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1 Introduction

1.1 Epidemiology of stroke

Stroke is one of the most devastating and fatal diseases worldwide (Feigin et al. 2016; Feigin et

al. 2021; Katan and Luft 2018; Kim et al. 2020; Owolabi et al. 2021). According to the Global

Burden of Disease, stroke is currently the second leading cause of death (11.6% of total

deaths) and the major cause of disability (5.7% of total disability-adjusted life expectancy) in

the world (Feigin et al. 2016; Feigin et al. 2021). Globally, there are 12.2 million cases of

stroke and 6.55 million stroke deaths each year (Feigin et al. 2016). Approximately 3 - 4% of

total health care expenditures in western countries are spent on stroke (Struijs et al. 2006).

Although the age-standardized mortality rate for stroke has declined sharply over the past

decades, the age-standardized incidence rate has declined much less, suggesting that stroke

prevention efforts still need to be improved (Kim et al. 2020; Owolabi et al. 2021).

Stroke is a condition in which patients experience symptoms and incapacity due to a lack of

blood supply of a specific brain region. There are two major types of stroke: ischemic and

hemorrhagic. Among them, ischemic stroke can be further divided into thrombotic, embolic,

and systemic hypoperfusion; thrombotic and embolic together account for about 85% of all

ischemic strokes (Hisham et al. 2013). The current optimal treatment for acute ischemic stroke

includes intravenous recombinant tissue plasminogen activator (rtPA) and endovascular

thrombectomy for large vessel occlusion to improve clinical outcomes (Catanese et al. 2017;

Ciccone et al. 2013; Herpich and Rincon 2020). However, due to the limited therapeutic window

following the ischemic stroke (4 to 6 hours after stroke) and the risk of hemorrhage in the long

run, only a limited number of patients receive thrombolytic therapy or endovascular treatment

(Catanese et al. 2017; Furie et al. 2011; Herpich and Rincon 2020; Starke et al. 2016).

Nevertheless, with the development of translational medicine in recent years, new therapeutic

approaches such as stem cell transplantation and extracellular vesicles (EVs) therapy have

provided new perspectives for the treatment of ischemic stroke (Doeppner et al. 2017;

Kuang et al. 2020; Zhang et al. 2021a; Zhang et al. 2021b).

1.2 Pathology of ischemic stroke

Extensive research has been conducted on the mechanisms of ischemic stroke and subsequent

cell death (Datta et al. 2020; Fricker et al. 2018; Sekerdag et al. 2018). Brain tissue has relatively

high oxygen and glucose consumption and is almost entirely dependent on oxidative
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phosphorylation for energy production (Dirnagl et al. 1999). The hypoxic state induces ATP

deprivation in the damaged tissue within minutes when the blood supply is interrupted and

decreased to less than 20% (Michiels 2004). The area of ischemia becomes severely

compromised when focal blockage of cerebral blood flow limits substrate delivery, particularly

oxygen and glucose, and impairs the energetics required to maintain ionic gradients (Dirnagl et

al. 1999). When neuronal blood supply is diminished due to an ischemic event, a considerable

loss in oxygen supply induces oxidative phosphorylation and ATP synthesis to fail, leading to

reduced ATP production in the core region of ischemia (Ide and Secher 2000; Lipton 1999;

Michiels 2004). The decrease in ATP synthesis causes malfunction of the Na+/K pump and+

the plasma membrane Ca2+/ATP pump, resulting in plasma membrane depolarization and

glutamate release at the cellular level. Glutamate receptors, such as the N-methyl-d-aspartate

receptor (NMDAR), are activated by increased glutamate levels in the extracellular environment

(Bano and Nicotera 2007; Brustovetsky et al. 2010; Siesjö et al. 1989). Ca2+ can freely pass

through the cell membrane upon NMDAR activation, resulting in an increase of intracellular

Ca2+ levels (Newcomer et al. 2000). Furthermore, during ischemia, K

extracellular space due to ATP deficiency, whereas intracellular calcium efflux is blocked

(impaired plasma membrane-associated Ca2+/ATPase and Na /Ca2+ exchanger), culminating in

a dramatic increase in intracellular calcium concentration (Caplan and Biller 2000). Additionally,

excess Ca2+ activates calpain in postsynaptic neurons via NMDAR, inhibiting Na /Ca2+X3

+ is released into the

+

+

receptors in the process (Brustovetsky et al. 2010; Wendt et al. 2004). Finally, numerous calcium-

dependent proteases, lipases, and DNases can be activated as a consequence of the Ca2+-over-

accumulation and calpain activation, leading to proteolytic hydrolysis of cytoplasmic substrates

and ischemia core excitatory cell death (Bano and Nicotera 2007; Brustovetsky et al. 2010).

Many cell death pathways are involved, such as apoptosis, necrosis, necroptosis, ferroptosis,

autophagy, oncosis, and phagoptosis (Datta et al. 2020; Khoshnam et al. 2017; Sekerdag et al.

2018).

Ischemia causes significant cell death in the ischemic core after a stroke, although the cell death

processes in the ischemic core and ischemic penumbra are different (Puig et al. 2018). The

ischemic penumbra indicates regions where cells are metabolically active but not electrically

active (Vandenabeele et al. 2010). Within a few hours, these neurons acquire noxious signals

from dead cells surrounding the ischemic core, leading to cell death within a few days

(Broughton et al. 2009). Cellular necrosis is one of the major causes of cell death, characterized

by the tumescence and destruction of organelles, leading to cell death and the breakage of the

plasma membrane (Fink et al. 2005). Necrosis is a non-programmed cell death pathway triggered

primarily by a considerable reduction in ATP due to insufficient perfusion. ATP maintains the
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neuronal membrane potential via Na+/K+ ATPase pump, but in ischemia, Na +/K+ pump

function is disrupted, and Na accumulates intracellularly, resulting in the formation of cellular+

edema. Ongoing edema formation eventually creates swelling within the cell, enclosing the

organelles (Edinger and Thompson 2004). Ultimately, the cells rupture and the contents of the

cells spread to the surrounding extracellular areas, triggering an inflammatory response (Edinger

and Thompson 2004; Kroemer et al. 2009). On the other hand, necrosis was previously believed

to be an uncontrolled and unprogrammed method of cell death, however, new research has

demonstrated that necrosis occurs and processes exist within a highly regulated pathway

(Golstein and Kroemer 2007). This regulated form of necrosis is referred to as necroptosis (Jun-

Long et al. 2018; Liu et al. 2018; Vandenabeele et al. 2010).

Numerous studies have shown that inflammation plays a key role in the pathophysiology of

ischemic stroke and affects the long-term prognosis of ischemia (Anrather and Iadecola 2016;

Chamorro and Hallenbeck 2006; Jin et al. 2013; McColl et al. 2009; Shi et al. 2019). After

cerebral ischemia, the inflammatory response is caused by multiple factors (Iadecola and

Anrather 2011; Jayaraj et al. 2019; Levard et al. 2021). Brain injury after ischemic stroke leads to

brain necrosis and apoptosis, which promotes ROS formation, exacerbates the release of

multiple cytokines in damaged brain tissue and peripheral blood, and activates inflammatory

cells to drive the inflammatory response (Amantea et al. 2009; Wu et al. 2020). Furthermore,

the inflammatory process involves several different cell types (e.g., microglia, astrocytes,

lymphocytes), inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, IFN-γ) and anti-inflammatory

cytokines (e.g., TGF-β, IL-10, IL-4), as well as cell receptors (e.g., toll-like receptors (TLRs))

(Chamorro and Hallenbeck 2006; Iadecola and Anrather 2011; Jin et al. 2013; Maida et al. 2020).

In addition, ROS and inflammatory factors in infarct lesions induce the expression of pro-

inflammatory genes and upregulate inflammation-related cellular signaling pathways such as

TLR4/NF-κB, MAPK and JAK/STAT (Dong et al. 2019; Nazarinia et al. 2021; Satriotomo et

al. 2006; Yi et al. 2007).

After brain damage, microglia activation and recruitment mediate the early inflammatory

response (Hu et al. 2012; Qin et al. 2019). Microglia are macrophages residing in the brain,

which are highly activated after brain injury (Hoehn et al. 2005). Inhibition of microglia

activation can reduce post-ischemic injury (Qin et al. 2019; Zhang et al. 2021). Ischemia

activates microglia, transforming them into phagocytes that secrete numerous cytotoxic or

cytoprotective components. In response to ischemia, activated microglia secrete pro-

inflammatory cytokines such as TNF-α, IL-1β, IL-6, and cytotoxic factors such as upregulated

prostaglandins, ROS and NO (Jin et al. 2010; Mrak and Griffin 2005). Although the initial
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purpose of microglia activation is neuronal protection for the brain, excessive microglial

activation can result in a detrimental inflammatory response and exacerbate neuronal death

(Fernandes et al. 2014; Hu et al. 2012; Zhang et al. 2021).

1.3 Microglia and ischemic stroke

Microglia are resident immune cells in the brain that are activated after stroke and are involved

in the acute, chronic and recovery phases of ischemic stroke, exerting multiple beneficial or

harmful effects (Jiang et al. 2020; Li et al. 2017; Qin et al. 2019). After ischemic injury,

microglia are rapidly activated and migrate towards the injured area. Interestingly, Microglia can

display multiple phenotypes depending on stimulus, environment, and period, a phenomenon

known as microglia polarization (Hu et al. 2012; Kanazawa et al. 2017). Microglia can either

exacerbate cellular damage by secreting inflammatory cytokines and cytotoxic substances or

promote tissue repair and regeneration by phagocytosing myelin and dead cell debris and

producing anti-inflammatory cytokines and growth factors (Ma et al. 2017; Xiong et al. 2016).

Microglia polarization is classified into classical activation pro-inflammatory phenotype and

alternate activation anti-inflammatory phenotype according to the harmful pro-inflammatory

signals or beneficial anti-inflammatory signals released by activated microglia (Hu et al. 2012;

Kanazawa et al. 2017). However, the role and the dynamic changes of microglial phenotype

after ischemic stroke remain controversial.

After stroke, disruption of homeostasis in the brain leads to activation of microglia, which is

manifested by changes in cell morphology and upregulation of several cell surface markers

(Ransohoff and Perry 2009). Post-ischemic inflammation is initiated along with reactive

oxygen species (ROS), upregulation of autophagy, glycolysis, and several other factors that

activate M1-like microglia (Amantea et al. 2009). Thereafter, this microglia produce pro-

inflammatory mediators, including TNF-α, IL-1β, IFN-c, IL-6, inducible nitric oxide synthase

(iNOS) and protein hydrolase (MMP9, MMP3), which further upregulate inflammation levels

(Yenari et al. 2010). In contrast, M2-like microglia are characterized as pro-angiogenic and anti-

inflammatory, producing IL-10, transforming growth factor β (TGF-β), and vascular endothelial

growth factor (VEGF) (Ponomarev et al. 2013). In fact, this binary classification is a

simplification, and there are multiple intermediate phenotypes of microglia such as M2a, M2b,

and M2c (Chhor et al. 2013; Colton 2009).

In addition, it was shown that the polarization phenotype of microglia correlates with the time

phase after infarction. In the MCAO model, expression levels of pro-inflammatory cytokines

were observed to increase from 12 hour, reaching a peak on day 14, followed by a continuous
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decrease until 28 days after MCAO (Huang et al. 2017; Zhu et al. 2019). Another previous

study reached similar conclusions and found that CD16 expression levels were significantly

increased from day 3 and remained elevated in the cortex and striatum at the inner border of

the infarct until day 14 (Hu et al. 2012). These results were also verified in the bilateral

common carotid artery ligation (BCCA) and the photothrombosis (PT) stroke model (Shang et

al. 2020). In addition, many inflammatory factors, such as TNF-α, IL-1β, and IL-6, remain highly

expressed in the ischemic region 2-3 weeks after stroke (Yang et al. 2018; Zong et al. 2020).

Based on these studies, it seems that microglia in the acute phase of the ischemic stroke may be

dominated by a proinflammatory state.

Activation of anti-inflammatory microglia can alter stroke prognosis and is advantageous in

mice ischemic stroke model (Cherry et al. 2014; Li et al. 2021). In the MCAO model (Hu et al.

2012), mRNA expression levels of cytokines produced by M2-like microglia, including Arg1,

Ym1/2, CCL22, IL-10, and TGF-β, were elevated at 1 - 3 days after MCAO, and with a

peakat 3 - 5 days after ischemic injury. After 5-7 days of MCAO, the expression levels of most

genes in microglia began to decrease and at 14 days, returned to pre-injury levels in the ischemic

region (Hu et al. 2012). In addition, there was a similar trend in the number of CD206+ cells

(Hu et al. 2012). Specific anti-inflammatory cytokines were also observed to be highly

expressed on days 14 and 21 after stroke (Shang et al. 2020; Zong et al. 2020). These studies

have shown that the anti-inflammatory phenotype is the predominant phenotype during the

first seven days after an ischemic stroke, ultimately promoting neuronal survival after OGD (Hu

et al. 2012). Based on these alterations in the expression levels of inflammatory-related

markers, the following hypothesis can be drawn: microglia are activated after an ischemic

stroke, and the phenotype expression pattern changes dynamically after injury, with a

beneficial anti-inflammatory phenotype during the hyperacute phase, followed by a

transition to a deleterious pro- inflammatory phenotype. Modulation of the phenotype

conversion of microglia therefor may be an important approach for the treatment of ischemic

stroke. Recent research indicated that microglial phenotype seems to coincide with the dynamic

of the altered energy metabolism and lipid metabolism in microglia (Desale and Chinnathambi

2020; Holland et al. 2018; Nielsen et al. 2016), suggesting that lipid metabolism in microglia

may also be one of the key factors regulating phenotypic and inflammatory expression.

1.4 Lipid droplets biogenesis

Lipid droplets (LDs), also known as lipid bodies (LBs), are intracellular storage organelles for

lipids and energy present in the vast majority of cells in animals and plants, including
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microorganisms (Beller et al. 2010; Bozza et al. 2007; Farese Jr and Walther 2009). In most

mammalian cells, LDs are spherical organelles with a unique structure and consist of a core of

neutral lipids, mainly triglycerides (TG) and cholesterol esters (Beckman 2006; Murphy and

Vance 1999). Their cores are surrounded by a single layer of phospholipids and associated

proteins and range in size from 0.1-2 μm, except adipocytes (up to 150 μm) (Ohsaki et al. 2009;

Thiele and Spandl 2008; Walther et al. 2009). Historically, LDs were thought to be static

aggregates of neutral lipids, largely associated with lipid storage. This view has changed

dramatically in recent years, and LDs are now considered dynamic and functionally active

organelles involved in various functions such as lipid metabolism, cell signaling, and

inflammation (Martin and Parton 2006).

There are multiple sources of fatty acids required for LD formation: when fatty acids

transported through the extracellular space for example by association to albumin and

lipoproteins enter the cell, lipoprotein lipase releases them from triacylglycerols in lipoproteins

and they enter the cell by passive diffusion facilitated via fatty acid transport proteins or fatty

acid translocases (Ehehalt et al. 2006; Guo et al. 2009). Fatty acids can also be de novo

synthesized from carbohydrates in various cell types (Walther et al. 2009). Fatty acids enter the

bioactive pool by binding to coenzyme A and form fatty acid-coenzyme A. Lipoyl coenzyme A

generates diacylglycerol from glycerolipid synthase within the endoplasmic reticulum (ER).

Diacylglycerols are eventually converted to neutral lipids (triacylglycerols) by DGATase or enter

the phospholipid synthesis pathway (Murphy and Vance 1999; Ohsaki et al. 2009; Thiele and

Spandl 2008; Walther et al. 2009). Unlike fatty acids, sterols enter the cell mainly through

endocytosis and lysosomal degradation of lipoproteins. Most cells can also synthesize sterols.

In the ER, excess sterols are converted to sterol esters by binding to fatty acyl-coenzyme A.

Then, neutral lipids are synthesized in the ER as LDs (Ohsaki et al. 2009). Thereafter

cytoplasmic LDs can further increase in size by local lipid synthesis (Kuerschner et al. 2008) or

by LDs fusion (Olofsson et al. 2009). Stored lipids are mobilized through the activity of specific

lipases and other metabolic enzymes depending on the cellular demand for energy. Therefore,

these studies suggest that both anabolism and catabolism of lipids occur in LDs; thus, LDs play

a key role in lipid metabolism. (Beller et al. 2010; Farese Jr and Walther 2009; Martin and Parton

2006; Melo et al. 2011).

The proteins of LDs are also important components and play a dynamic functional role

(Bersuker et al. 2017; Bickel et al. 2009; Melo et al. 2011; Robenek et al. 2009). However, how

these proteins are synthesized and transferred to LDs is still controversial. First, one possible

pathway is that the proteins may use long membrane-embedded domains that enter and exit the
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membrane on the same side of the lipid monolayer (Robenek et al. 2009). The caveolin of the

LDs plasma membrane (Martin and Parton 2006) and the lipid synthase DGAT2 are

synthesized in this manner (Kuerschner et al. 2008). Second, proteins may bind to the surface

of LDs as peripheral membrane proteins by embedding amphipathic helices. These proteins of

LDs have been extensively studied and play multiple roles in immune responses, inflammation

and tumors (Lin et al. 2019; Luis et al. 2021; Mardani et al. 2019; Marschallinger et al. 2020;

Zheng et al. 2017). The biogenesis and structure of lipid droplets are shown in Figure 1.

Figure 1. Lipid droplet biogenesis. Lipid droplets (LDs) are spherical organelles with a unique structure
consisting of a core of neutral lipids, mainly triglycerides (TG) and cholesteryl esters. Their core is surrounded

by a monolayer of phospholipids and associated proteins. LDs are dynamic and functionally active organelles

involved in various functions such as lipid metabolism, cell signaling and inflammation.

1.5 Lipid metabolism in microglia

Under physiological conditions, microglia typically exhibit a resting morphology, but under the

influence of different stimuli, microglia can polarize into various phenotypes, although there is

controversy over how to delineate the microglia phenotype (Paolicelli et al. 2022; Ransohoff
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2016). Microglia take an important role in regulating the inflammatory response and are

responsible for the production of various cytokines and ROS (Hanisch and Kettenmann 2007;

Kettenmann et al. 2011). On the other hand, microglia can also inhibit the neuroinflammatory

response and promote tissue repair and immunosuppression, thus acting as neuroprotective

agents (Bernier et al. 2020). However, although the mechanisms underlying microglia phenotype

and function remain unclear, there is growing evidence that lipid metabolism and lipidomics

of microglia may be relevant to their inflammatory and other functions. Microglia express a

range of genes related to lipid metabolism, including fatty acid oxidase, lipoprotein lipase

and lipid transport proteins (Brown and Neher 2014; Gao et al. 2017; Mecha et al. 2015).

When microglia are exposed to external stimuli, such as starvation (Rambold et al. 2015),

inflammation (Khatchadourian et al. 2012; Melo et al. 2011), and oxidative stress (Lee et al.

2013), lipids can act as signaling molecules that regulate microglial functions. This microglia

lipidomic pattern regulates vital functions such as inflammation and phagocytosis (Bernier et

al. 2020; Hickman et al. 2013).

