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Dynamic Brain Lipid Profiles Modulate Microglial Lipid
Droplet Accumulation and Inflammation Under Ischemic
Conditions in Mice
Wei Wei, Seyed Siyawasch Justus Lattau, Wenqiang Xin, Yongli Pan, Lars Tatenhorst,
Lin Zhang, Irina Graf, Yaoyun Kuang, Xuan Zheng, Zhongnan Hao, Aurel Popa-Wagner,
Stefan T. Gerner, Sabine Huber, Manuel Nietert, Christian Klose, Ertugrul Kilic,
Dirk M. Hermann, Mathias Bähr, Hagen B. Huttner, Hua Liu, Dirk Fitzner,*
and Thorsten R. Doeppner*

Microglia are critically involved in post-stroke inflammation affecting
neurological outcomes. Lipid droplet (LD) accumulation in microglia results in
a dysfunctional and pro-inflammatory state in the aged brain and worsens the
outcome of neuroinflammatory and neurodegenerative diseases. However,
the role of LD-rich microglia (LDRM) under stroke conditions is unknown.
Using in vitro and in vivo stroke models, herein accumulation patterns of
microglial LD and their corresponding microglial inflammatory signaling
cascades are studied. Interactions between temporal and spatial dynamics of
lipid profiles and microglial phenotypes in different post-stroke brain regions
are found. Hence, microglia display enhanced levels of LD accumulation and
elevated perilipin 2 (PLIN2) expression patterns when exposed to hypoxia or
stroke. Such LDRM exhibit high levels of TNF-𝜶, IL-6, and IL-1𝜷 as well as a
pro-inflammatory phenotype and differentially expressed lipid
metabolism-related genes. These post-ischemic alterations result in distinct
lipid profiles with spatial and temporal dynamics, especially with regard to
cholesteryl ester and triacylglycerol levels, further exacerbating post-ischemic
inflammation. The present study sheds new light on the dynamic changes of
brain lipid profiles and aggregation patterns of LD in microglia exposed to
ischemia, demonstrating a mutual mechanism between microglial phenotype
and function, which contributes to progression of brain injury.
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1. Introduction

Ischemic damage of the central nervous
system (CNS) leads to acute functional im-
pairment as a result of inadequate oxy-
gen and nutrient supply.[1] This process
results in excitotoxic cell death, increased
levels of reactive oxygen species (ROS), and
activation of neuroinflammatory signaling
cascades.[2] Although ischemia-associated
inflammation may contribute to post-stroke
tissue regeneration per se, an overshooting
inflammatory response rather contributes
to acute tissue damage after ischemia.[3]

In this regard, microglia as the resident
innate immune cells of the CNS play a
pivotal role as effectors and modulators
of post-stroke inflammation,[4] albeit their
precise role still remains elusive. Using a
well-established rodent stroke model, the
present work therefore also focused on ana-
lyzing spatial and temporal activation states
of residing microglia that reflect the pro-
gression of the ischemic stroke lesion.[4b,5]

In this model, microglial activation states
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are assigned with their continuous spectrum from pro-
inflammatory toward anti-inflammatory phenotypes by using
different histologic markers.[6]

Beyond ischemia-induced injury, there is increasing evidence
that microglial activation plays a key role in post-ischemic reper-
fusion injury in the brain.[7] In this setting, lipid metabolism is
emerging as a crucial modulator of microglial activity under vari-
ous conditions. Previously, it has been shown that a lysosomal ac-
cumulation of cholesterol inside microglia significantly increases
inflammatory activity and delays tissue regeneration in models
of CNS demyelination, degeneration, and ischemia.[8] In studies
of aged brains, these microglia are referred to as lipid droplet-
rich microglia (LDRM).[9] They are characterized by abnormal
lipid accumulation, impaired phagocytosis, abnormal mitochon-
drial function, and elevated ROS. The underlying precise mech-
anisms, however, are still poorly understood.[7c,9,10]

Therefore, our study analyzes the impact of lipid metabolism-
related changes and LD formation in microglia under in vitro
and in vivo stroke conditions. Focusing on lipid profiles in
specific brain areas as analyzed by state-of-the-art lipidomics,
the microglial phenotype transition, and inflammatory signaling
pathways, we hypothesize that microglia exposed to ischemic-
hypoxic and inflammatory conditions after stroke convert into a
pro-inflammatory state accompanied by enhanced LD accumula-
tion and distinct spatial and temporal brain tissue lipid profiles.
Hence, modulation of LD biogenesis in microglia by altering
lipid metabolism may improve functional outcomes in ischemic
stroke.

