Acknowledgments
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  REFERENCES