Indeed, the morphology and function of microglia are in dynamic flux to adapt to different. As

a result, the metabolic patterns of microglia are subsequently regulated so that they exhibit

different phenotypes during physiological and pathological processes (Chausse et al. 2021). New

evidence suggests that reprogramming of cellular metabolism mediates this phenotypic shift,

and microglial lipid metabolism is particularly involved in controlling microglial activation and

effector functions such as migration, phagocytosis and inflammatory signaling (Cheon and Cho

2021). Minor disturbances in microglial lipid processing are associated with altered brain

function in diseases characterized by neuroinflammation (Cheon and Cho 2021). It has been

suggested that glycolysis in microglia is upregulated when exposed to pro-inflammatory stimuli

(Holland et al. 2018), and further upregulates fatty acid synthesis (Peruzzotti-Jametti and

Pluchino 2018). First, mitochondrial citric acid is transported to the cytoplasm and converted

to acetyl coenzyme A (Infantino et al. 2011), while transcription factor sterol regulatory element

binding proteins (SREBPs) via mTOR activation and the production of NADPH may

upregulate lipid synthesis (Gaber et al. 2017; Oishi et al. 2017). Ultimately, the increasing of

ROS due to damaged mitochondria, the activation of SREBP, and the accumulation of

triacylglycerols (TAGs) and cholesteryl esters (CEs) in microglia to form abundant LDs,

transform microglia into "foam microglia" with impaired phagocytosis (Son et al. 2016), and

upregulate the levels of inflammatory signals, ROS and NO via TLR4/NF-kB, JNK/ SREBP

signaling pathway (Liu et al. 2015; Oishi et al. 2017; Rambold et al. 2015; Simpson and Oliver

2020; Wang et al. 2012). On the other hand, fatty acid oxidation (FAO) is essential for M2-

like alternative activation in macrophages and microglia (Mehla and Singh 2019; Raas et al. 2019).
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In addition, altered patterns of lipid synthesis and energy metabolism also regulate the dynamic

phenotype of microglia (Cheon and Cho 2021). Long-chain fatty acid coenzyme A synthase in

microglia, which catalyzes the formation of fatty acid coenzyme A and the subsequent β-

oxidation of fatty acids to acetyl coenzyme A (Zhang et al. 2014), and is further involved in

further metabolism in the TCA cycle, activates microglia (Doens and Fernández 2014;

Khatchadourian et al. 2012). Multiple enzymes and biomarkers (e.g. PPAR-γ, IL-4) have been

proposed to be involved in inducing microglia conversion to the anti-inflammatory phenotype

through the regulation of fatty acid metabolism (Bruce et al. 2018; Li et al. 2021).

Taken together, microglia under pro-inflammatory stimuli may be more inclined to fatty acid

synthesis, whereas microglia in the anti-inflammatory phenotype are more inclined to fatty acid

oxidation. Modulation of lipid metabolism and composition within microglia may be a potential

target for future treatments of neurological disorders (Arbaizar-Rovirosa et al. 2022; Farmer et

al. 2020; Hu et al. 2017; Marschallinger et al. 2020).

1.6 Functions of lipid droplets in inflammation

Lipid droplets can affect the signaling pathway by actively removing biologically active signaling

lipids into the storage pool or regulating their release and production from stored precursors

(Coleman and Mashek 2011; Zechner et al. 2012). In addition to fatty acids (FAs), all other

major intermediates of TAG synthesis and catabolism, such as acyl-coenzyme A, phosphatidic

acid, diacylglycerol (DAG) (Coleman and Mashek 2011; Zechner et al. 2012), and sterols are

involved in lipid droplet formation and affect various signaling pathways (Shmarakov et al. 2019;

Stith et al. 2019). Regulation of lipid metabolism and prevention of lipotoxicity are essential to

maintain intracellular homeostasis (Petan et al. 2018).

Lipid droplet biogenesis are involved by activating cellular stress and regulating inflammatory

signaling pathways (Cantley et al. 2013; Jump 2004; Papackova and Cahova 2015; Zechner et al.

2012), including the PPAR signaling pathway and TLR/NF-kB inflammatory pathways which

are activated by saturated FAs (Lu et al. 2015; Sun B et al. 2018), the conversion of PUFAs to

dicarbonyl analogues; the regulation of SREBP signaling by cholesterol and FAs (Kim et al.

2002; Tai and Ding 2010); the activation of protein phosphatase 2A (PP2A) by ceramide

(Choi et al. 2018; He Z et al. 2019); and the activation of membrane resident DAG by activation

of protein kinase (Eichmann et al. 2015). Lipid droplet accumulation is accompanied by elevated

levels of Perilipin-2 protein (Plin2) in macrophages (Huang et al. 2014; Maya-Monteiro et al.

2008). Increased Plin2 expression itself has been shown to directly associated with

enhanced neutral lipid storage capacity, as Plin2 promotes triglyceride and cholesterol storage
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and reduces cholesterol efflux (Larigauderie et al. 2004). Recently, mTOR-dependent

mechanisms of lipid droplet biogenesis were identified (Cheon and Cho 2021; Maya-Monteiro

and Bozza 2008) and the mTOR inhibitor rapamycin significantly reduced lipid droplets

(Fazolini et al. 2015; Liao et al. 2021; Maya-Monteiro et al. 2008). Moreover, activation of

PPAR transcription factors is involved in lipid droplet biogenesis and function. PPAR directly

regulates the expression of fatty acid uptake, lipid storage and inflammatory responses involved

in fatty acid uptake, including fatty acid synthase and Plin2, by binding to the retinoid X receptor

(RXR) (Hellemans et al. 2007; Nagy et al. 1998; Suzuki et al. 2009).

As mentioned above, lipid droplets may serve as new treatment targets for inflammatory-related

diseases. To date, the hypothesis that knockdown of perilipins, ADRP and TIP-47 proteins

(Mardani et al. 2019; Szigeti et al. 2009; Zheng et al. 2017) and inhibitors of lipid droplets

formation as anti-inflammatory therapeutics has been validated in various experimental model

(Blakeman et al. 2012; Dechandt et al. 2017; Namatame et al. 1999; Prior et al. 2014; Zhang-

Gandhi and Drew 2007).

1.7 The role of lipid droplets in ischemic stroke

LDs are associated with a variety of neurological diseases such as neurodegenerative diseases

(Farmer et al. 2020; Hu et al. 2017; Marschallinger et al. 2020), stroke (Arbaizar-Rovirosa et

al. 2022; Lin et al. 2019), multiple sclerosis (Haidar et al. 2022) and infectious diseases (Ogawa

et al. 2009). Accumulation of LDs is primarily based on elevated lipid synthesis, abnormal lipid

metabolism and impaired lipid clearance (Beller et al. 2010; Cantuti-Castelvetri et al. 2018; Melo

et al. 2011). Several studies have shown that the accumulation of LDs and the dynamic alteration

of lipid metabolism in Alzheimer's disease (AD) and Parkinson's disease (PD) (Liu et al. 2015;

Marschallinger et al. 2020). However, the role of LDs in ischemic stroke is poorly understood.

Cerebral ischemia is a disease in which the brain suffers from a lack of energy and oxygen supply

due to the interruption of the blood flood, which in turn causes massive neuronal death (Hisham

et al. 2013; Lipton 1999; Michiels 2004). After glucose and oxygen supply of neurons are blocked,

the ATP reserves are also depleted and lead to post-stroke excitotoxicity. The causes of cell

death during this period include abnormal ion pump function, increased ROS production,

inflammation, mitochondrial dysfunction, endoplasmic reticulum stress, excessive activation of

autophagy and ferroptosis (Bano and Nicotera 2007; Forrester et al. 2018; Hou et al. 2016;

Incalza et al. 2018; Jayaraj et al. 2019; Li et al. 2020; Radak et al. 2017; Sarmah et al. 2019; Xu

et al. 2022). Most of these cellular damages can further induce LD formation. These studies

found that neutral lipid signals were derived from triglycerides and cholesterol esters, which are
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the main components of LDs. Similar to neurodegenerative pathology, lipid droplets formation

during the stroke are mainly found in microglia and astrocytes (Gasparovic et al. 2001; Ioannou

et al. 2019). Multiple mechanisms may contribute to the creation of LDs. One of these may be

the rapid incidence of massive cell death, which may result in glial cell phagocytosis of dead cells

and the subsequent formation of LDs (Lin et al. 2019). Another potential mechanism for LD

formation during stroke may be the influx of peripheral lipoprotein particles due to disruption

of the blood-brain barrier (Doll et al. 2015; Jackman et al. 2013). Other factors, such as direct

exposure of glial cells to oxidative stress and inflammatory factors, can also result in enormous

numbers of LDs-riched microglia (Khatchadourian et al. 2012; Rambold et al. 2015;

Voloboueva et al. 2013). However, more research is required on the functions of such "foam

microglia" in cerebral ischemia, especially in the non-acute and recovery phases.

1.8 Lipid metabolism and inflammation in microglia after stroke

After cerebral ischemia, it has been shown that the infarct core region of the brain and around

the penumbra zone are colonized by a large number of activated microglia, which play a vital

role in stroke prognosis for example through phagocytosis of dead cell debris and regulation of

inflammatory factor levels (Kanazawa et al. 2017; Qin et al. 2019; Xiong et al. 2016).

Furthermore, in models of ischemia in vivo, genes related to glycolysis and oxidative

phosphorylation in CD11b+ microglia were found to increase during post-ischemia 24 hours,

whereas the expression levels of genes related to glycolysis, such as lactate dehydrogenase A and

pyruvate kinase M2, remained unchanged for 72 h (Lauro et al. 2019). Similarly, glycolytic

reprogramming occurs together with microglia pro-inflammatory activation under hypoxia in

vitro (Li et al. 2018). In summary, glycolysis in microglia is upregulated following ischemia,

which is closely linked to its inflammation and phenotypic polarization (Yang et al. 2021).

Lipid metabolism is also involved in the phenotypic transformation of microglia after ischemia,

particularly for polyunsaturated fatty acids. It has been shown that Omega-3, GPR120, and

adipocyte fatty acid binding protein (A-FABP) are upregulated in microglia after ischemic injury

and are protective against neurological damage (Liao et al. 2020). Briefly, microglia in the pro-

inflammatory state preferentially produce energy through glycolysis, whereas cells in the anti-

inflammatory state provide energy primarily through oxidative phosphorylation and fatty acid

oxidation (Yang et al. 2021). Therefore, we speculate that during the acute phase of infarction

(the first 3 days after stroke), when neurons have not yet died in large numbers, microglial cells

in the core of the ischemic area can be mainly found in an M2-like phenotype that provides

energy through oxidative phosphorylation and fatty acid oxidation, and upregulate anti-



Introduction 12

inflammatory factors that might help to neuronal survival. Later (3 - 7 days after stroke), the

internal environmental homeostasis is disrupted and the anti-inflammatory effect of microglia

is not sufficient to rescue these neurons, and a large number of neurons begin to undergo

massive necrosis and apoptosis. At this time, most microglia begin to transform into pro-

inflammatory, M1-type microglia that preferentially produce energy through glycolysis. The rise

of glycolysis is accompanied by a lipid metabolism disorder and the accumulation of harmful

lipid components (e.g., triglycerides and cholesterol esters), impairment of mitochondrial

function, upregulation of ROS, upregulation of inflammatory factors and phagocytosis of

cellular debris, resulting in a large accumulation of lipid components in microglia and the

formation of "foam microglia" overloaded with lipid droplets. Similar to the "foam microglia"

in other neurological diseases, these special microglia no longer "protect" neurons, but instead

swallow or release inflammatory factors that damage neurons through the "eat-me" signaling

pathway (Jia et al. 2022; Lemke 2019). This is also in line with previous results in animal models

where microglia changed from the initial M2 anti-inflammatory type to the M1 pro-

inflammatory type overtime after stroke (Hu et al. 2014).

1.9 Aim of the study

Lipid metabolism and LD biogenesis have recently been described to regulate inflammation,

immunomodulation, and microglial phagocytosis under neurodegenerative disorders, but their

roles in post-stroke injury remain unclear. Therefore, the present thesis aims to certify the

histological characterization of microglial phenotypes in the context of LD accumulation with

MCAO model in vivo and OGD model in vitro, followed by correlating the data obtained with

the expression of inflammation-related genes at the protein level and mRNA level. The lipid

composition of brain regions that have undergone ischemic damage will be analyzed from the

core of the ischemic lesion and the marginal zone and contralateral hemisphere. We aim to

elucidate and differentiate lipid profiles resulting in LD formation, which in turn modulates

microglial phenotypes and activity in ischemic conditions of the CNS, ultimately correlating

with the extent of neurological impairment.



Materials and methods 13

2 Materials and methods

2.1 Equipment

Table 1. Equipment

Instrument Manufacturer, City, Country

Brand GmbH, Wertheim, Germany

Systec GmbH, Linden, Germany

Eppendorf, Hamburg, Germany

Accu-jet Pro pipetting aid

Autoclave Systec VX-65

Centrifuge 5810R

Fisherbrand Shaking device

Freezer -20 °C

Fisher Scientific GmbH, Schwerte, Germany

Liebherr, Bulle, Switzerland

Freezer -80 °C Heraeus

Microbiological Safety Cabinet Class II

Hypoxic Glovebox IBT-HGB16

KL 1500 LCD

Fisher Scientific GmbH, Schwerte, Germany

Fisher Scientific GmbH, Schwerte, Germany

Toepffer Lab Systems, Göppingen, Germany

Schott AG, Mainz, Germany

Multipette Plus Eppendorf, Hamburg, Germany

Neubauer cell counting chamber

Pipettes (2.5/10/100/1000/5000 µL)

Pipetus pipetting aid

Carl Roth, Karlsruhe, Germany

Eppendorf, Hamburg, Germany

Hirschmann Laboratory, Germany

Liebherr, Bulle, SwitzerlandRefrigerator +4 °C

VF Ultrapure Water System

Tecan Sunrise Microplate Reader

Clean air workbench

Sartorius AG, Göttingen, Germany

Tecan Group AG, Männedorf, Switzerland

Fisher Scientific GmbH, Schwerte, Germany

Fisher Scientific GmbH, Schwerte, GermanyCO2-Incubator

Transferpette Pipettes (10/ 100/1000 µL) Brand GmbH, Wertheim, Germany

Water Bath WNB 45 Memmert GmbH, Schwabach, Germany

Zeiss, Oberkochen, GermanyZeiss Axiovert 25 inverse microscope

Zeiss Stemi 2000 ZOOM stereomicroscope Zeiss, Oberkochen, Germany
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2.2 Consumables

Table 2. Consumables

Consumables Manufacturer, City, Country

Sarstedt, Nümbrecht, Germany

Sarstedt, Nümbrecht, Germany

Sarstedt, Nümbrecht, Germany

Sarstedt, Nümbrecht, Germany

Sarstedt, Nümbrecht, Germany

Carl Roth GmbH, Karlsruhe, Germany

, Sarstedt, Nümbrecht, Germany

0

6

1

2

9

.45 µm filter Filterpur S0.45

-well plates for cell culture

2-well plates for cell culture

4-well plates for cell culture

6-well plates, flat bottom

Bottle-Top-Filter, 0.2 µm, 500 mL

Cell culture flasks for adherent cells (25cm2

75 cm )2

Centrifugation tubes (15 mL)

Centrifugation tubes (50 mL)

Sarstedt, Nümbrecht, Germany

Sarstedt, Nümbrecht, Germany

Glass Pasteur pipettes (150 mm, 230 mm) Th. Geyer Ingredients GmbH & Co. KG,

Renningen, Germany

Petri dishes, 100 mm Greiner Bio-One, Frickenhausen, Germany

Pipette tips filters, sterile (10 µL, 100 µL, 1000 Starlab, Hamburg, Germany

µL)

Pipette tips w/o filters (10 µL) Starlab, Hamburg, Germany

Pipette tips w/o filters (200 µL, 1000 µL, Sarstedt, Nümbrecht, Germany

000 µL)5

Reaction tubes (1.5 mL, 2.0 mL) Sarstedt, Nümbrecht, Germany

Serological pipettes (2 mL, 5 mL, 10 mL, 25 Sarstedt, Nümbrecht, Germany

mL, 50 mL)

CryoPure® pipes

Parafilm

Sarstedt, Nümbrecht, Germany

Bemis NA, Neenah, USA
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2.3 Chemicals

Table 3. Chemicals

Chemicals Manufacturer,City, Country

B27TM Supplement (50X)

Boric acid

Fisher Scientific GmbH, Schwerte, Germany

Sigma-Aldrich, Taufkirchen, Germany

Th. Geyer GmbH, Renningen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Th. Geyer GmbH, Renningen, Germany

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen, Germany

Fisher Scientific GmbH, Schwerte, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Dimethyl Sulfoxide

DNase I

Dulbecco’s Phosphate Buffered Saline

Ethanol 99%

Ethanol 100%

FBS Superior

GlutaMAXTM-I (100X)

HEPES 1M

holo-Transferrin (human)

HyClone Characterized Fetal Bovine Serum Cytiva, Freiburg in Breisgau, Germany

L-Glutamine 200mM (100X)

Neurobasalä Medium (1X)

Penicillin-Streptomycin

PAN-Biotech GmbH, Aidenbach, Germany

Fisher Scientific GmbH, Schwerte, Germany

Fisher Scientific GmbH, Schwerte, Germany

Sigma-Aldrich, Taufkirchen, Germany

InvivoGen, Toulouse, France

Poly-L-omithine hydrobromide

Primocin®

Thiazolyl Blue Tetrazolium Bromide

Trypan Blue Solution 0.4%

Sigma-Aldrich, Taufkirchen, Germany

Fisher Scientific GmbH, Schwerte, Germany
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0.5% Trypsin-EDTA (10x) Fisher Scientific GmbH, Schwerte, Germany

PAN-Biotech, Aidenbach, Germany

Peprotech, Hamburg, Germany

DMEM/F12 (1:1) Medium (1X)

Recombinant Murine M-CSF

Table 4. Components of cell culture media and OGD buffer

Primary neuron Primary microglia BSS0 for OGD

Neurobasalä Medium (1X) DMEM/F12 (1:1) Medium NaCl (116 mM)

B27 Supplement (2% in

medium)

Fetal bovine serum (10% in KCl (5.4 mM)

medium)

Transferrin (5 μg/ml) 1x Pen-Strep (1% in medium) MgSO4 (0.8 mM)

L-glutamine (0.5 mM) L-glutamine (0.5 mM) NaH PO4H O (1 mM)
2 2

1x Pen-Strep (1% in medium) NaHCO3 (26.2 mM)

HEPES (10 mM)

Glycine (0.01 mM)

CaCl2 (1.8 mM)

2.4 Antibodies

2.4.1 Primary antibodies

Table 5. Primary antibodies

Antibodies Manufacturer Identifier Application

GFAP Invitrogen

Abcam

13-0300 2 µg/ml (for IF)

CD11b Ab75476 2 µg/ml (for IF)
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iNOS Abcam

WAKO

ab15323

011-27991

APR-012

MCA1957GA

ab209064

G37

2 µg/ml (for IF)