2. Results

2.1. Hypoxia and LPS Induce LD Formation in Primary Microglia

First, we characterized the purity and features of primary mi-
croglial cultures by phase-contrast microscopy and immunofluo-
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rescence stainings of microglial markers (Iba1, CD11b, CX3CR1,
and TMEM119) (Figure S2a, Supporting Information). There-
after, we determined the cell viability of primary neurons and
microglia under both normoxic and hypoxic conditions, identi-
fying 4 h of OGD and 24 h of RO as the optimal OGD/RO time
(Figure S2b–e, Supporting Information). We then examined LD
biogenesis in cultured microglia using a direct OGD model (ex-
posure to hypoxia), an indirect OGD model (incubation of mi-
croglia with OGD-CM; the conditioned medium was harvested
from neurons that were exposed to OGD initially), and an LPS in-
flammation model. Exposure of microglia to hypoxia stimulated
LD accumulation in Iba1-positive microglia (Figure 1a–c), and
the extent of LD accumulation depended on the duration of RO
peaking after 24 h of RO (Figure 1d–f). In analogy to the expo-
sure of microglia to hypoxia, LD accumulation was also triggered
by incubating microglia with LPS or OGD-CM. Inhibition of the
Acyl-CoA cholesterol acyltransferase (ACAT) by treatment with
Trc reduced the amount of LD accumulation (Figure 1g–i). Next,
we quantified the expression of the LD-associated protein PLIN2
(Perilipin-2) and IL-1𝛽 protein levels in microglia under different
conditions by Western blotting. We found that, compared to con-
trols, the PLIN2 expression was significantly elevated under both
hypoxic and LPS stimulation, whereas it remained at low levels in
the IL-4 treatment group. Similar results were obtained for IL-1𝛽,
especially in the LPS and OGD-CM groups (Figure 1j,k).

2.2. MCAO Induces the Formation of LD in Microglia In Vivo

Using the MCAO stroke model, temporally and spatially resolved
patterns of microglial LD accumulation were assessed in vivo.
Cerebral ischemia due to MCAO resulted in an increased num-
ber of Iba1-positive infiltrating cells accumulating LD within the
ipsilateral lesioned hemisphere comprising of cortical and sub-
cortical brain regions from days 3 to 7 post-stroke (Figure 2a–f).
Thereafter, microglial cells were characterized by various histo-
logical markers (Table S5, Supporting Information) and by dif-
ferent FACS approaches. By evaluating the distribution of mi-
croglial cells in different regions of the lesion as well as the
LD localization, the vast majority of BODIPY-positive particles
(Figure S3a–c, Supporting Information) or PLIN2-positive sub-
cellular structures (Figure S4a–c, Supporting Information) were
co-localized with Iba1-positive cells and were mainly located
within the post-ischemic core region at day 7. Meanwhile, rest-
ing microglia labeled by P2y12 or TMEM119 were mainly lo-
cated in non-lesioned regions after stroke, whereas these cells
disappeared from the lesion core at day 7 (Figures S5 and S6,
Supporting Information). Using a flow cytometry approach, we
were able to show that the number of LDRM significantly in-
creased 7 days post-ischemia in the lesion site (Figure 2g–i). In
addition, the total number of cells labeled by CD68 or CD206
(inflammatory/anti-inflammatory microglia) also gradually in-
creased within 7 days after ischemia in the lesioned hemisphere
(Figure S7a–d, Supporting Information). The gating strategy and
representative density plots are shown in Figure S8a–c (Support-
ing Information). Next, we measured the protein expression lev-
els of PLIN2 and IL-1𝛽 at different post-ischemic time points
after MCAO by Western blotting. The expression levels of both
PLIN2 and the pro-inflammatory cytokine IL-1𝛽 gradually and
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Figure 1. OGD, LPS, and CM induce accumulation of LD in primary microglia in vitro. a) Immunofluorescence staining of LD (BODIPY + green)
accumulation in microglia after exposure to OGD. b,c) Quantification of the percentage of BODIPY + Iba1+ cells of total Iba1 + cells and BODIPY mean
fluorescence intensity (MFI) (n = 5). d) Immunofluorescence staining of LD (BODIPY + green) accumulation in microglia after OGD according to the
RO time (Normoxia, 2, 6, 12, 24, 48 h). e,f) Quantification of the percentage of BODIPY+ cells of total cells and BODIPY MFI (n = 5). g) Accumulation
of LD in microglia with treatment of LPS or with CM from primary neurons after OGD (OGD-CM) can be inhibited by Trc (1 μM, ACAT inhibitor). h,i)
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synchronously increased after MCAO within the ischemic lesion
site, peaking at post-ischemia day 7. Interestingly, such an up-
regulation was followed by a gradual decrease toward 14 days
post-ischemia (Figure 2j,k).

2.3. Effect of LDRM on Post-Hypoxia Neuronal Survival in a
Co-Culture Model

Subsequently, we evaluated the effect of LDRM on neuronal
survival under hypoxic conditions. Therefore, we designed a
neuron–microglia co-culture system in which different precon-
ditioned microglia were co-cultured with neurons after OGD/RO
according to the experimental paradigm (Figure 3a). Whereas
both untreated microglia and IL-4 pretreated microglia exerted
protective effects on post-hypoxic neurons, microglia pretreated
with LPS or OGD-CM did not yield any neuroprotective effect
(Figure 3b). Interestingly, inhibition of LD formation after LPS
or OGD-CM stimulation due to the ACAT inhibitor Trc resulted
in higher neuronal cell viability rates, indicating the detrimen-
tal effect of LDRM on neuronal survival under hypoxia. The
aforementioned MTT data were confirmed in the LDH cytotoxi-
city release assay (Figure 3c), the LIVE/DEAD morphological as-
say (Figure 3d,e), and the TUNEL apoptosis assay (Figure 3f–g).
These results demonstrate LDRM formed by either LPS or
OGD-CM increase neuronal damage in the neuron-microglia co-
culture model, whereas Trc reduces this LDRM-induced neu-
ronal injury. Thus, our results indicate that microglial LD accu-
mulation may affect neuronal survival under hypoxic conditions.