Iba1 2 µg/ml (for IF)

2 µg/ml (for IF)

2 µg/ml (for IF)

2 µg/ml (for IF)

P2Y12

CD68

Alomone Labs

Bio-Rad

TMEM119

PLIN3

PLIN2

Abcam

Progen 2 µg/ml (for IF), 0.5

µg/ml (for WB)

Progen G42 2 µg/ml (for IF), 0.5

µg/ml (for WB)

CD206 (Mannose

Receptor)

Abcam ab64693 2 µg/ml (for IF)

4 µg/ml (for IF)

2 µg/ml (for IF)

4 µg/ml (for IF)

NeuN Millipore

Thermo Fisher

MAB377

PA5-19910

sc-20150

D3922

CX3CR1

Arginase I Santa Cruz

Biotechnology

BODIPY 493/503 Thermo Fisher 1 µg/ml (for IF), 0.5

µg/ml (for FACS)

NF-κB p65

α-tubulin

GAPDH

Abcam

GeneTex

GeneTex

ab16502 0.5 µg/ml (for WB)

0.1 µg/ml (for WB)

0.1 µg/ml (for WB)

GTX628802

GTX627408

https://www.alomone.com/p/anti-p2y12-receptor-atto-594/APR-012-AR
https://www.alomone.com/p/anti-p2y12-receptor-atto-594/APR-012-AR
https://www.alomone.com/p/anti-p2y12-receptor-atto-594/APR-012-AR
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β-actin Abcam ab6276

#9242

0.2 µg/ml (for WB)

IκBα Cell Signaling

Technology

Abcam

0.5 µg/ml (for WB)

IL-1ß ab9722

ab92486

PA5-88943

563891

0.5 µg/ml (for WB)

0.5 µg/ml (for WB)

0.5 µg/ml (for WB)

20 µg/ml (for FACS)

20 µg/ml (for FACS)

TGF-ß1 Abcam

SREBP2

CD45

Thermo Fisher

BD Biosciences

BD BiosciencesCD11b 552850

WB: Western Blot

IF: Immunofluorescence Staining

FACS: Fluorescence-activated Cell Sorting

2.4.2 Secondary antibodies

Table 6. Secondary antibodies

Antibodies Manufacturer Identifier Application

Alexa Fluor 488 Jackson 715-547-003 0.5 µg/ml (for IF)

donkey anti-mouse Immuno

Alexa Fluor 488

donkey anti-guinea

pig

Jackson 706-545-148 0.5 µg/ml (for IF)

Immuno



Materials and methods 19

Alexa Fluor 488

donkey anti-rat

Jackson 712-547-003

711-547-003

711-165-152

712-165-153

ab97023

0.5 µg/ml (for IF)

Immuno

Alexa Fluor 488 Jackson 0.5 µg/ml (for IF)

0.5 µg/ml (for IF)

0.5 µg/ml (for IF)

0.1 µg/ml (for WB)

0.1 µg/ml (for WB)

0.1 µg/ml (for WB)

donkey anti-rabbit Immuno

Cy 3 Jackson

Immunodonkey anti-rabbit

Cy 3 Jackson

Immunodonkey anti-rat

Goat Anti-Mouse

IgG H&L

Abcam

Abcam

Abcam

Goat Anti-Rabbit

IgG H&L

ab97051

Goat Anti-Guinea

pig IgG H&L

ab6908

WB: Western Blot

IF: Immunofluorescence Staining

2.5 The mRNA candidates and primer sequences

Table 7. Primer sequence

mRNA Sequence (5′-3′)

Forward Sequence: CTCTGTTCAGCTATTGGACGCCD206

Reverse Sequence: CGGAATTTCTGGGATTCAGCTTC

Forward Sequence: AGGAACCTACCAGCTCACTCTG

Reverse Sequence: TTTCCTGTGCTGTGCTACAGTT

iNOS
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IL-1β Forward Sequence: GCAACTGTTCCTGAACTCAACT

Reverse Sequence: ATCTTTTGGGGTCCGTCCAACT

Forward Sequence: GAGGATACCACTCCCAACAGACC

Reverse Sequence: AAGTGCATCATCGTTGTTCATACA

Forward Sequence: AGAAAAGAGAGCTCCATCATGC

Reverse Sequence: TTATTGTCTTCCCGGCTGTACT

Forward Sequence: AAGCCTGTAGCCCACGTCGTA

Reverse Sequence: GGCACCACTAGTTGGTTGTCTTTG

Forward Sequence: CCTGTCCAAACTAAGGC

IL-6

IL-10

TNF-α

TGF-β1

PLIN3

PLIN2

TREM2

ABCA1

ApoE

Lipa

Reverse Sequence: GGTTTTCTCATAGATGGCG

Forward Sequence: ATGTCTAGCAATGGTACAGATGC

Reverse Sequence: CGTGGAACTGATAAGAGGCAGG

Forward Sequence: ACACCCTCCTGTCCAACATC

Reverse Sequence: AAGGGACCTACCAGCCAGTT

Forward Sequence: CCCACCTGGCTGTTGTCCTT

Reverse Sequence TCGCTACCGTGGAGGCTCTG

Forward Sequence: GCTTGTTGGCCTCAGTTAAGG

Reverse Sequence: GTAGCTCAGGCGTACAGAGAT

Forward Sequence: CTGACAGGATGCCTAGCCG

Reverse Sequence: CGCAGGTAATCCCAGAAGC

Forward Sequence: AGCGACGACTTGGTGTTCC

Reverse Sequence: CGCAGGTAATCCCAGAAGC

Forward Sequence: AGGACTGCGGCTCTAAGGT

Reverse Sequence: AGGCTCAGGAATAGGGAAGGG

Forward Sequence: GAAGGCTCACTCATTTGTCAGA

Reverse Sequence: GTCTCGGTAAATAAGTGTAGGCG

Forward Sequence: TTGAATACAGGCTAGTCCCACA

Npc2

Soat1

Nceh1
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Reverse Sequence: CAACGTAGGTAAACTGTTGTCCC

Forward Sequence: CGTGCGTGACATCAAAGAGA

Reverse Sequence: CCCAAGAAGGAAGGCTGGA

Forward Sequence: TGGATTTGGACGCATTGGTC

Reverse Sequence: TTTGCACTGGTACGTGTTGAT

Forward Sequence: GAGCTGTTTGCAGACAAAGTTC

Reverse Sequence: CCCTGGCACATGAATCCTGG

β-actin

GAPDH

PPIA

2.6 Legal issues, animal housing, randomization and blinding

All animal experiments were performed with local government authorization, in accordance

with EU guidelines and regulations, and in accordance with ARRIVE and STAIR principles for

the care and management of laboratory animals. Male C57BL/6J mice aged 10-12 weeks,

(Janvier Labs, Le Genest-Saint-Isle, France) were maintained in groups of 5 animals per cage

on a regular 12 hour light/12 hour dark cycle. Animal surgery and sample collection were always

performed in the morning throughout the study. At all stage of the studies, the experiments

were strictly random. The researchers with local animal experimental licenses performed animal

surgery and sample collection and remained blinded during all phases of the study, and another

investigator prepared the experimental solution and data collection. These solutions and groups

were received and disclosed only after the study.

2.7 Culture of primary neurons and microglia

Primary cortical neurons were prepared following the protocol from Thomas et al (Fath et al.

009) with some modification. Pregnant C57BL/6J mice at embryonic day 16.5 were sacrificed2

by CO2 euthanasia. Embryos were dissected and decapitated, the brain was carefully dissociated

from the skull, and meninges were carefully removed. The cerebral cortex and hippocampus

were carefully isolated and moved into a 15-ml tube with 8 ml cooled PBS on ice. Thereafter,

PBS was carefully removed, and the tissue at the bottom was gently mixed by a polished

pasteurpipette and digested with 1 ml of 0.05% Trypsin-EDTA in 15-ml tubes with 15 min of

incubation in a 37℃ water bath. Then 50 μl of DNAse (Sigma-Aldrich, Taufkirchen, Germany)

was added and mixed carefully by pipetting and incubating for another 1 min at room

temperature (RT). Primary neuron culture medium (Components are shown in Table 4.) was
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added to stop the digestion. The medium containing primary neurons was carefully pipetted and

centrifuged at 300x g for 5 min at room temperature (RT). The supernatant was discarded and

the pellet was washed three times with 10 ml culture medium. All the medium from each

washing was collected in a 50-ml tube, and centrifuged at 300x g for 5 min at RT. The primary

neuron pellet was finally resuspended in 2 ml of culture medium, and the cells were seeded on

poly-L-ornithine/laminin (Sigma-Aldrich, Taufkirchen, Germany) pre-coated 6-well or 24-well

plates at a density of 200,000 cells/cm2 containing neurobasal medium in an incubator at 5%

CO2, 37℃. Primary neuron cells were cultured for another 5 days before being used for

subsequent experiments.

Primary microglia cells were isolated from C57BL/6J newborn pups at postnatal 0-2 day, based

on the protocol of Hong et al (Lian et al. 2016) with some modification. The whole brains of

pups were removed and placed into a 6-cm dish with 5 ml cold HBSS. The cerebellum and

olfactory bulbs were carefully removed. The cortex and hippocampus were carefully separated

with forceps and scissors and moved in a 15-ml tube containing 8 ml cold PBS. The discrete

tissues were centrifuged at 100x g for 2 min at RT. After centrifugation, PBS was carefully

removed, and the tissue was digested with 1 ml of 0.25 % Trypsin-EDTA in a 15-ml tube. After

15 min incubation in the 37℃ water bath, 100 μl of DNAse (Sigma-Aldrich, Taufkirchen,

Germany) was added and mixed carefully by pipetting and for another 1 min incubation at room

temperature (RT). Digestion was then terminated with 5 ml of warm primary microglia medium

(Components are shown in Table 4.). The cell suspension was centrifuged at 300x g for 5 min,

and then the pellet was gently resuspended with 5 ml of warm medium and transferred to a T75

flask precoated with poly-L-ornithine (PLO), incubated under 37ºC, 5% CO2 conditions. After

5 days, astrocytes at the bottom of the flask formed a confluent cell layer, while microglia and a

few oligodendrocytes grew on top. To stimulate microglial proliferation, the culture medium

was changed to a newmedium with 5 µM suitable murine macrophage colony-stimulating factor

(M-CSF, Peprotech, Hamburg, Germany). After another 3-4 days, to collect microglia, the flask

was shaken vigorously and floating microglia was collected in conditioned medium. The floating

cell density was calculated with the hemocytometer and primary microglia was seeded at 40,000

cells/cm in PLO-coated dishes or flasks for upcoming experiments.2

2.8 Oxygen-glucose deprivation (OGD) model

Primary neurons or microglia were incubated for 5–7 days, and when the cell confluence reached

0-90%, the cells were exposed to oxygen-glucose deprivation (OGD). For OGD procedure,

cells were washed twice with PBS and incubated with the same volume of BSS0 solution buffer

8
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(Components are shown in Table 4) and transferred to a hypoxic incubator (Toepffer Lab

Systems, Goeppingen, Germany) containing 0.2 %O , 5% CO and 70% humidity. After OGD,2 2

the BSS0 solution was removed, washed once with PBS, incubated the cells with the original

medium and specific treatment, then the cells were reoxygenated (RO) for 24 h in the 5% CO2

incubator at 37 C. The cells would then be used in the following experiments. Depending on°

the resistance of various cell types to hypoxic damage, primary microglia and cortical neurons

were exposed to OGD for 4 h, 8 h, and 12 h, respectively, to determine the ideal time point,

with a 50% survival rate after hypoxia. For all in vitro experiments, intervention treatments were

performed during OGD and RO.

2.9 Drug treatment of primary microglia

After seeding, the medium of primary cortical neurons was half replaced on the next day and

then cultured for additional five days before OGD treatment. Similarly, the primary microglia

medium was replaced the day after seeding, drug treatment was added, and cultured for another

24 hours. For drug treatment, Lipopolysaccharide (LPS, Sigma-Aldrich Chemie, Taufkirchen,

Germany), Interleukin 4 (IL-4, Sigma-Aldrich Chemie, Taufkirchen, Germany) and Triacsin C

(Trc, Cayman Chemical, Michigan, USA) were added to the culture medium for extra 24 hours.

The Control group was given an equal volume of vehicle PBS. Therefore, cells including primary

microglia and microglia-neuron co-culture models were divided into the following seven groups:

group 1 (microglia treated with drug solvent in normoxic condition); group 2 (OGD/RO

treatment with drug solvent); group 3 (1000 ng/ml LPS treatment); group 4 (2 µM Trc inhibitor

treatment in group 3); group 5 (incubation with conditioned medium from neurons after

OGD/RO), group 6 (2 µM Trc inhibitor treatment in group 5) and group 7 (10 ng/ml

recombinant IL-4 treatment).

2.10 Primary microglia–neuron co-culture system

The co-culture model used primary microglia and primary neurons to study the effect of

microglia on neuron survival under hypoxia condition. The experiment was based on the

protocol of Skaper et al with some optimizations (Skaper and Facci 2018). Primary microglia

was seeded into 6-well (4 × 105 cells/insert) or 24-well (2 × 10 cells/insert) transwells (3 μm4

pore size; Costar, Maryland, USA). To certificate the effect of different phenotypes of microglia

under specific treatments on neurons, different treatments of microglia were tested:

Lipopolysaccharide (LPS); OGD; conditioned medium from post-OGD neurons (OGD-CM);

Triacsin C (Trc); Interleukin-4 (IL-4) as a positive control. After 24 hours of incubation, these
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primary microglia were added to plates pre-seeded with primary neurons, and this co-culture

system then was incubated for another 24 hours. Microglia were co-cultured with primary

neurons at the start of the reoxygenation of neurons after OGD.

2.11 Cell viability assay

Cell viability was measured via a colorimetric assay by using the MTT (Thiazolyl Blue

Tetrazolium Bromide, Sigma-Aldrich, St. Louis, MO) viability assay according to the protocol

from Riss et al with some modifications(Riss et al. 2016). After 24 hours of reoxygenation

culture, 50 μl of MTT solution (5 mg/ml) was added to each well of the 24-well plate, and

incubated for extra 4 hours in 5% CO2, 37°C. Afterward, the medium in the wells was carefully

aspirated, and 500 μl of DMSO was added to each well to dissolve the blue formazan crystals,

shaken for 10 minutes to fully dissolve the crystals, avoiding the light. Absorbance was measured

with the Tecan Sunrise colorimetric microplate reader (Tecan Group AG, Männedorf,

Switzerland) at a wavelength of 570 nm. Data were calculated with Graphpad prism 8.0. Cell

viability data were presented as percent relative change from untreated control groups. In

addition, the release of lactate dehydrogenase (LDH) from cells was utilized to measure

cytotoxicity levels. For each group, 50 µl of medium was transferred to a fresh 96-well plate.

Each well received an equal amount of the test reagent supplied by the manufacturer in order

to quantify the release of LDH from the cells. The optical density was measured at 490 nm using

an enzyme marker.

The cell death rate was also determined via morphological assay with fluorescence microscopy

by using a LIVE/DEAD Viability kit (Lonza, Basel, Switzerland) as directed by the instructions

of manufacturer. Living cells were identified with calcein AM (4 µmol/L, green fluorescence),

and dead cells were identified with ethidium homodimer 1 (2 µmol/L, red fluorescence). Three

independent experiments were conducted and ≥200 cells were evaluated for each condition.

2.12 Middle cerebral artery occlusion (MCAO) model and experimental
animal paradigm

Our in vivo model of ischemic stroke was the middle cerebral artery occlusion (MCAO) model

Based on our previous study (Doeppner et al. 2015). After subcutaneous injection of

buprenorphine for analgesia, mice were anesthetized with 3% isoflurane at the beginning of

surgery and maintained with 2.5% during surgery. After the mice were fixed on the operating

table, the neck was sterilized with 70% ethanol, and a 1 cm incision was carefully incised. The

skin was bluntly dissected to expose the trachea, and muscle and adipose tissue were carefully
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separated to expose the right common carotid artery (CCA). The vagus nerve was then carefully

separated from the common carotid artery. Next, permanent ligation was performed on the

proximal right CCA and the proximal right external carotid artery (ECA), respectively. The right

internal carotid artery (ICA) was briefly constricted using an arterial clip, and the right carotid

artery (CCA) was ligated using surgical suture. Using ophthalmic scissors, a tiny incision was cut

in the right CCA, a silicon-coated microfilament (diameter 0.06-0.09 mm, Doccol Corporation.,

Sharon, MA, USA) was inserted into the right CCA, and then the microfilament was slowly

forwarded to the right middle cerebral artery (MCA). The experimental paradigm and schematic

diagram of MCAO surgery are shown in Figure 2.

Figure 2. Experimental paradigm, middle cerebral artery occlusion (MCAO), and 2,3,5-
Triphenyltetrazolium chloride (TTC) staining. (A) Mice were sacrificed 1 day, 2 days, 3 days, 1 week, 2
weeks and 4 weeks after MCAO to extract brain tissue samples for subsequent experiments, respectively. (B)

The surgical experiment paradigm of MCAO. (C) The infarcted region was validated by TTC staining after

MCAO surgery (24h). Abbreviations: ICA=internal carotid artery, ECA=external carotid artery,

CCA=common carotid artery, MCA=middle cerebral artery.

Laser Speckle Imaging System (LSIS, RWD Life Science, Shenzhen, Guangdong, China) was

applied to ensure successful blockage of blood flow and cerebral blood flow parameters were

recorded. After sixty minutes, the microfilament was removed to initiate reperfusion, the

cerebral blood flow parameters were recorded again with LSIS. The wound was carefully sutured,
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and carprofen was injected subcutaneously for further analgesia. The cerebral blood flow

parameters of LSIS are shown in Figure 3.

Figure 3. The laser speckle imaging system (LSIS) was applied to each experimental mouse before,
during, and after the MCAO operation to record blood flow images and parameters, ensuring the
successful blood flow block of the MCAO surgery. (A) The Real Pattern, Speckle Pattern and Pseudo-
Colour Pattern images of the mouse skull indicated that the blood flow of the brain was blocked successfully.

(B) The blood flow parameter map showed that the blood flow in the ROI 1 region (contralateral side, black)

was significantly higher than that in the ROI 2 region (ipsilateral side, red).

2.13 Immunofluorescence and BODIPY staining in vivo

For in vivo tissue staining, post-perfusion brain samples from C57BL/6J mice were fixed in 4%

paraformaldehyde for 24 hours, dehydrated with 30% sucrose, and prepared into 14 μm tissue

sections with a cryostat. Cryosections were washed once in TBS, and incubated with citrate

solution for antigen retrieval, followed by another wash in TBS. Brain sections were blocked

with PBS-T based blocking buffer (PBS-T with 2% BSA (bovine serum albumin), 10% DS

(donkey serum), 0.25% Triton X-100). Sections were incubated overnight with the following

primary antibodies: NeuN, Iba1, iNOS, CD68, p2y12, TMEM119, PLIN2, PLIN3, CD206,

Arginase I and GFAP. After primary antibody incubation, sections were washed three times in

TBS, the respective secondary antibodies were added to PBS-T buffer containing 10% donkey
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serum and incubated at room temperature for 2 h (RT): donkey anti-rabbit Alexa Fluor 488,

donkey anti-mouse Alexa Fluor 488, donkey anti-rat Alexa Fluor 488, donkey anti-guinea pig

Alexa Fluor 488; donkey anti-mouse Cy3, donkey anti-rabbit Cy3, donkey anti-goat Cy3, donkey

anti-rat Cy3 (1:500, Jackson ImmunoResearch, Ely, UK). For BODIPY staining, the method

was referred to Marschallinger et al with some modifications (Marschallinger et al. 2020). After

primary antibody incubation, sections were washed once in TBS and then incubated with

BODIPY 493/503 (1 μg/ml, Thermo Fisher) at a 1:1000 dilution in TBS for 30 min, then the

sections were washed three times in TBS (antigen retrieval step and detergent must be avoided

for BODIPY staining). Nuclei staining was then performed with 4',6-Diamidin-2-phenylindol

(DAPI, 1:10,000; AppliChem, Darmstadt, Germany). Finally, Vectashield (Vector Laboratories,

H-1000) was used for mounting. Specific antibody working dilutions are given in resources

Table 5 and Table 6 of the Supplementary Material.

2.14 Immunocytochemistry and BODIPY staining in vitro

Primary microglia were seeded on poly-l-lysine-coated pre-coated chambers at a density of

×10 /cm , using DMEM/F12+10% fetal bovine serum as the medium. After specific4 4 2

treatments, cells were washed once with cold PBS and then fixed in 4% paraformaldehyde (PFA)

for 20 min. The cells were washed three times with PBS, then permeabilized with 0.25% Triton

X-100 for 15 min, and rewashed for three times. PBS with 10% DS, 1% BSA was used as

blocking buffer for 1 hour blocking at room temperature. They were then followed by overnight

incubation with primary antibodies (Iba1, iNOS, CD68, CD11b, p2y12, TMEM119, PLIN2,

CD206 and CX3CR1). After three times washing with PBS, the slides were incubated with the

corresponding secondary antibody for 2 hours or with BODIPY 493/503 for 30 minutes. The

nuclei were stained with DAPI. Finally the slides were mounted with Vectashield 1000 (Vector

Laboratories, H-1000). Specific antibody working concentrations are shown in Table 5 and

Table 6.

2.15 Quantitative analysis of immunofluorescence data

The cortex and striatum were detected as regions of interest (ROI), five randomly selected fields

of view per overlay were photographed, and three images were taken for each region to

determine the average neuron or microglia density for all ROIs. For cells in vitro, photographs

were taken in 3 fields of view (40x magnification), each overlay were randomly selected. For

BODIPY+Iba1+ and BODIPY+iNOS+ microglia, images were analyzed blindly based on the

number of BODIPY+ co-localized cells, and quantitative analysis of the number and size of



Materials and methods 28

lipid droplets. Immunofluorescence slides were photographed on a Zeiss Axioplan 2

fluorescence microscope (Zeiss, Oberkochen, Germany) or confocal scanning laser microscope

(Zeiss LSM 700, Germany). Images were processed with ZEN software version 3.20. Cell

colocalization analysis and fluorescence intensity quantification were performed with ImageJ

software version 1.60.

2.16 TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL, in situ cell death

detection kit, Sigma-Aldrich) staining was used to detect cell death according to the

manufacturer's instructions. After specific treatment, cells were fixed and permeabilized.

Subsequently, working reaction mixture was prepared with 50 μl total volume of Enzyme

solution into 450 μl Label solution to obtain 500 μl TUNEL reaction mixture. Then the cells

were incubated with the TUNEL reaction mixture for 1 h at 37℃ in the dark. Afterward, 4', 6-

diamidino-2-phenylindole (DAPI) staining was used to stain cell nuclei.

2.17 Analysis of phagocytosis

The analysis of microglial phagocytosis refers to the report of Hu et al with modification(Hu

et al. 2012). Microglia were seeded on 96-well plates (1×10 cells/well) and incubated with4

respective treatments for 24 h. Nile red fluorescent microspheres (0.02 μm, Invitrogen,

Germany) were dissolved in cell culture medium according to the instruction of the supplier.

Cells were incubated with or without microspheres for 4 h. In order to extinguish the signal

interference of the extracellular fluorescent microspheres, after removing the medium, cells

were washed with 0.25 mg/ml trypan blue in PBS. After cells were subsequently lysed with 1%

PBS-Triton, the samples were analyzed using a fluorescence plate reader (535 nm excitation

wavelength and 575 nm emission wavelength). To acquire images of phagocytosis, microglia

were seeded on 4-well chambers (4 ×10 cells/well, Sarstedt, Germany). Nile red fluorescent4

microspheres were added as described above. The cells were then washed twice with PBS before

fixation and permeabilization, then incubated with specific primary and secondary antibodies.

Nuclei were stained with DAPI. Immunofluorescence slides were photographed with Zeiss

Axioplan 2 fluorescence microscope (Zeiss, Oberkochen, Germany) or confocal scanning laser

microscope (Zeiss LSM 700, Germany)
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2.18 ROS stress analysis

To measure reactive oxygen species (ROS) in microglia, cells were seeded on 4-well chambers

at a density of 4 × 10 cells/well and treated with LPS, triacsin C, IL-4, conditioned medium or4

vehicle solution for 24 h. Then CellROX Orange (1:500; Invitrogen, Germany) was added to

the cell culture medium and incubated at 37°C for 1 hour. Cells were washed twice with PBS,

and nuclei were stained with Hoechst 33342 (1:5000; Thermo Fisher, Germany). CellROX

Orange Intensity was detected with Zeiss Axioplan 2 fluorescence microscope (Zeiss,

Oberkochen, Germany).

2.19 Lipid samples extraction

The method of lipid samples extraction was based on the protocol of Bligh and Dyer method

with minor modifications (Breil et al. 2017). Small amounts of chloroform and methanol were

used in the primary extraction step. After the tissue or cells were washed twice with cold PBS,

samples were homogenized in ultrapure water with a homogenizer or sonicator (10 mg tissue

or 1 x 10 cells). The homogenized samples were mixed with 1x volume of chloroform and 2x6

volumes of methanol. After vortexing thoroughly, the samples were incubated at room

temperature for 20 minutes. Thereafter, another 1x volume of chloroform and 1x volume of

ultrapure water was added. The suspension was then mixed and vortexed thoroughly and

incubated for an additional 20 minutes. Then the samples were followed by ultracentrifugation

at 15000 x g for 15 minutes and were completely separated into three layers. The upper aqueous

layer was removed and the lower organic phase was transferred to a new tube. After air-drying

at 50°C to remove chloroform, the samples were vacuumed for 30 minutes to remove trace

organic solvent and finally stored at -20°C.

2.20 Total cholesterol/cholesteryl ester measurement

Total cholesterol and cholesteryl esters in tissue or cell samples were analyzed by commercially

available cholesterol quantification kits (Abcam, ab65359, Germany). According to the

manufacturer's instructions, the protocol of cholesteryl ester formation was quantified using a

total cholesterol/cholesteryl ester quantification kit (colorimetric/fluorescence). For lipid

samples previously collected from tissue or cells, the dried lipid samples were dissolved in 200

μL of assay buffer. To get a standard curve, diluting 25 μL of cholesterol standard solution in

different proportions to prepare six sets of standard samples, added into a 96-well plate. Testing

samples were divided into two reaction mixtures: with or without cholesterol esterase. Total

cholesterol and free cholesterol were measured separately, and added to appropriate wells of a
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96-well plate. Samples were mixed with reaction buffer and incubated at 37°C for 60 min in the

dark. Measured the absorbance at 570 nm with a colorimetric microplate reader or the

fluorescence value at Ex/Em = 535/587 nm with a fluorometric microplate reader, and

normalizing with the standard curve to calculate the total cholesterol and free cholesterol

concentrations in each well. The concentration of cholesteryl ester is equal to total cholesterol

minus free cholesterol. Three independent assays were performed in replicates, using three

independent organisms per experiment.

2.21 Free fatty acid quantification

The quantification of total free fatty acids (FFA) was measured by using a commercially available

free fatty acid assay kit (ab65341, Abcam, Germany). Extraction, preparation and measurement

of samples were performed according to the manufacturer's protocol. Briefly, the dried lipid

samples for analysis were dissolved in 200 μL of assay buffer. In order to get the standard curve,

20 μL of palmitic acid standard solution was diluted in different proportions to prepare six sets

of standard samples, which were added to 96-well plates. Fatty Acid Probe, Acyl-CoA

Synthetase (ACS) Reagent and Enzyme Mix were mixed thoroughly as reaction buffer according

to the commercial instruction. Samples were mixed with reaction buffer and incubated for 30

min at 37 °C in the dark. The absorbance at 570 nmwas measured with a colorimetric microplate

reader or the fluorescence value at Ex/Em= 535/587 nm with a fluorescence microplate reader,

and normalized with the standard curve to calculate the free fatty acid concentration.

2.22 Tissue sample harvest

We used immunofluorescent analysis to investigate brain tissue samples at different time points

after MCAO surgery. We found that LD-enriched microglia were mainly located in the

ipsilateral hemisphere cortex region, in the lesion center. We defined the region as depicted in

Figure 4. A-B, and then collected tissue samples of these regions from MCAO mice (Sham, 3

days, 7 days and 28 days post-ischemia). C57BL/6J mice with MCAO followed by different

reperfusion time were anesthetized with isoflurane, then were killed by transcardial perfusion

with cold PBS using a micropump. The mouse brains were sliced with a slicer matrix at a

thickness of 2 mm, and brain specimens were collected at designated locations using a sample

puncture needle (1 mm diameter, Kai medical, 0197, Germany). The collected brain samples

were stored at -80°C for later analysis.
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Figure 4. The tissue sample harvest in vivo. (A) Selected areas after MCAO: R1 (ipsilateral cortex lesion),
R2 (ipsilateral cortex, out of lesion), R3 (white matter area of lesion margin). L1, L2, and L3 are the

corresponding areas on the contralateral side. Most of LD-enriched iNOS and PLIN2 (B) as well as microglia

(A, Iba1) was found in R1.

2.23 Western blot analysis

The brain tissue samples and the cell samples were lysed in a solution buffer containing RIPA

Lysis and Extraction Buffer (Thermo Scientific, Waltham, USA), 1 mmol/L EDTA, 1%

protease inhibitor, and 1% phosphatase inhibitor with a homogenisator or sonicator for 10

minutes and subsequently centrifuged at 4°C with 14000 rpm for 15 minutes. Supernatants

containing protein were collected. Protein concentrations were quantified with the Pierce BCA

protein assay kit (Thermo Fisher Scientific, USA). Reduced loading buffer (Carl Roth, Karlsruhe,

Germany) was added, and the samples were heated at 95°C for 5 minutes. Equal amounts of

protein were loaded on 8% to 12% SDS-PAGE gel and electrophoretically separated in sample

buffer (dithiothreitol, final 0.1 M concentration, 0.1 % SDS, 0.1 M Tris HCl; pH 7.0). Then the

electrophoresis gel was transferred to a polyvinylidene fluoride membrane (Merck Group,

Darmstadt, Germany) by the tank transfer protocol. Membranes were pre-activated by

incubating in methanol for 1 minute, and membranes and gels were arranged in the following

order: foam (fiber) pad, filter paper, gel, membrane, second filter paper, second foam pad, and

then the box rack (so-called "sandwich") was closed and placed in a transfer chamber filled with

transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3, 10%–20% methanol in 1 L ultrapure

water). After transfer, membranes were incubated in blocking buffer (5 g milk powder or BSA

in 100 ml TBS-T) for 1 hour at room temperature. Then followed by overnight incubation for

optimal results with primary antibodies: PLIN2, SREBP2, NF-κB p65, IκBα, IL-1β, TGF-β1,

β-actin, α-tubulin andGAPDH. After three times washes with tris-buffered saline supplemented
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with 0.1% Tween 20 (TBS-T) detergent, the blots were incubated with horseradish peroxidase-

conjugated secondary antibodies (1:10000) for 1 hour. Specific antibody working dilutions are

given in the following resources Table 5. After washing another three times with TBS-T, the

membrane was incubated in ECL reagent (Bio-Rad, Germany) for 1 minute and developed with

the imaging system ChemiDoc XRS+ (Bio-Rad, Germany). Image J version 1.60 was used to

measure the grey value of each blot. Western blot measurements were performed in triplicates.

2.24 RNA isolation and quantitative Real-Time polymerase chain reaction
(qRT-PCR)

To extract total RNA, TRIzol (Invitrogen, Darmstadt, Germany) was used according to the

manufacturer's instructions. Briefly, 800 µl of TRIzol was added to a cell or tissue homogenate

sample, mixed well by inversion, and incubated at room temperature for 10 min. Then 200 µl

of chloroform was added and shaken vigorously to mix well. The mixture was centrifuged at

12000 x g for 15 min. The upper layer (aqueous phase) was collected and transferred to a new

Eppendorf tube. 500 µl of isopropanol was added to the collected aqueous phase. After gently

mixing, RNA was precipitated at room temperature for another 10 min, followed by

centrifugation at 12,000 x g for 10 min at 4 °C. The supernatant was discarded, and the pellet

was washed with 75% ethanol, then followed by centrifugation again at 10,000 x g for 5 min.

The supernatant was discarded and the pellet was left to dry naturally for 5 min. The pellet was

dissolved in nuclease-free water pre-treated with diethylpyrocarbonate (DEPC). Total RNA

concentration was determined with a NanoDrop ND1000 Spectrophotometer (NanoDrop,

Wilmington, DE, USA). mRNA was reverse transcribed to cDNA with the RevertAid H Minus

First Strand cDNA Synthesis Kit, followed by qRT-PCR with the SYBR Green I Master Kit for

LightCycler® 480 (MerckGroup) according to the manufacturer's instructions. All PCR primers

were purchased from Eurofins Genomics (Luxembourg, Germany). (Table 7).

2.25 Enzyme linked immunosorbent assay (ELISA)

Concentrations of TNF-α, IL-1β and TGF-β1 were determined with commercial ELISA kits

(Thermo Fisher Scientific, USA) according to the manufacturer's instructions. 96-well plate was

coated with capture antibody at 100 μl/well, then the plate was sealed and incubated overnight

at 4°C. 96-well plate was coated with capture antibody at 100 μl/well, then the plate was sealed

and incubated overnight at 4°C. All the wells were aspirated and washed three times with 250

μl/well PBS-T. The wells were blocked with 200 μl ELISA/elispot diluent (1X) for 1 hour

incubation at room temperature. Standard samples were prepared as instruction for a standard



Materials and methods 33

curve. The standard and test samples were added into 96-well plate at 100 μl/well with another

overnight incubation at 4°C (TGF-β1 needs to be pre-activated with acid-base neutralization).

All the wells were aspirated and washed as in the previous steps, and 100 μl/well of diluted

detection antibody was added to each well. The plate was sealed and incubated at room

temperature for 1 hour. After aspirating and 3-5 times washing, 100 μl/well of diluted

horseradish (Avidin-HRP) was added to each well and incubated at room temperature for 30

minutes. After 5-7 washes, 100 μl/well of 1x TMB solution was added with 15 minutes

incubation at room temperature. Finally, 100 µL/well of stop solution was added to stop the

reaction, the absorbance of the samples was detected at 450 nm by using a colorimetric plate

reader.

2.26 Flow cytometry analysis in vivo

Microglia and LD-rich subpopulations of microglia in the cerebral hemisphere after MCAO

were determined by flow cytometry with a fluorescence-activated cell sorter. Ischemic cerebral

hemispheres were mechanically homogenized in lysis buffer (0.5% BSA, 5% glucose, 10 mg/ml

DNase in PBS) and centrifuged at 2000 rpm for 10 min. Thereafter, the pellets were dissolved

in 30% Percoll solution (GE Healthcare, USA) and loaded onto a gradient containing 45% and

70% Percoll. After centrifugation, the cells were aspirated between stages and dissolved in

working solution (3% fetal bovine serum in PBS). Before antibody labeling, the cell suspension

was incubated with anti-mouse Fc-Block (final concentration of 2.5 μg/ml) for 10 min at 4°C

to prevent non-specific binding. After washing, cells were incubated with anti-CD45, anti-

CD11b and BODIPY (BioLegend, San Diego, USA) overnight. Flow cytometry quantification

was obtained using FlowJo v. 10.5.3 (BD FACSDiva™) software.

2.27 Statistical analyses

For comparison of two groups, the two-tailed independent Student’s t-test was used. For

comparison of three or more groups, a one-way analysis of variance (ANOVA) followed by

Tukey’s post-hoc-test and, if appropriate, a two-way ANOVA were used. Unless otherwise

stated, data are presented as means with SD values. A p-value of <0.05 was considered

statistically significant. Statistical software was Graphpad Prism version 8.0.
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3 Results

3.1 Extraction and characterization of primary microglia and neurons

Characterization of primary microglia by phase-contrast microscopy and immunocytochemistry

confirmed that the microglia phenotype was consistent with several known specific markers (i.e.,

Iba1, CD11b, CX3CR1, and TMEM119) (Figure 5. A). Primary microglia were exposed to

different times of OGD then followed by 24 h reoxygenation (RO; Figure 5. B-C), and the

OGD time of 4 h was accepted as the most suitable OGD time point (for 50% cell survival

rate). Primary neurons were exposed to different times of OGD/RO, and the results of cell

viability and cytotoxicity assays showed that the duration of OGD correlated with the degree of

cell damage, and the cell survival rate of neuronal cells was 50% after 4 hours of OGD, similar

to microglia (Figure 5. D-E). Therefore, 4 h was selected as the ideal OGD time point for

primary microglia and neurons, and a co-culture model was constructed.



Results 35

Figure 5. Extraction and characterization of primary microglia and neurons and cell survival rate
after OGD/RO in vitro. A-C, Phase-contrast images of primary microglia under bright-field microscopy, as
well as immunofluorescence stainings against the markers Iba1, CD11b, CX3CR1, and TMEM119, are shown

(A). Quantitative measurement of cell survival rate by MTT assay: primary microglia exposed to different

time points of OGD (2 h, 4 h, 6 h, and 8 h) followed by 24 h reoxygenation (RO). Microglia cultivated under

standard cell culture conditions (Normoxia) served as control (n = 5) (B-C). D-E, Quantitative measurement
of cell survival rate by MTT assay: primary neuron exposed to different time points of OGD (2 h, 4 h, 6 h,

and 8 h) followed by 24 h RO. Neurons cultivated under standard cell culture conditions (Normoxia) served

as control (n = 5). Data are expressed as mean ± SD, ****p < 0.0001. Scale bars, 50 μm and 20 μm (A), 50

μm and 10 μm (B, D). Abbreviations: OGD, oxygen glucose deprivation; RO, reoxygenation; MTT, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay.
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3.2 Oxygen-glucose deprivation (OGD) and inflammation induce
accumulation of LDs in microglia in vitro.

We hypothesized that hypoxia and inflammation could induce LDs biogenesis in microglia. To

investigate this, we characterized the LDs at different time points after reoxygenation. After 4

hours of OGD and following 24 hours of reoxygenation (RO), cells were stained with BODIPY,

and a large number of LDs (BODIPY+) accumulated in microglia (Figure 6. A-C). Moreover,

unlike the resting microglial morphology, this LDRM showed the amoeboid morphology

possessed by immune-activated microglia: increased cell size and reduced branching.

Interestingly, the increase in LDs depended on the duration of RO (2, 6, 12, 24, and 48 hours)

and peaked after 24 hours RO (Figure 6. D-F). Furthermore, a significant accumulation of LDs

was also found after stimulation of microglia with LPS and conditioned medium from primary

neurons after OGD (OGD-CM). After inhibiting the long-chain fatty acid synthesis and

cholesterol esterification by using triacsin C (Trc), an Acyl-CoA cholesterol acyltransferase

inhibitor, the size and number of LDs were significantly reduced (Figure 6. G-I).

Fluorescence images were quantified using ImageJ software: normalized by the mean

fluorescence intensity (MFI) of control group (mean ± SD): 21.5 ± 5.8 and 13.5 ± 3.1 for

the LPS and OGD-CM groups, respectively, which decreased to 5.1 ± 1.8 and 3.7 ± 2.3 after

co-incubation with Trc. In addition, the percentage of BODIPY+Iba1+ microglial to total

microglia in control group was 4.7±2.1%, while the percentage increased to 64.1±14.1% and

53.2±10.7% in the LPS and OGD-CM groups, and decreased to 9.5±5.9% and 13.6±4.5%

with Trc treatment. It was confirmed that inhibition of long-chain fatty acid and cholesterol

synthesis could reduce the biogenesis of LDs.
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Figure 6. Oxygen-glucose deprivation (OGD), LPS and conditioned medium induce accumulation
of lipid droplets (LDs) in primary microglia in vitro. A-C, LDs (BODIPY+ green) significantly increased
in microglia after exposed to OGD under immunofluorescence staining (A), Quantification of BODIPY

mean fluorescence intensity (MFI) of LDs (B), and percentage of BODIPY+ (green) Iba1+ (red) cells (C).

(n = 7). D-F, LDs were accumulated in microglia within 48 h of reoxygenation (D), Quantification of MFI
of BODIPY+ cells (E), percentage of BODIPY+ (green) cells (F). (n = 7). G-I, LPS and OGD-CM can also

stimulate LD formation in microglia, and co-treated with triacsin C (Trc, 1 μM), an ACAT inhibitor, can

inhibit this process (G), Quantification of MFI of BODIPY+ cells with LPS and OGD-CM treatment (H),

and percentage of BODIPY+ Iba1+ cells (I). (n = 7). Statistical tests: Data are expressed as mean ± SD, NS:

no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ####P<0.0001. Scale bars, 50 μm

and 20 μm (A), 20 μm (D, G). Abbreviation: OGD, oxygen-glucose deprivation; RO, reoxygenation; OGD-

CM, conditioned medium from primary neuron after OGD; LDs, lipid droplets; MFI, mean fluorescence

intensity; Trc, triacsin C; ACAT, Acyl-CoA cholesterol acyltransferase.

We also verified the expression of PLIN2 and IL-1β at the protein level in microglia under

different conditions by Western blotting. We found that PLIN2 expression was significantly

elevated under both hypoxic and inflammatory conditions compared to controls, whereas it was
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decreased under IL-4 condition treatment (Figure 7. A). In addition, IL-1β, the major

inflammatory factor produced by microglia, was also elevated under hypoxic and inflammatory

conditions, especially in the LPS and OGD-CM group, whereas no significant changes were

observed between IL-4 and control group (Figure 7. B). These results support our hypothesis

that lipid metabolism patterns and liposome formation in inflamed microglia may be related to

inflammatory expression.

Figure 7. Upregulation of PLIN2 (Perilipin 2 protein) and IL-1β in lipid droplet-rich microglia (LDRM)
under oxygen glucose deprivation (OGD) and inflammatory conditions. A, Quantitative analysis of PLIN2
expression in five group: normoxia as control group, OGD group, conditioned medium from primary neurons

after OGD (OGD-CM) group, LPS group and IL-4 group using Western blot analysis normalized with the

housekeeping protein GAPDH (n = 3). B, Quantitative analysis of IL-1β expression in these five group using
Western blot analysis normalized with the housekeeping protein GAPDH (n = 3). Statistical tests: Data are

expressed as mean ± SD, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviation: PLIN2, perilipin

2 protein; LDRM, lipid droplet-rich microglia; OGD, oxygen-glucose deprivation; OGD-CM, conditioned

medium from primary neurons after OGD.

3.3 Middle cerebral artery occlusion (MCAO) induces the formation of
LDs in microglia in vivo

We used the middle cerebral artery occlusion (MCAO) mouse model to analyze LD formation

and microglia migration in the mouse brain after cerebral ischemia in vivo. Interestingly, using

immunofluorescence (IF) staining labeling LDs with BODIPY and microglia with Iba1, we

found that LDs do not accumulate immediately after ischemia, but gradually after the acute

phase of stroke, peaking about one week after infarction. Moreover, most of the LDs were
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found in microglia and macrophages, co-localized with Iba1+ (Figure 8. A). In addition, in the

post-stroke brain (sham, 3, 7, 28 days), we found that the number of microglia in the sham

group was limited and LDs were hardly observed. Then 3 days after ischemia, microglia

aggregated in the cortical and white matter infarct areas on the ipsilateral side and the number

of LDs in the microglia increased significantly. On post-ischemia day 7, large amount of LDs-

rich microglia (LDRM) aggregates were found in the ipsilateral cortical infarct core. After that,

there was a gradual decline until 28 days; where only a tiny amount of LDRM was observed in

the brain (Figure 8. B-D).

Figure 8. The formation of LDs in microglia in the mouse middle cerebral artery occlusion (MCAO)

stroke model. A, Immunofluorescence of whole brain staining after MCAO with 1 week reperfusion. B-D,

Immunofluorescence of cortical infarct core stainings at different reperfusion times (Sham, 3, 7, 28 d) after

MCAO indicated that LDs mainly accumulated in microglia (B), Quantification of mean fluorescence

intensity (MFI) of BODIPY(C), percentage of BODIPY+ Iba1+ cells (D). (n = 7). Statistical tests: Data

are expressed as mean ± SD, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ####P<0.0001. Scale bars, 1000

μm and 100 μm (A), 20 μm and 5 μm (B). Abbreviation: MCAO, middle cerebral artery occlusion; LDs, lipid

droplets; MFI, mean fluorescence intensity.

In our MCAO in vivo mice model, we found that compared with the MCAO group, after the

treatment of Trc, the number of LDRMs in infarct lesions was significantly reduced and the
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infarct lesion size was also significantly diminished due to the inhibition of long-chain fatty acyl-

CoA synthase (ACSL) (Figure 9. A). Interestingly, as the size and number of LDs labeled by

PLIN2 declined, the number of activated LDRMs also reduced (Figure 9. B-D).

Figure 9. The ACAT inhibitor triacsin C reduces LD formation and actived microglia after MCAO.
A, Whole brain immunofluorescence staining of one week post-stroke shows that triacsin C (Trc, 1 μM,)
reduced PLIN2+ and Iba1+ microglia. B-D, Quantification of PLIN2 mean fluorescence intensity (MFI) of

cortical infarct core immunofluorescence staining (B), quantification of Iba1 mean fluorescence intensity

(MFI) (C), and PLIN2+ Iba1+ cells per 0.5 mm2area (D). (n = 5).Statistical tests: Data are expressed as mean

± SD, NS: no significance, *p < 0.05, **p < 0.01, ****p < 0.0001, ##p < 0.01, and ####p < 0.0001.

Scale bars, 1000 μm and 100 μm (A). Abbreviation: ACAT, Acyl-CoA cholesterol acyltransferase; MCAO,

middle cerebral artery occlusion; LDs, lipid droplets; MFI, mean fluorescence intensity; Trc, triacsin C.

Next, we measured the protein expression levels of PLIN2 and IL-1β in the brains of mice after

MCAO under different ischemia-reperfusion time points by Western blotting. We found that

the inflammatory factor IL-1β gradually increased after MCAO and peaked on post-ischemia

day 7, followed by a gradual decrease (Figure 10. A). Interestingly, the expression level of PLIN2

was also progressively elevated after stroke and peaked on post-ischemia day 7 (Figure 10. B).

The difference is that the time point of PLIN2 elevation is earlier than that of IL-1β (a significant

increase on post-ischemia day 3). In addition, by immunofluorescence staining, we found that a

large number of neurons still remained in the infarct area on post-ischemia day 3, and these
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neurons gradually died in the subsequent 4-7 days after ischemia. This time point is also the

time period when LDRM formation and inflammation are upregulated. On post-ischemia day

7, we divided the brain into six areas: R1, ipsilateral hemisphere cortex; R2, ipsilateral cortex out

of lesion; R3, white matter area of lesion margin; L1, L2, and L3 were the corresponding areas

on the contralateral side. The R1 area had only extremely few surviving neurons (labeled by

Neun in green) and numerous microglia (labeled by Iba1 in red). In addition, many microglia

were also found in R3, but more neurons survived than that in R1. However, both the R2 region

and the contralateral side (L1, L2, and L3) showed a considerable amount of neurons and few

microglia (Figure 10. C). We also found that most of the microglia in cortical infarct lesion core

were M1 phenotype pro-inflammatory microglia labeled by iNOS+PLIN2+, and this pro-

inflammatory LDRM was less or none in other regions (Figure 10. D). These results suggest

that cellular injury due to energy deficiency after cerebral ischemia causes altered lipid

metabolism and consequent upregulation of PLIN2, and thereafter accumulation of LDs in the

numerous pro-inflammatory LDRM may subsequently lead to further upregulation of

inflammation and aggravate neuronal death.

Figure 10. PLIN2 and IL-1β expression were progressively elevated over 7 days in the infarcted

hemisphere after middle cerebral artery occlusion (MCAO). A, Quantitative analysis of PLIN2 expression in
post-ischemic mice with different reperfusion times (sham, 1, 3, 5, 7, 9, 11, and 14 d) by Western blot analysis of

the ischemic hemisphere. Western blot was normalized with the housekeeping protein GAPDH (n = 3). B,
Quantitative analysis of inflammatory factor IL-1β expression in the same reperfusion time point using Western
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blot analysis normalized with the housekeeping protein GAPDH (n = 3). C, Distribution of neuron (Neun, green)
and microglia (Iba1, red) at day 7 post-ischemia was measured by Immunofluorescence co-staining. Divided the

brain hemisphere into different areas: R1 (ipsilateral hemisphere cortex), R2 (ipsilateral cortex out of lesion), R3

(white matter area of lesion margin). L1, L2, and L3 were the corresponding areas on the contralateral side. Most

Iba1+ microglia were found in R1; while most Neun+ neurons were located on the contralateral side but very few

in R1. D, Schematic diagram of the divisions of the post-ischemic LDRM. Majority of iNOS+ PLIN2+ LDRM

were found in R1. Statistical tests: Data are expressed as mean ± SD, NS: no significance, *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, and ##p < 0.01. Scale bars, 100 μm (C). Abbreviation:

MCAO, middle cerebral artery occlusion; LDRM, lipid droplet-rich microglia.

3.4 Effect of microglia on post-hypoxia neuronal survival in a co-culture
model.

Based on the in vitro findings presented above, we further hypothesized that released pro-

inflammatory factors from LPS and OGD-CM pretreated microglia might exacerbate neuronal

injury. Furthermore, inhibiting fatty acid and cholesterol synthesis and aggregation of LDs in

microglia might diminish inflammatory upregulation and attenuate neuronal death after

ischemia. First, we divided the isolated and purified primary microglia into seven groups as

follows: group 1 (PM treated with drug solvent in normoxic condition); group 2 (OGD/RO

treatment with drug solvent); group 3 (1000 ng/ml LPS treatment); group 4 (2 µM Trc inhibitor

treatment in group 3); group 5 (incubation with conditioned medium from neurons after

OGD/RO), group 6 (2 µM Trc inhibitor treatment in group 5) and group 7 (10 ng/ml

recombinant IL-4 treatment) (Figure 11. A). After that, we designed nine groups of neuron-

microglia co-culture models in which these preconditioned microglia (seven groups of

preconditioned microglia) were co-cultured with neurons after OGD/RO (Figure 11. B). Cell

viability and cytotoxicity were analyzed by MTT assay, LIVE/DEAD morphology assay and

LDH release assay. In vitro experiments were based on a designed timeline that included primary

cell extraction, drug treatment, OGD/RO, co-culture and subsequent assays (Figure 11. C).
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Figure 11. Grouping of primary microglia (PM) and establishment of microglia-neuron co-culture
system. A-B, To investigate the effect of LDs-enriched PM in primary cortical neurons (PN), seven groups

were developed: group 1 (PM treated with drug solvent in normoxic condition); group 2 (OGD/RO

treatment with drug solvent); group 3 (1000 ng/ml LPS treatment); group 4 (2 µM Trc inhibitor treatment in

group 3); group 5 (incubation with conditioned medium from neurons after OGD/RO), group 6 (2 µM Trc

inhibitor treatment in group 5) and group 7 (10 ng/ml recombinant IL-4 treatment) (A). Microglia-neuron

co-culture system: Co-culture of differently treated PM with PN after OGD (B). C, The timeline of in vitro

experiments including OGD, RO, co-culture incubations, and post-OGD assays (Sample harvesting, MTT

and LDH assay, Dead/Live morphological assay, TUNEL assay in PN). Abbreviations: OGD, oxygen-

glucose deprivation; RO, reoxygenation, PM, primary microglia. PN, primary neuron; Trc, triacsin C.
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We found that co-culture with preconditioned microglia did not affect the cell survival of

neuronal cells in normoxia. In neuron-microglia co-culture experiments with OGD/RO,

untreated and IL-4 pretreated microglia (group 3 and group 9) exhibited a protective effect on

post-hypoxic neurons. In contrast, the survival of neurons co-cultured with the LDRM groups

(LPS preconditioned group 5 and OGD-CM preconditioned group 7) was reduced compared

to the control group (neurons without co-culture after hypoxia, group 2). Interestingly, with

inhibition of LDs by Trc in groups 6 and 8, LDs-lacked microglia diminished damage to neurons

in OGD/RO and even protected neurons. Similarly, elevated cytotoxicity of neurons after

hypoxia was found in the LDRM groups and was reversed by Trc treatment of LDs-lacked

microglia (Figure 12. A-B). Furthermore, in LIVE/DEAD morphological assay, it was

demonstrated that LDRM (group 5 and 7) also significantly caused neuronal damage during co-

culture with neuronal RO by quantitatively calculating the ratio of surviving neurons (LIVE,

green) to total cell number. Trc precondition transformed LDRM to LDs-lacked microglia

reversed this effect (Figure 12. C-D). Hence, these data confirm that microglia play a double-

edged role in neuronal ischemic injury: resting and anti-inflammatory phenotypes of microglia

can counteract neuronal injury after hypoxia, whereas LDRM loses this protective effect. The

lipid metabolism and LD formation are related to functional and phenotypic transformation of

microglia.
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Figure 12. Primary microglia (PM) with different treatments affect the cell viability of primary
neurons (PNs) after OGD by a co-cultures system. A, Cell viability was analyzed in PNs exposed to 4 h
of OGD followed by 24 h of reoxygenation with co-cultures of pre-treated PM by MTT assay (A) (n = 5).

Cells incubated under normoxic conditions were defined as 100% cell survival. B, OGD-induced neuronal
cell toxicity was further assessed in the lactate dehydrogenase (LDH) release assay (n = 5). C-D, The
LIVE/DEAD assay of PNs uses the same conditions as mentioned for the MTT assay. The photos display

representative immunofluorescence stainings of calcein AM (LIVE cells, green) and ethidium homodimer-1

(DEAD cells, red). (n = 5). Statistical tests: Data are expressed as mean ± SD, NS: no significance, *p < 0.05
**p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.

Scale bars, 20 μm (C). Abbreviation: OGD, oxygen-glucose deprivation; PM, primary microglia; PN,

primary neuron; Trc, triacsin C, LDH, lactate dehydrogenase.

3.5 Fatty acid synthesis and accumulation of LDs affect inflammation
levels in microglia

In our study, we found a dual role of microglia in the survival of neurons after hypoxia. One

possible reason is that the high level of inflammatory factors released by this LDRM aggravates

neuronal death. Therefore, we used an in vitro ELISA assay to detect inflammatory and anti-
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inflammatory factors levels in microglia under different conditions. We found that IL-1β and

TNF-α levels were significantly higher in LDRM under LPS and OGD-CM treatment than in

control group and IL-4 treated groups (Figure 13. A-B). While IL-6, a chronic inflammatory

factor and an anti-inflammatory factor in acute inflammation, was elevated in all treatment

groups, but more significantly in LDRM (Figure 13. C). On the other hand, the level of the anti-

inflammatory factor TGF-β was reduced in LPS group compared to the control group, with a

slight increase in OGD-CM group, and showed the highest level in IL-4 group (Figure 13. D).

Figure 13. OGD-CM and LPS induce upregulation of inflammatory factor levels in vitro. A-C, ELISA
analysis of such LPS and OGD-CM treated lipid droplet-rich microglia (LDRM) revealed higher

inflammatory level of IL-1β, IL-6 and TNF-α, while IL-4 did not (n = 6). D, The LDRM had lower anti-

inflammatory factor TGF-β levels than typical M2 microglia in the IL-4 group. (n = 6). Statistical tests: Data

are expressed as mean ± SD, NS: no significance, *p < 0.05, ***p < 0.001, and ****p < 0.0001. Abbreviation:

LDRM, lipid droplet-rich microglia; OGD-CM, conditioned medium from primary neuron after OGD.

To verify whether fatty acid synthesis and LD accumulation upregulate the level of inflammation

in microglia, we analyzed the levels of inflammatory and anti-inflammatory factors in LDRM

and with Trc treatment, respectively. Within 48 h of treatment, IL-1β and TNF-α levels were

consistently elevated in LPS and OGD-CM groups and peaked at 24 h, and LPS group exhibited
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higher levels of inflammatory factors than OGD-CM group. Reducing LDs aggregation by Trc

treatment, a decrease in IL-1β and TNF-α levels was observed in these two groups (Figure 14.

A-B). In addition, although a slight increase in IL-6 over time was observed in both LPS and

OGD-CM groups, inhibition of LDs did not significantly alter IL-6 levels (Figure 14. C). One

can speculate that lipid metabolism is not a key target for regulating IL-6. On the other hand,

we observed that TGF-β levels in OGD-CM group tended to increase first and peak at 12 h,

then decline after that, and Trc treatment significantly increased TGF-β levels. Interestingly, a

similar trend could not be observed in LPS group, where TGF-β remained at a relatively low

level and could not be altered by Trc treatment (Figure 14. D).

Figure 14. Triacsin C reduces the upregulation of inflammatory factor levels in OGD-CM and LPS-
induced lipid droplet-rich microglia (LDRM) in vitro. A-D, Quantitative measurement of pro-

inflammatory factors (IL-1β, TNF-α, and IL-6) level (A-C) and anti-inflammatory factors (TGF-β) level (D)

in lipid droplet rich microglia (LDRM) treated with LPS or OGD-CM followed by different incubation

periods (2, 6, 12, 24, and 48 h) using ELISA assay (n = 6). The expression of pro- and anti-inflammatory

factors of LDRM co-incubation with Triacsin C was also measured quantitatively. Statistical tests: Data are

expressed as mean ± SD, NS: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001. Abbreviation: Trc, triacsin; LDRM, lipid droplet-rich microglia; OGD-CM, conditioned medium

from primary neuron after OGD.



Results 48

3.6 Altered lipid metabolism affect the inflammatory transcriptional
characteristics of microglia in vitro.

To analyze if ischemia alters the expression of lipid metabolism-related genes and induces lipid

droplet biogenesis in microglia, as well as an accompanying inflammatory response after stroke,

we examined ischemia-induced differentially expressed genes (DEGs) encoding typical lipid

droplet membrane proteins (PLIN2); fatty acid synthesis and cholesterol esterification (Soat1,

SREBP2); fatty acid and cholesterol hydrolysis (Nceh1, LIPA, NPC2); lipid transport (ApoE,

ABCA1); Oxidative stress and microglial phenotype (iNOS, CD206); inflammatory factors

(TNF-α, IL-1β); and anti-inflammatory factors (IL-10, TGF-β) (Figure 15.).

Figure 15. LPS and OGD-conditioned medium (CM) induce the formation of lipid droplet-rich
microglia (LDRM), alter lipid metabolism-related gene expression, and regulate the polarization
phenotype and inflammatory factor levels in microglia. Heatmap of gene expression comparisons
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between 6 groups: control group (primary microglia treated with drug solvent in normoxic condition); LPS

group (1000 ng/ml LPS treatment); LPS + Trc group (2 µM Trc inhibitor treatment in LPS group); CM group

(incubation with conditioned medium from neurons after OGD/RO), CM + Trc group (2 µM Trc inhibitor

treatment in CM group) and IL-4 group (10 ng/ml recombinant IL-4 treatment). Heatmap was produced by

pheatmap package in Rstudio. Data were log2 transformed and shown as red to blue: red (up-regulated), blue

(down-regulated) and white (no modulation), as shown in the key. Rows and columns are clustered using

correlation distances and average associations. Abbreviation: OGD, oxygen-glucose deprivation; CM,

conditioned medium from primary neuron after OGD; LDRM, lipid droplet-rich microglia; Trc, triacsin C.

We observed that 12 groups of LDRM (LPS and CM groups) increased microglial mRNA

expression of lipophilin protein (PLIN2); cholesterol synthesis esterified protein (Soat1); M1

phenotype-associated enzyme (iNOS); pro-inflammatory factors (IL-1β, TNF-α). Down-

regulated expression includes M2 phenotype marker of the mannose receptor (CD206),

apolipoprotein (ApoE); lipid transporter protein (ABCA1); Intracellular Cholesterol

Transporter 2 (NPC2); Neutral cholesterol ester hydrolase 1 (Nceh1); lysosomal acid lipase

(LIPA), and anti-inflammatory factors (TGF-β and IL-10). In contrast, IL-4-treated microglia

in the six groups with M2 phenotype showed a distinct transcriptional profile from LDRM:

microglial mRNA was significantly upregulated by CD206, TGF-β, and IL-10. ApoE, Nceh1,

and LIPA were slightly increased. Down-regulation included iNOS, IL-1β and TNF-α; Soat1

and PLIN2 for fatty acid synthesis and LD formation. ABCA1 and NPC2 were not significantly

changed. We further inhibited long-chain fatty acid synthesis and LD formation in LDRM by

using Trc and found that it diminished the upregulation of IL-1β, TNF-α, iNOS, PLIN2, and

Soat1 in the CM group. However, ApoE and Nceh1 did not change significantly. It was verified

that LPS and ischemia-induced lipid metabolism changes could regulate microglia phenotype

and inflammation levels. However, the results were different for LPS plus Trc treatment:

although we still observed a decrease in PLIN2 and Soat1 compared to LPS group and an

increase in CD206, TGF-β, NPC2, ABCA1 and LIPA, this inhibition of fatty acid synthesis

did not completely inhibit the LPS-stimulated inflammatory factor upregulation and microglial

M1 phenotypic transformation, as evidenced by still relatively high levels of iNOS, IL-1β and

TNF-α expression.

We further verified the expression of Plin2, SREBP2 and P65 at the protein level in microglia

using Western blotting. We observed that PLIN2 expression levels were significantly higher in

LPS and OGD-CM-induced LDRM compared to control group and could be suppressed by

Trc, while protein expression levels were lowest in IL-4 group (Figure 16. A). In our study,

similar to PLIN2, SREBP2 expression was significantly elevated in LPS and OGD-CM groups,
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and this elevation could be suppressed by Trc, and expression was lowest in the IL-4 group

(Figure 16. B). Interestingly, P65, a key protein of NF-κB, was highly expressed in LDRM in

LPS and OGD-CM groups, and Trc could inhibit this high expression only in the OGD-CM

group. IL-4 group still keeps the lowest expression level (Figure 16. C).

Figure 16. ACAT inhibitor triacsin C (Trc) reverses upregulation of SREBP2 (Sterol regulatory
element-binding protein 2) and PLIN2 (Perilipin 2 protein) and activation of NF-κB (nuclear factor-
κB) in lipid droplet-rich microglia (LDRM). A-B, Quantitative analysis of PLIN2 (A) and SREBP2 (B)

expression in six group: normoxia as control group, OGD-CM (conditioned medium from primary neurons

after OGD), LPS, LPS treated with Trc (1 μM), OGD-CM treated with Trc and IL-4 group using Western

blot analysis normalized with the housekeeping protein GAPDH (n = 3). C, Quantitative analysis of p65
expression, the NF-κB pathway in these six groups using Western blot analysis normalized with the

housekeeping protein GAPDH (n = 3). Statistical tests: Data are expressed as mean ± SD,NS: no significance,

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, and ###p < 0.001.

Abbreviation: Trc triacsin C; SREBP2, sterol regulatory element-binding protein 2; PLIN2, perilipin 2

protein; LDRM, lipid droplet-rich microglia; OGD, oxygen-glucose deprivation; PM, primary microglia;

PNs, primary neurons; OGD-CM, conditioned medium from primary neurons after OGD.

3.7 Altered patterns of lipid and energy metabolism play a vital role in
microglial polarization in vitro

We further used immunofluorescence staining to determine the microglial phenotype. M1

phenotype microglia were stained by iNOS (Alexa Fluor 488, green), M2 phenotype microglia

were stained by CD206 (Cy3, red), and the nuclei were stained by DAPI (Figure 17. A). We

observed that the majority of microglia in OGD-CM treated microglia were iNOS+ M1

phenotype microglia, while there were few CD206+microglia. Furthermore, after the inhibition

of fatty acid and cholesterol synthesis by Trc, the number of iNOS+ M1 microglia decreased
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significantly, while CD206+ M2 microglia increased. In contrast, in IL-4 group, which served

as a positive control for typical M2 microglia, the vast majority exhibited CD206+ M2

phenotype microglia and very few iNOS+ microglia (Figure 17. B-C).

Figure 17. Inflammation induces the formation of lipid droplets (LDs) and stimulates M1
polarization in primary microglia, and this process can be attenuated by inhibition of long-chain

fatty acid synthesis and cholesterol esterification by the ACAT inhibitor triacsin C (Trc). A,
Immunofluorescence staining of M1 (iNOS, green) and M2 (CD206, red) polarization of primary microglia

cells in the four groups: control, conditioned medium (OGD-CM) treatment, OGD-CM with Trc treatment

and IL-4 treatment. Trc treatment increases M2 polarization rates of primary microglial cells compared with

the OGD-CM group. B, Quantitative analysis of M1 polarization of microglia cells by proportion of iNOS+
cells to total cells in the aforementioned four groups (n = 5). C, Quantitative analysis of M2 polarization of
microglia cells by proportion of CD206+ cells to total cells in the aforementioned four groups (n = 5).

Statistical tests: Data are expressed as mean ± SD, NS: no significance, **p < 0.01, ****p < 0.0001, and
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####p < 0.0001. Scale bars, 20 μm (A). Abbreviation: LDs, lipid droplets; OGD, oxygen-glucose deprivation;

ACAT, Acyl-coenzyme A: cholesterol acyltransferase; primary microglia; Trc, triacsin C.

Next, we used BODIPY staining to label LDs, and we found that iNOS+BODIPY+ co-

localized microglia accounted for the majority of the total cells. Most of the OGD-CM induced

iNOS+ M1 microglia, so-called "foam microglia" or LDRM, contained a large amount of LDs,

and Trc treatment reduced not only the formation of LDs but also the number of iNOS+M1

phenotype LDRM (Figure 18. A-B). In addition, we found that the number of CD206+

microglia remained relatively few after OGD-CM treatment and that there were almost no

BODIPY+ LDs in these CD206+ microglia. After Trc inhibited the biogenesis of LDs, A

significant increase of CD206+ M2 phenotype microglia was observed, and relatively few LDs

were observed in these microglia (Figure 18. C-D). Thus, we suggest that upregulation of fatty

acid and cholesterol synthesis and lipid-overloading formed LDs convert microglia to the M1

phenotype, and this polarization can be reversed by inhibition of ACAT and ACSL.

Figure 18. Inhibition of lipid droplets (LDs) formation by triacsin C (Trc) can convert M1 phenotype
LDs-rich microglia (LDRM) to M2 phenotype LDs-poor microglia in inflammatory condition. A,

Immunofluorescence co-staining of LDs (BODIPY, green) and M1 (iNOS, red) polarization of primary

microglia cells in the four groups: control, conditioned medium (OGD-CM) treatment, OGD-CM with Trc
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treatment and IL-4 treatment. B, Quantitative analysis of BODIPY+iNOS+ microglia of total cells (n = 5).
C, Immunofluorescence co-staining of LDs (BODIPY, green) and M2 (CD206, red) polarization of primary

microglia cells in the aforementioned four groups. D, Quantitative analysis of BODIPY+ microglia of total

cells (n = 5). Statistical tests: Data are expressed as mean ± SD, NS: no significance, ***p < 0.001,

****p < 0.0001, and ####p < 0.0001. Scale bars, 20 μm (A). Abbreviation: LDs, lipid droplets; LDRM, lipid

droplet-rich microglia; OGD, oxygen-glucose deprivation; Trc, triacsin C.

3.8 LDRM in the infarct lesion polarize toward the proinflammatory M1
phenotype over time after MCAO

We partially validated that fatty acid synthesis may stimulate alterations in the microglial

phenotype, upregulating neuroinflammation and further causing neural damage. Indeed, our in

vivo results of post-MCAO mice showed that the polarization of microglia changes dynamically

over time and varies in their distribution in different regions (Figure 19. A). In the infarct core

(R1) and white matter margin regions (R3) on post-ischemia day 3, activated microglia were

observed to be predominantly CD206+ microglia of the M2 phenotype, with some iNOS+ M1

microglia. In contrast, a few CD206+ microglia were observed in the region outside the cortical

infarct area (R2), while few iNOS+ microglia were found. In contrast, on post-ischemia day 7,

the R1 region was covered with a large number of iNOS+ M1 microglia, while CD206+ M2

microglia were almost absent. Interestingly, the microglia found in the R3 region were

predominantly iNOS+M1 microglia on the side close to the infarct lesion and CD206+M2

microglia on the side far from the lesion, while only a few iNOS+ and CD206+ microglia were

found in the R2 region. On post-ischemia day 28, there were almost no iNOS+ or CD206+

microglia in the ipsilateral side of the brain except for only limited iNOS+ microglia in the R1

region and CD206+ microglia in the R3 region (Figure 19. B-C).
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Figure 19. M1/M2 polarization of microglia in different infarct regions of brain in the mouse middle
cerebral artery occlusion (MCAO) stroke model. A, Immunofluorescence staining of polarization of M1
phenotype microglia (iNOS, red) and M2 phenotype microglia (CD206, green) at post-MCAO day 3 and 7 in

the aforementioned six regions. CD206+ M2 anti-inflammatory microglia were abundant in both the R1 and

R3 regions at day 3 post-ischemia; iNOS+ M1 pro-inflammatory microglia peaked in the R1 region at day 7

post-ischemia. B, Quantitative analysis of the number of iNOS+ microglia per 0.1 mm2 area (n = 6). C,
Quantitative analysis of the number of CD206+ microglia per 0.1 mm2 area (n = 6). Statistical tests: Data are

expressed as mean ± SD,NS: no significance, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 20

μm (A). Abbreviation: MCAO, middle cerebral artery occlusion.

In addition, we used the lipoprotein PLIN2 staining to label LDs and found that PLIN2

expression and LDs biogenesis coincided with microglia polarization fromM2 to M1 phenotype

(Figure 20. A). The majority of iNOS+ cells could co-localize with PLIN2 and gradually increase

in the infarct region (R1, R3) on post-ischemia day 3, whereas only few iNOS+ microglia were

found in the R2 region and PLIN2 expression was also relatively rare. Next, PLIN2+iNOS+

microglia peaked in the R1 region on post-ischemia day 7, and both PLIN2 and iNOS

expression gradually decreased to pre-infarct levels on post-ischemia day 28 (Figure 20. B-C).

These in vivo results validate the hypothesis of our in vitro section that lipid synthesis and

biogenesis of LDs play a vital role in the phenotypic polarization of microglia.
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Figure 20. Lipid metabolism and lipid droplets (LDs) accumulating affect the polarization and
phenotype of microglia. A, Immunofluorescence staining of M1 microglia (iNOS, red) and lipid droplets
surface protein marker (PLIN2, green) at post-ischemia day 3 and 7 in the aforementioned six regions. PLIN2

was highly expressed in iNOS+ M1 phenotype microglia in R1 cortical lesion core after 7 days reperfusion.

B, Quantitative analysis of PLIN2+iNOS+ microglia per 0.1 mm2 area (n = 6). C, Quantitative analysis of
the percentage of PLIN2+iNOS+ cells of total iNOS+ cells (n = 6). Statistical tests: Data are expressed as

mean ± SD, NS: no significance, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 20 μm

(A). Abbreviation: LDs, lipid droplets.

Meanwhile, we examined the levels of inflammatory factors over time in different regions after

stroke using ELISA assay. We found that on post-ischemia day 7, the levels of various

inflammatory factors were significantly increased in the ipsilateral side compared with the

contralateral side, especially in the R1 region, with the highest expression levels of IL-1β, TNF-

α and IL-6. In contrast, TNF-α and IL-6 levels were only slightly increased in the R3 region,

while IL-1β levels were not significantly changed. In contrast, the levels of all inflammatory

factors in the R2 region were similar to the contralateral side (Figure 21. A-C). On the other

hand, the expression levels of the anti-inflammatory factor TGF-β were different from the

above, with the highest levels in the R3 region and significantly higher than in the ipsilateral R1

and R2 regions. At the same time, the expression level of TGF-β showed a slight increase in the

R2 region, while R1 was not significantly different from the contralateral side (Figure 21. D).
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Figure 21. Higher levels of inflammatory factors in lipid droplet-rich microglia (LDRM) enrichment

region. A-C, Quantitative measurement of pro-inflammatory factors (IL-1β, TNF-α and IL-6) levels in the
aforementioned six regions at day 7 post-ischemia using ELISA assay (n = 6). D, Quantitative measurement
of anti-inflammatory factor (TGF-β) level in the aforementioned six regions at day 7 post-ischemia using

ELISA assay (n = 6). Statistical tests: Data are expressed as mean ± SD, NS: no significance, *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, and ####p < 0.0001. Abbreviation: LDRM, lipid

droplet-rich microglia.

Our results confirm a dynamic transformation in microglial phenotype after stroke. In the early

post-ischemia period, microglia dominate the anti-inflammatory phenotype of M2, rescuing the

surviving neurons. As more and more cells die, increasing of cellular and myelin debris, and

upregulation of fatty acid synthesis, eventually lead to lipids accumulation in microglia and

converting microglia from the LDs-poor anti-inflammatory M2 phenotype to the LDs-rich pro-

inflammatory M1 phenotype that upregulates chronic inflammation after stroke and may be

detrimental to neuronal regeneration.
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3.9 MCAO-induced upregulation of SREBP2 and PLIN2 leads to the
accumulation of LDs in microglia and the activation of NF-κB
pathway

The pathophysiology of cerebral ischemia involves a complex series of inflammatory signaling

cascades that are regulated by multiple mechanisms and are also deleterious to the surrounding

ischemic tissue (Xing et al. 2012). However, their role in post-ischemia induced inflammation

still remains unknown. Therefore, we first measured the protein expression levels of SREBP2

and PLIN2 in MCAO mice using Western blotting. On post-ischemia day 7, SREBP2 protein

expression levels were significantly upregulated on the ipsilateral side of the infarct compared

to the contralateral side. The R1 region of the cortical infarct core showed the highest protein

expression levels, followed by the R3 region of the white matter infarct margin and the lowest

in the R2 region of the cortex outside the infarct area (Figure 22. A). In addition, the protein

expression of PLIN2 showed similar results on post-ischemia day 7, with significantly higher

expression levels ipsilateral than contralateral: the R1 region has the highest protein expression

level, followed by the R3 region and the lowest in the R2 region (Figure 22. B).

Figure 22. Up-regulation of fatty acid and cholesterol synthesis leads to the accumulation of lipid
droplets (LDs) in microglia after stroke. A, Quantitative analysis of SREBP2 expression in the

aforementioned six regions with 7 day post-ischemic mice by Western blot analysis normalized with the

housekeeping protein GAPDH (n = 3). B, Quantitative analysis of PLIN2 expression in the aforementioned
six regions with 7 day post-ischemic mice by Western blot analysis normalized with the housekeeping protein

GAPDH (n = 3). Statistical tests: Data are expressed as mean ± SD, NS: no significance, *p < 0.05,

****p < 0.0001, #p < 0.05, ###p < 0.001, and ####p < 0.0001. Abbreviation: LDs, lipid droplets.

We subsequently measured the level of NF-κB signaling pathway activation in these regions.

Interestingly, consistent with the protein expression of SREBP2 and PLIN2, the R1 region with

abundant LDRM had the highest p65 and lowest IκBα protein expression levels (Figure 23. A-
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B). Subsequently, we observed that with the activation of NF-κB signaling pathway, the R1

region, which possesses the highest expression of p65, also exhibited the highest IL-1β

expression level (Figure 23. C). In contrast, TGF-β protein expression levels of R1 region were

relatively low compared to other regions (Figure 23. D).

Figure 23. Upregulation of fatty acid and cholesterol synthesis after stroke converts microglia to M1
phenotype proinflammatory lipid droplet-rich microglia (LDRM), leading to activation of NF-κB
(nuclear factor-κB) pathway and inflammation. A-B, Quantitative analysis of p65 (A) and IκBα (B)
expression in the aforementioned six regions with 7 day post-ischemic mice by Western blot analysis

normalized with the housekeeping protein β-actin (n = 3). C-D, Quantitative analysis of IL-1β (C) and TGF-
β (D) expression in the aforementioned six regions with 7 day post-ischemic mice by Western blot analysis

normalized with the housekeeping protein α-tublin (n = 3). Statistical tests: Data are expressed as mean ± SD,

NS: no significance, *p < 0.05, **p < 0.01, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, and

####p < 0.0001. Abbreviation: LDRM, lipid droplet-rich microglia.

We further hypothesized that upregulated SREBP2 after cerebral ischemia stimulates the

synthesis of cholesterol and fatty acids, further forming a large number of LDs in microglia.

Moreover, SREBP2 upregulation stimulates NF-κB signaling pathway activation and

exacerbates neuroinflammation. To confirm this, we detected the transcriptional mRNA

expression levels of lipid metabolism-related genes as well as that of microglial polarization and

inflammation-related genes using RT-qPCR. Surprisingly, PLIN2, ApoE and ABCA1 were all
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highly expressed in the ipsilateral R1 region, in contrast to our in vitro results of downregulation

of ABCA1 and ApoE in LRDM (Figure 24. A-C). Although the expression was reduced in

microglia, the overall expression in brain was still upregulated.

Figure 24. Expression of lipid metabolism related genes in different regions after middle cerebral
artery occlusion (MCAO). A-C, Quantitative analysis of PLIN2 (A), ApoE (B), and ABCA1 (C) gene

expression in the aforementioned six regions with 7 day post-ischemic mice by RT-qPCR normalized with

L1 (as control group) (n = 6). Statistical tests: Data are expressed as mean ± SD, NS: no significance,

*p < 0.05, ****p < 0.0001, #p < 0.05, ###p < 0.001, and ####p < 0.0001. Abbreviation: LDs, lipid

droplets.

Meanwhile, iNOS, TNF-α and IL-1β were highly expressed in the R1 and R3 regions with

abundant LDRM, while without significant difference in the R2 region with few LDRM

compared with the contralateral side (Figure 25. A-C). On the other hand, although the

expression of TGF-β and CD206 remained higher on the ipsilateral side compared to the

contralateral side, the expression of the R3 region was higher than that in R1 and R2 (Figure 25.

D-E). These findings validate our previous in vivo immunofluorescence staining results and are

consistent with our RT-qPCR results in vitro. In accordance with the aforementioned in vivo

findings, SREBP2 may be involved in the activation of NF-κB signaling pathway and upregulate

the subsequent neuroinflammation. This cross talk of SREBP2 and NF-κB signaling pathways

may become a new target for future ischemic stroke therapy.
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Figure 25. Expression of M1/M2 polarization and inflammation related genes in different regions

after middle cerebral artery occlusion (MCAO). A-C, Quantitative analysis of iNOS (A), TNF-α (B), and
IL-1β (C) gene expression in the aforementioned six regions with 7 day post-ischemic mice by RT-qPCR

normalized with L1 (as control group) (n = 6).D-E, Quantitative analysis of TGF-β (D) and CD206 (E) gene

expression in the aforementioned six regions with 7 day post-ischemic mice by RT-qPCR normalized with

L1 (as control group) (n = 6). Statistical tests: Data are expressed as mean ± SD, NS: no significance,

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.

Abbreviation: MCAO, middle cerebral artery occlusion.

3.10 Lipid profile of LD-rich and LD-poor microglia

Since little is known about the impact of the post-stroke injury on microglial lipid profile, we

used colorimetric assays to detect changes in the composition of free fatty acids and cholesterol

levels (including total cholesterol, free cholesterol and cholesteryl esters) observed in microglia

in six experimental groups. We found that compared to the control group, total cholesterol

levels increased in LDRM in LPS and OGD-CM groups while decreasing significantly in groups

of co-incubation with Trc. There was no significant difference in the IL-4 group (Figure 26. A).

Interestingly, except for the IL-4 group showed a slightly decreasing in free cholesterol levels,

there was no statistically significant difference in the other four groups compared to the control

group (Figure 26. B). The difference in total cholesterol levels was mainly due to the

upregulation of cholesterol esterification in LDRM (Figure 26. C) and could be reversed by

inhibition of the ACAT signaling pathway. Meanwhile, glycolytic upregulation in response to

LPS and OGD-CM stimulation further leads to an upregulation of fatty acid synthesis, resulting



Results 61

in a significant increase in free fatty acid levels in both groups compared with the control group;

and this increase could be suppressed by Trc inhibition of the fatty acid synthesis mediated by

ACSL signaling pathway (Figure 26. D).

Figure 26. Free fatty acids, free cholesterol and cholesteryl esters in microglia under different conditions.
The levels of total cholesterol, free cholesterol, cholesteryl esters and free fatty acids were analyzed in the following

6 groups of microglia (control, LPS, LPS with Trc treatment, OGD-CM, OGD-CM with Trc treatment, and IL-4

groups). Units: ng/μl for all parameters (n = 9). Statistical tests: Data are expressed as mean ± SD, NS: no

significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ##p < 0.01, ###p < 0.001, and ####p <

0.0001. Abbreviation: OGD, oxygen-glucose deprivation; OGD-CM, conditioned medium from primary neurons

after OGD; Trc, triacsin C.

3.11 Higher levels of ROS and impaired phagocytosis in LDRM

In microglia phagocytosis experiments, we determined the phagocytic efficiency of microglia by

measuring the fluorescently labeled microsphere. We found that the microsphere within both

groups of LDRM was significantly decreased compared to the control group. It indicated that,
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similar to LPS-induced LDRM, the phagocytosis of ischemia-induced LDRMwas also impaired

(Figure 27. A-B).

Figure 27. The lipid droplet-rich microglia (LDRM) present impaired phagocytosis. A,
immunofluorescence staining of BODIPY and Microsphere in microglia. B, Quantification of Microsphere
mean fluorescence intensity (MFI) in microglia. (n = 6). Statistical tests: Data are expressed as mean ± SD,

NS: no significance, ****p < 0.0001. Scale bars, 5 μm (A). Abbreviation: LDs, lipid droplets; OGD-

CM, conditioned medium from primary neurons after OGD; MFI, mean fluorescence intensity.

In addition, we also found that compared to control microglia, LDRM showed higher

fluorescence after treatment with CellROX, a dye that shows bright fluorescence only after

oxidation by ROS (Marschallinger et al. 2020). The inhibition of LDs biogenesis by triacsin C

reduced ROS levels compared to LDRM (Figure 28. A-B). Furthermore, microglia with high

CellROX fluorescence tended to be loaded with abundant lipid droplets. This suggests that LPS

and hypoxia treatment can cause LDRM generation and have higher ROS concentrations. Thus,

lipid droplet biogenesis may be associated with ROS generation.
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Figure 28. Higher levels of reactive oxygen species (ROS) in the lipid droplet-richmicroglia (LDRM).

A, Representative micrographs of BODIPY and CellROX staining in LPS treated or OGD-CM treated cells.

B, Quantification of CellROX MFI in microglia. Statistical tests: Data are expressed as mean ± SD, NS: no
significance, ****p < 0.0001, ##p < 0.01, and ####p < 0.0001. Scale bars, 20 μm (A). Abbreviation:

ROS, reactive oxygen species; LDRM, lipid droplet-rich microglia; LDs, lipid droplets; OGD-CM,

conditioned medium from primary neurons after OGD; MFI, mean fluorescence intensity.
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4 Discussion

Stroke is one of the leading causes of death and disability worldwide (Guilbert 2003). For

decades, many therapeutic tools for ischemic stroke have been developed, such as

neuroprotective drugs, endovascular treatment, and stem cell transplantation (George and

Steinberg 2015). Although the neuroprotective drugs showed neuroprotective effects in animal

stroke models, most of them have failed in clinical trials (Xu and Pan 2013). Hence, new

treatments for ischemic stroke are urgently needed, and microglia, the resident immune cells in

the brain, have become a new research hotspot attracting widespread attention. In our study,

we used in vitro and in vivo stroke models to analyze the role of post-ischemic lipid metabolism

and LDs biogenesis on the regulation of microglial function, including neuroinflammation,

phenotypic polarization and immune regulation. Our results here validate the previous

hypothesis that LDs are not only organelles for fatty acid storage but are also involved in the

management of microglial cell functions. In post-stroke microglia, pro-inflammatory signals

enhanced the content, number and size of LDs, upregulated the synthesis of multiple lipids and

ultimately polarized microglia to a pro-inflammatory phenotype. These results suggest that lipid

composition and distribution in LD are critical for controlling the phenotype and function of

microglia. We found that stress stimulates the formation and accumulation of microglia, and

that disruption of microglia lipid metabolism in turn drives the biogenesis of LDs. LDs and

lipid metabolism play important roles in multiple functions of microglia and serve as markers

of microglial cell reactivity and pathogenicity.

Microglia maintain the homeostasis of the internal environment under physiological condition

and are rapidly activated when imbalances are perceived, with dynamic changes in morphology

and function (Chew et al. 2006; Hanisch and Kettenmann 2007; Kettenmann et al. 2011;

Ransohoff and Perry 2009; Yenari et al. 2010). Traditionally, activated microglia are thought to

play a deleterious role during ischemic stroke, as inhibition of microglia activation attenuates

ischemia-induced brain damage. Such activated microglia that induce neuronal cell death by

releasing various pro-inflammatory cytokines and toxic substances are known as M1-like pro-

inflammatory microglia. However, previous study of our group has demonstrated that microglia

activation can also provide benefits by attenuating neuronal apoptosis, enhancing neurogenesis

and promoting functional recovery after cerebral ischemia, and such microglia are referred to

as M2-like anti-inflammatory microglia (Zhang et al. 2021a). The different polarization of

microglia may explain the dual role of microglia in various pathological conditions. Many

substances and mechanisms are involved in regulating microglia polarization, among which lipid
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droplets (LDs) and lipid metabolism have shown potential for microglia-targeted therapy (Claes

et al. 2021; Hu et al. 2017; Marschallinger et al. 2020).

LDs are organelles that store lipids and are present in the vast majority of cells, consisting mainly

of a core of neutral lipids such as triglycerides (TG) and cholesteryl esters, and measuring 0.1-2

μm (Guo et al. 2009; Martin and Parton 2006; Murphy and Vance 1999; Thiele and Spandl

2008). Recent studies have revealed that LDs are not only involved in lipid storage but also in

regulating lipid metabolism, inflammation, and various cell signaling (Beller et al. 2010; Melo et

al. 2011), which have a diverse protein and lipid composition and can act as hubs of energy

metabolism, participating in a variety of metabolic and inflammation-related disease pathologies

cooperated with other organelles such as lysosomes, endoplasmic reticulum (ER), plasma

membrane and mitochondria (Farmer et al. 2020; Jarc and Petan 2020; Marschallinger et al.

2020; Sunami et al. 2017; Wang et al. 2020). Based on the results of our study, we found that

exposure to both hypoxia and the inflammatory condition of LPS can trigger the aggregation of

LDs in microglia, but the underlying mechanisms are different. LPS operates as a toxin

macromolecule of bacteria composed of a lipid and a polysaccharide, can intensely activated the

c-Jun N-terminal kinase (JNK) and p38 MAPK stress signaling pathways and increased the

expression of the LD-associated protein PLIN2. Inhibition of p38 α/β and PI3K/Akt pathways

reduced LPS-induced LD accumulation and abolished the activation of PLIN2 by LPS

(Khatchadourian et al. 2012). In addition, LPS operate directly to activate Toll-like receptor 4

(TLR4), CD14 and CD11b, induce dimerization of the TLR4 complex, further activate

downstream molecules such as PI3K and MyD88, and signal the activation of transcription

factor NF-κB and various other cellular pathways of immune and inflammatory responses

(Zusso et al. 2019). On the other hand, neurological injury due to hypoxia is a complex process

involving multiple mechanisms. LD formation occur not only from adequate exogenous lipids

(high-fat diet andmedia treated with lipids), but also from nutrient deprivation and cellular stress

(Ralhan et al. 2021). In reperfusion-induced post-ischemic injury, hypoxia leads to a severe

shortage of ATP supply, which in turn induces mitochondrial dysfunction, ER stress, ROS

releasing and inflammation, and a large number of myelin debris, lipoprotein particles and lipids

from dead cells are phagocytosed or endocytosed by activated microglia. In addition, elevated

lipid synthesis and decreased lipid oxidation contribute to the accumulation of free fatty

acids .(Madison 2016; Prior et al. 2014) These multiple sources of lipids ultimately lead to the

accumulation of LDs. Our findings imply that the formation of LD may be a possible

consequence of post-ischemic inflammation.
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We further investigated the role of lipid metabolism and LD accumulation of microglia in

neuronal survival, as well as neuron-microglia interactions in neuronal regeneration. We found

that microglia exhibited a double-edged effect in a co-culture model with neurons: resting

untreated microglia and IL-4 pretreated microglia showed a protective effect on neurons after

hypoxia. On the other hand, LDs-rich microglia (LDRM) pretreated with LPS and conditioned

medium lost this protective effect and even exacerbated neuronal damage. Interestingly,

inhibition of LDs biogenesis in microglia using the ACAT/ACSL inhibitor Trc reversed the

damage to neurons in OGD/RO by LDRM and even protected neurons. One possibility is that

in hypoxia-induced excitotoxic conditions, oxidative stress results in increased cell necrosis and

apoptosis as well as autophagy. The disintegrated organelles and cellular debris further elevate

ROS, impairing mitochondrial function and excess free fatty acid production in microglia (Liu

et al. 2015; Madison 2016). The increase of ROS also activates sterol regulatory element

binding proteins (SREBPs) that drive the de novo synthesis of fatty acids and cholesterol. This

excess of fatty acids not only leads to lipotoxicity, but also induces a new type of programmed

cell death-ferroptosis due to ROS peroxidation (Bai et al. 2019; Wang et al. 2020). Ferroptosis

is not an isolated pathological process, but is intimately related to a multitude of other

pathological processes, including lipid metabolism, autophagy, inflammation, and oxidative

stress (Bai et al. 2019; Cui et al. 2021; Gao et al. 2016; Hou et al. 2016; Sun et al. 2020;

Zhou et al. 2020). Current studies have identified that lipid metabolism plays an important role

in regulating ferroptosis, which has unique morphological and bioactive features, mainly iron

accumulation and lipid peroxidation (Latunde-Dada 2017; Yang et al. 2016), involved in the

pathological process and neuronal cell death after stroke (Weiland et al. 2019; Xu et al. 2022),

and ferroptosis inhibition has been shown to effectively reduce ischemic injury (Alim et al. 2019;

Cui et al. 2021; Li et al. 2017). After ischemic stroke, neurons of infarct lesions undergo

mitochondrial lipid peroxidation, which results in iron toxicity and cell death (Bai et al. 2019;

Wang et al. 2020; Yang et al. 2016). Recent research indicates that inhibiting lipid

peroxidation can treat ischemic stroke and that the usage of some small-molecule antioxidants

(e.g., vitamin E, CoQ10) can protect against ischemic injury (Belousova et al. 2016; Nasoohi et

al. 2019; Rodrigo et al. 2013). In addition, in our study, lipotoxicity in microglia was alleviated

by regulating lipid metabolism genes or using ACAT/ACSL inhibitors (e.g., Trc, Beauveriolide)

to inhibit the synthesis of free fatty acids and cholesterol, which also attenuated neuronal injury.

Hence, microglia transfer fatty acids from neighboring neuronal cells for uptake and storage in

glial droplets. By taking up lipids produced by neurons, glial cells may act as a protective role

for neurons from lipid-mediated toxicity.
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We further investigated the potential link between lipid metabolism and inflammation in

microglia. As mentioned above, following hypoxic or inflammatory stimuli, we have observed

large numbers of LDs attached around lysosomes in microglia. Similar observations have been

reported in studies of age-related neurodegenerative diseases (Hu et al. 2017; Marschallinger

et al. 2020; Zhao et al. 2021). We observed that such lipid droplet-rich "foam microglia" is in an

activated state and show increased production of pro-inflammatory cytokines such as TNF-α,

IL-1β and IL-6 and exacerbate post-ischemic neuronal damage. In addition, their phagocytic

activity is impaired and high levels of ROS are produced, suggesting that LDRM may be a pro-

inflammatory harmful microglia state. Hence, our results indicated that microglia have a unique

metabolic pattern involved in various functions, including inflammatory regulation. Compared

to normal homeostatic microglia, microglia will have distinct metabolic patterns and altered

morphology and function under multiple pathological conditions such as immune stress,

elevated extracellular lipid concentrations, inflammatory events, increased ROS levels, and

energy deficiency, which all contribute to lipid droplet biogenesis. This particular lipid

metabolism-inflammation connection has also been demonstrated in previous studies of other

diseases, including atherosclerosis, cancer, ischemic heart disease, and respiratory and digestive

diseases, that lipid droplet-rich macrophages or microglia have higher levels of inflammatory

factors and upregulate multiple inflammation-related signaling pathways (Bosch et al. 2020;

Cheng et al. 2018; Heller et al. 2016; Larigauderie et al. 2006; Li et al. 2022; Mardani et al.

2019; Son et al. 2016).

Furthermore, we also found that SREBPs, which are mainly responsible for the activation of

genes involved in cholesterol synthesis, could regulate fatty acid metabolism and inflammation

as well. In our study, upregulation of SREBPs mediated by activation of mTOR results in

increased fatty acid synthesis and cholesterol esterification after ischemia, ultimately may lead

to dramatic changes in the lipid profile of the brain, which we will confirm in the ongoing

lipidomics analysis. Our in vivo results also indicate that lipid droplets accumulate in microglia

within days of stroke onset, possibly due to increased expression of SREBPs in microglia,

impaired lipid transport and cholesterol clearance (ApoE, ABCA1, TREM2), phagocytosis of

dead cell debris and myelin, and expression of specific lipid droplet-associated proteins (e.g.

Plin2, Plin3). In addition, cerebral ischemia leads to tissue necrosis and inflammation, a large

number of dead cells and tissues, myelin debris, and short-term accumulation of fatty acids and

cholesterol in phagocytes leading to "lipid overload", which further impairs lipid transport and

cholesterol clearance, and likewise phagocytosis efficiency. In addition, we have shown that

SREBP2 has a cross-talk with TLR4/NF-κB signaling pathways, which further regulating

inflammation via upregulation of the NF-κB pathway. Various other signaling pathways, such
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as PI3K/AKT/mTOR and SIRT1/AMPK, were also found to be regulated by SREBPs,

involved in downstream inflammation, proliferation, and polarization of microglia and

macrophages (Eid et al. 2017; He et al. 2017; Li et al. 2013; Li et al. 2013; Zhang et al. 2020).

Next, we confirmed the role of lipid metabolism and LD formation on the polarization

phenotype of microglia after ischemia-induced neuroinflammation. The upregulated pathways

in LDRM include "glycolysis", "long-chain fatty acid synthesis", "lipid transport", "oxidative

stress and Reactive oxygen species (ROS)", "autophagy", and "inflammasome complex"

(Arbaizar-Rovirosa et al. 2022; Cheon and Cho 2021; Jarc and Petan 2020; Marschallinger et al.

2020). Down-regulated pathways include "beta-oxidation of long-chain fatty acid",

"phagocytosis", and "cholesterol clearance" (Cantuti-Castelvetri et al. 2018; Nugent et al. 2020;

Raas et al. 2019). However, the mechanisms regulating dynamic changes in microglia phenotype

and function remain largely unclear. We found that changes in lipid metabolism and lipid profile

are regulated by shifts in energy metabolism patterns, and play a key role in the regulation of the

microglia phenotype. Microglia transcriptome profiling under ischemic or inflammatory

conditions showed that pathways related to lipid synthesis were upregulated in LDRM (PLIN2,

Soat1, and SREBP2), while pathways involving peroxisomal β-oxidation and hydrolysis of fatty

acids and cholesterol were downregulated (Nceh1, LIPA, NPC2). Lipid transporters were also

impaired (ABCA1, TREM2, and ApoE). Interestingly, these elevated lipid synthesis and

impaired degradation produced LDRM with higher expression of M1 phenotype and

inflammation, thus suggesting altered polarization of LD-rich microglia. In turn, we found that

microglia with less lipid droplet accumulation after inhibition of long-chain fatty acid synthesis

and cholesterol esterification in microglia showed decreased lipid synthesis and a phenotypic

shift toward an M2 anti-inflammatory phenotype. This result is consistent with previous studies

that microglia stimulated by LPS and OGD-CM inflammation are polarized toward the pro-

inflammatory M1 phenotype and IL-4 treatment toward the anti-inflammatory M2 phenotype

(Hu et al. 2012; Zhang et al. 2021a). Similar results were shown by the studies of other

neuroinflammation-related diseases that LDRM exhibit a distinct transcriptional profile than

the homeostatic microglia, and that multiple microglial functions are affected (Gao et al. 2017;

Nadjar et al. 2017; Rambold et al. 2015; Ransohoff 2016). Meanwhile, the results of our in

vivo studies suggest that microglia phenotypes change dynamically over time in the post-ischemia

brain, playing multiple roles and interfering with neuronal regeneration. As mentioned before,

the microglial phenotype can be mainly divided into M0 microglia, which are in a resting state

under physiological conditions; pro-inflammatory M1 phenotype microglia induced by

activation of pro-inflammatory stimuli (e.g., LPS), characterized by high expression of nitric
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oxide synthase (iNOS), tumor necrosis factor-α (TNF-α) and IL-1β; and IL-4 stimulation that

transforms microglia into an anti-inflammatory M2 phenotype with high expression of arginase-

1 (Arg-1), mannose receptor (CD206) and transforming growth factor β (TGF-β). Normally,

pro-inflammatory microglia are associated with an inflammatory response with high levels of

inflammatory factors, nitric oxide (NO) and ROS, while anti-inflammatory microglia attenuate

the inflammatory response and promote tissue repair. Our finding confirms the involvement of

lipid metabolism-related genes and lipid profiles in microglial polarization and inflammation.

Other research of the pathogenesis of macrophage polarization on inflammatory diseases found

that SREBP2 activation upregulates cholesterol biosynthesis and is involved in the binding and

activation of multiple genes, including inflammatory and interferon response, independent of

its function in sterol metabolism (Kusnadi et al. 2019). Moreover, the silence of the gene

SREBP2 function shifts the balance of macrophages, from an inflammatory phenotype to an

anti-inflammatory phenotype that promotes regeneration and healing (Hu et al. 2017;

Khatchadourian et al. 2012; Loving and Bruce 2020; Marschallinger et al. 2020). Therefore, lipid

metabolism may play an important role in microglial phenotype and function.

Hence, we suggest that lipid droplet biogenesis induced by hypoxia or LPS leads to acute

inflammatory responses, with upregulation of SREBP2 which activates the NF-κB signaling

pathway and further upregulates downstream inflammatory factors, including TNF-α, IL-1β,

and IL-6. Upregulation of SREBP2 also promotes ACSL-mediated fatty acid synthesis, as well

as HMG-CoA reductase (HMGCR)-mediated cholesterol synthesis and ACAT-mediated

cholesterol esterification, producing large amounts of unsaturated fatty acids and cholesterol

esters (Chen et al. 2018). This "lipid overload" further activates TLRs and exacerbates

neuroinflammation. Furthermore, in addition to inflammation, metabolic changes leading to

increased lipid synthesis are also involved in the formation of microglial lipid droplets. We found

that ischemia caused a rapid "polarization" of microglia from anti-inflammatory microglia in the

first few days to pro-inflammatory LD-rich microglia, as also confirmed by the accumulation of

cholesterol in phagocytes observed in a model of experimental autoimmune encephalomyelitis

(Chen et al. 2018). These results are consistent with that in our previous transcriptional profile

analysis section. Other recent studies have also reported that ischemia-induced lipid droplet

aggregation of microglia in aged mice impairs stroke recovery and that this impairment can be

mitigated by the renewal of young microglia lacking LDs (Arbaizar-Rovirosa et al. 2022). This

evidence demonstrates that fatty acid and cholesterol synthesis may mediate inflammatory

upregulation after ischemic injury in stroke.
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Interestingly, our study indicated that intervention in lipid metabolism and LD formation can

enhance neuroregeneration, neurological recovery and modulate neuroinflammation. Inhibition

of free fatty acid and cholesterol synthesis by modulating lipid metabolism genes in microglia

or by using ACAT inhibitors (such as Trc, Beauveriolide, etc.) can attenuate inflammation

mediated by NF-κB signaling pathways. These results reveal a complex connection between

lipid droplets and inflammatory signaling. Moreover, previous studies by our group have shown

that in a model of demyelination, aged mice fail to resolve the inflammatory response initiated

after myelin injury (Cantuti-Castelvetri et al. 2018). Aged phagocytes accumulate excess myelin

debris and cholesterol accumulates in cells, leading to impairment of cellular cholesterol efflux

capacity and upregulating chronic inflammation, inducing a poor immune response and

impeding tissue regeneration. In another study on age-related and Alzheimer's disease models,

quantitative shotgun lipidomic studies was performed on specific regions of the mouse brain,

identifying cell types and brain region-specific lipid profiles in adult mice, which were analyzed

in conjunction with protein expression profiles (Fitzner et al. 2020). It was shown that the

expression and metabolism of fatty acids, such as fatty acid oxidation in astrocytes and

sphingolipid metabolism in microglia, mediate brain function. Thus, one can suggest that

component changes in lipids may directly regulate the characteristics and functions of various

cells, including microglia, which may be relevant to inflammation-related CNS disorders,

including neurodegenerative diseases and strokes. After stroke, energy deficiency leads to

neuronal cell damage, microglia aggregation in infarct lesions, a consequent inflammatory

response, and changes in genes involved in regulating lipid metabolism.

In our study, both in vitro experiments of inflammation-induced LDRM and in vivo

experiments of MCAO-induced LDRM in the infarct core region exhibited distinct lipid profiles.

The levels of free fatty acids and cholesterol esters were significantly elevated compared to the

normal condition. Interestingly, however, the levels of free cholesterol were only slightly

elevated. This evidence confirms our previous transcriptional and protein levels results that

multiple lipid synthesis pathways are upregulated upon exposure to inflammatory and hypoxic

environments mediated by ACSL, ACLY, ACAT and HMGCR, leading to "lipid overload"

lipotoxicity and subsequent inflammatory and immune responses. Although how lipid

metabolism regulates microglia phenotype and expression of pro-inflammatory genes after

stroke is unclear, one possibility is that the energy pattern of hypoxic microglia is altered after

cerebral infarction. Neutral lipids in microglia under pathological conditions accumulate

through cytolytic action of impaired cells, increased fatty acid synthesis and glycolysis, and

eventually lead to the formation of LDs (Bozza et al. 2010; Cheon and Cho 2021; Jarc and

Petan 2020). Importantly, this altered lipid accumulation state deviates microglia from
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homeostatic monitoring, making microglia more vulnerable and causing damage to neurons.

Current studies have found that LDs are critical for various cellular stress response mechanisms,

including inflammation and immune response over the years (Jarc and Petan 2020; Jung and

Mook-Jung 2020). Fatty acid synthesis and metabolism mediates the formation of LDs in

multiple types of cells (including macrophages, microglia, astrocytes, endothelial cells, etc.) and

activates multiple signaling pathways in research of cancer and other inflammation-related

diseases (Bozza et al. 2010; Chaves-Filho et al. 2019; Fanning et al. 2019; Farmer et al. 2020;

Haidar et al. 2022; Ogawa et al. 2009). Normally, energy support of cells is generated through

glucose metabolism, glycolysis, tricarboxylic acid cycle (TCA) and ATP from oxidative

phosphorylation, and oxygen consumption and glucose utilization are in balance (Chen et al.

2018; Li et al. 2021; Liu et al. 2021; Meng et al. 2020). After cerebral ischemia, under the

condition of hypoxia, the metabolic profile of activated microglia changes from ATP supply to

glycolytic supply mode due to the tremendous energy demand of activated microglial functions

such as phagocytosis, the release of inflammatory cytokines and immune response (Hu et al.

2020), accompanied by a large amount of NADPH oxidase-mediated generation of reactive

oxygen species (ROS) (Liu et al. 2015; Park et al. 2015). ROS play an important role in

regulating microglia phagocytosis and activate various signaling pathways and transcription

factors, including PI3K/AKT and NF-κB, which in turn upregulate the expression of pro-

inflammatory genes (Simpson and Oliver 2020; Yao et al. 2020). In our study, lipid signaling

pathway-related such as SREBPs, TREM2, ApoE and ABCA1, mainly expressed by microglia

and astrocytes, are upregulated after ischemia were involved not only in energy metabolism and

lipid synthesis/transport, but more importantly in regulating inflammatory processes associated

with lipid signaling pathways.

Current research has found that fatty acids can also be used as a therapeutic target. The brain is

highly enriched in long-chain polyunsaturated fatty acids (LC-PUFAs), which are esterified to

phospholipids and are the main components of cell membranes (Bazinet and Layé 2014). The

possibility of a regulated microglial lipid profile in the brain and its subsequent impact on brain

in physiological and pathological activities have also been identified (Blank et al. 2022; Bruce et

al. 2018; Claes et al. 2021; Rey et al. 2018). Physiologically, cholesterol and fatty acids are

essential components of cell membranes and maintain a dynamic balance of multiple cellular

functions in the brain (Hąc-Wydro et al. 2007), such as neuronal plasticity and microglia

phagocytosis (Bogie et al. 2020; Hasegawa et al. 2012). Saturated fatty acids have been reported

to increase the pro-inflammatory phenotype of microglia, while unsaturated fatty acids affect

the anti-inflammatory phenotype of microglia, that saturated fatty acids produce inflammation

in both peripheral tissues and the brain (Carey et al. 2020; Chen et al. 2018; Howe et al. 2022;
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Little et al. 2012; Tracy et al. 2013). Meanwhile, more and more evidence indicates that microglia

treated with large amounts of saturated fatty acids exhibit a pro-inflammatory phenotype similar

to that of the LPS-induced inflammation model (Leyrolle et al. 2019; Tracy et al. 2013). Saturated

fatty acids upregulate several inflammatory factors such as interferon-γ (IFN-γ), IL-1β, and

TNF-α through the activation of TLR-4 receptor-mediated mTOR and NF-κB pathways by

LPS-like ligands (Li et al. 2022; Oh et al. 2009; Wang et al. 2012). Moreover,

phosphorylation and translocation of p65 into the nucleus also confirmed the activation of the

NF-κB pathway by unsaturated fatty acids (Wang Z et al. 2012). On the other hand, it has also

been demonstrated that polyunsaturated fatty acid-treated microglia express more anti-

inflammatory cytokines (TGF-β, IL 10) and M2 phenotypic markers (CD206, Arg-1, and Ym-

1) and reduce neuroinflammation (Carey et al. 2020; Kurtys et al. 2016; Lu et al. 2010). Our

result is consistent with previous studies on ischemic disease and atherosclerosis that inhibition

of ACSL and ACAT attenuates the vascular inflammatory component associated with ischemia-

reperfusion injury and reduces cellular damage (Blakeman et al. 2012; Matsuda et al. 2008; Prior

et al. 2014). Furthermore, the reduced phagocytosis of LDRM found in our study suggests that

deleterious lipid accumulation and LDs aggregation due to altered lipid metabolism may occur

earlier than the pro-inflammatory phenotypic transformation of microglia and contribute to the

upregulation of inflammation. The occurrence of lipid droplets regulates the phagocytosis of

microglia, and there may be a feedback system whereby excessive lipid droplet accumulation in

these cells impedes the phagocytosis of microglia.

Our results here validate the previous hypothesis that LDs are not only organelles for fatty acid

storage but also involved in the management of microglial functions. In microglia, pro-

inflammatory signaling enhances LDs content, quantity, and size, upregulating multiple lipid

syntheses, such as triglycerides and promotes cholesterol biosynthesis, ultimately polarizing

microglia to a pro-inflammatory phenotype. These results illustrate that lipid composition and

distribution in LDs are critical for controlling microglia phenotype and function. In our study,

we found that stress stimulates the formation and accumulation of LDs in microglia, and

disturbances in microglial lipid metabolism in turn drive the biogenesis of LDs. LDs and lipid

metabolism play an important role in multiple microglial functions and serve as markers of

microglial cell reactivity and pathogenicity. A variety of biological functions of microglia,

including phagocytosis, are regulated by intracellular lipid metabolism. For example, the

phagocytic efficiency of microglia is disrupted by the incorporation of unbalanced lipids into

the plasma membrane (Calder et al. 1990). Moreover, microglia phagocytosis is particularly

important in synaptic regeneration and clearance of cellular debris and myelin, and is regulated

by the involvement of several lipid metabolism-related genes such as TREM2, ApoE, and
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ABCA1. In addition, the abnormal mitochondrial function accompanied by the lysosomal

dysfunction impaired phagocytic efficiency and product abundant reactive oxygen species (ROS)

in activatedmicroglia in pathological conditions. ROS have been found to be involved in various

signaling pathways regulated by lipid metabolism, including autophagy, ferroptosis, and

inflammation, and are also associated with the phenotypic polarization of microglia (Wu et al.

2020; Yao et al. 2020; Ye et al. 2017).

In conclusion, our findings on the regulation of lipid metabolism on the microglia phenotype

and its involvement in the subsequent response to neuroinflammation. Fatty acid synthesis and

lipid droplet biogenesis direct microglia toward proinflammatory LDRM after stroke, while

inhibition of lipid droplets improves microglial function, suppresses inflammation, and

attenuates post-ischemic brain injury. Because microglia have complex functions, the underlying

mechanisms are variable and complicated, and elucidation of these mechanisms still requires

additional studies. Despite these limitations, our study demonstrates that regulation of lipid

metabolism in microglia has attractive potential in the treatment of cerebral ischemic stroke,

providing a new perspective on inflammation-related central nervous system diseases including

stroke.
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5 Summary

Ischemic stroke is one of the leading causes of death and disability in adults worldwide. In

developed countries, approximately 15 million people experience an ischemic or hemorrhagic

stroke each year. Resident microglia are the main immune cells of the brain and have an

important role in the pathophysiology of ischemic stroke. For many decades, microglia

activation was thought to be detrimental in ischemic stroke; however, accumulating evidence

indicated that microglia exacerbate tissue damage by producing inflammatory cytokines and

cytotoxic substances following ischemic injury, while also promoting tissue repair and

remodeling by clearing debris and producing anti-inflammatory cytokines and growth factors.

Microglia activation is also essential for neurogenesis, angiogenesis, and synaptic remodeling,

facilitating functional recovery after cerebral ischemia. This dual role of microglia is related to

their functional status in different cellular contexts and pathological stages after ischemia. In

recent years, it has been found that oxidative metabolism and fatty acid synthesis/oxidation may

regulate the phenotypic polarization of microglia, which in turn regulates inflammation may

serve as a potential new target for the treatment of ischemic stroke. Here, to investigate whether

lipid metabolism and biogenesis of LDs in microglia can affect neurological outcomes and

neurogenesis after ischemia, we investigated the effect of microglia under different conditions

on hypoxic neurons with an OGD model and the effect of microglia in different post-ischemic

stages in a mouse MCAO stroke model, as well as the role of lipid metabolism and LDs

biogenesis in microglia on the post-ischemic inflammation.

First, we compared the biogenesis of LDs in microglia under hypoxia or under LPS treatment

which is considered typical proinflammatory M1 phenotype microglia. We used Western blot

(WB), immunofluorescence staining (IF) and fluorescence-activated cell sorting analysis (FACS)

to identify LDs in microglia. WB results indicated that the surface protein PLIN2 of LDs was

highly expressed in microglia under LPS or hypoxia conditions. IF and FACS results revealed

that most of these microglia had abundant LDs stained by BODIPY. These results suggest that

both hypoxia and inflammation can induce the accumulation of LDs in microglia and that

ACAT/ACSL inhibitors can block this effect (Figure 29. A).

In the second part of our study, we determined the effect of LDRM on neurons with hypoxic

injury. After establishing a neuron-microglia co-culture model, we found that LDRM

exacerbated neuronal injury in OGD/RO, whereas IL-4 conditioned and Trc (ACAT/ACSL

inhibitor) suppressed LDs-poor microglia could play a neuronal protective role. We further used

RT-qPCR and ELISA to find that LDRM exhibited higher levels of inflammatory factors and
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upregulated levels of fatty acid and cholesterol synthesis. In addition, we also validated the shift

in the phenotypic polarization pattern of microglia by IF.

The third part of this study was an in vivo experiment with a mouse MCAO model. We found

that LDs accumulate in microglia over time after ischemia and convert from an initial (3 days

post-ischemia) dominant anti-inflammatory M2 phenotype to a pro-inflammatory M1

phenotype (7 days post-ischemia). Furthermore, we found that SREBP2, a master regulator of

sterol and fatty acid synthesis, not only altered the lipid profile of post-ischemic microglia, but

also upregulated inflammation levels by activating the NF-κB signaling pathway (Figure 29. B).

Thus, our study provides the first in vivo and in vitro evidence of the role of lipid metabolism in

regulating microglia function, especially in microglial inflammation, providing a new perspective

on ischemic stroke treatment.
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Figure 29. Graphical abstract of the present thesis. A, Lipid droplet biogenesis in microglia. B, Pathway
map of genes related to lipid metabolism and inflammation that are differentially expressed in LDRM. LDRM

tend to have a metabolic profile with a pro-inflammatory phenotype, including increased glycolysis and fatty

acid synthesis. Abbreviations: LDRM, lipid droplet-rich microglia; ApoE, apolipoprotein E; TREM2,

triggering receptor expressed on myeloid cells 2; TLRs, toll-like receptors; mTOR, mammalian target of

rapamycin; PI3K, phosphatidylinositol 3-kinase; NF-κB, nuclear factor-kappa B; CE, cholesterol ester; ABC:

ATP-binding cassette; ACAT, Acyl-CoA: cholesterol acyltransferase; ACSL, long-chain acyl-CoA synthetase;

ACLY, ATP citrate lyase; HMGCR, HMG-CoA reductase; SREBPs, Sterol regulatory element-binding

proteins; SCAP, SREBP cleavage-activating protein; DGAT, Diglyceride acyltransferase.
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