2.4. Altered Lipid Metabolism Related Genes (LMRGs) Correlate
with Phenotype Polarization and Inflammatory Characteristics in
Primary Microglia

Our study demonstrates that LDRM exacerbates neuronal dam-
age after hypoxia. We therefore intended to examine whether or
not microglial LD formation under hypoxic conditions is associ-
ated with an altered inflammatory activation of microglia. Using
an ELISA assay to detect the levels of pro- and anti-inflammatory
factors in primary microglia, levels of IL-1𝛽, TNF-𝛼, and IL-6
were higher in LDRM under LPS and OGD-CM stimulation than
in control and IL-4 treated groups. This was not the case for
TGF-𝛽1 secretion, an anti-inflammatory cytokine that predomi-
nantly was released upon IL-4 stimulation (Figure S9a–d, Sup-
porting Information). We also analyzed the levels of these cy-
tokines in LDRM with and without Trc treatment, respectively.
Within 48 h of incubation, IL-1𝛽 and TNF-𝛼 levels were consis-
tently elevated in the LPS and OGD-CM groups and reached a
peak at 24 h, while a decrease in IL-1𝛽 and TNF-𝛼 levels was
observed in Trc-treated groups (Figure 4a,b). Furthermore, al-

though a slight increase in IL-6 over time was observed in the
LDRM groups, Trc did not significantly reduce the levels of IL-
6 in LPS-stimulated microglia whereas IL-6 levels dropped in
OGD-CM stimulated microglia after Trc treatment (Figure 4c).
On the other hand, we observed that TGF-𝛽1 levels in the OGD-
CM group first tended to increase and peaked at 12 h, after which
they decreased, whereas Trc treatment significantly increased
TGF-𝛽1 levels in both, LPS and OGD-CM stimulated groups, af-
ter 24 h and 48 h (Figure 4d). Subsequently, we analyzed post-
ischemic lipid metabolism-related and inflammation-related dif-
ferentially expressed genes (DEGs), including the LD-coating
protein PLIN2, fatty acid synthesis and cholesteryl esterification
(Soat1, SREBP2), fatty acid and cholesterol hydrolysis (Nceh1,
LIPA, NPC2), lipid transport (ApoE, ABCA1), oxidative stress and
microglial cell phenotype (iNOS, CD206), inflammatory factors
(TNF-𝛼, IL-1𝛽), and anti-inflammatory factors (IL-10, TGF-𝛽1).
We observed that PLIN2, Soat1, iNOS, IL-1𝛽, and TNF-𝛼 were
up-regulated in LDRM (LPS and OGD-CM stimulation), whereas
CD206, ApoE, ABCA1, NPC2, Nceh1, LIPA, TGF-𝛽1 and IL-
10 were down-regulated. In contrast, IL-4-stimulated microglia
showed a different transcriptional profile than LDRM, with up-
regulated CD206, TGF-𝛽1, IL-10, ApoE, Nceh1, and LIPA as well
as with down-regulated iNOS, IL-1𝛽, TNF-𝛼, Soat1 and PLIN2.
We also found that the inhibition of LD formation in LDRM by
Trc attenuated the up-regulation of IL-1𝛽, TNF-𝛼, iNOS, PLIN2,
and Soat1 in the OGD-CM group. However, the alteration of these
DEGs by Trc was less significant in the LPS group (Figure 4e).

We further used immunofluorescence staining to evaluate
markers of microglial activation states, such as iNOS or CD206
to identify a pro- as well as a rather anti-inflammatory activation
state in the context of microglial LD accumulation, respectively.
We observed that most OGD-CM treated microglia were iNOS+
cells, whereas a few microglia were CD206+ microglia. In
addition, Trc treatment resulted in decreased numbers of iNOS+
microglia and increased the number of CD206+ microglia. After
stimulation with IL-4, the vast majority of microglial cells exhib-
ited a CD206 positivity (Figure S9e–g, Supporting Information).
Next, we labeled LD with the fluorescent dye BODIPY and found
that OGD-CM stimulation induced BODIPY+ iNOS+ microglia.
Trc treatment not only reduced the formation of LD but also
the number of iNOS+ microglia (Figure 4f,g). Moreover, the
number of CD206+ microglia remained low in the OGD-CM
treated group while CD206+ microglial cells were rarely asso-
ciated with BODIPY+ LD detection. In contrast, a significant
increase in CD206+ microglia was observed after inhibition of
LD formation by Trc treatment (Figure 4h,i). We observed few
iNOS+ and BODIPY+ microglia in the control and IL-4-group
whereas most CD206+ microglia did not show LD staining by
BODIPY (Figure S9h,i, Supporting Information). We further
verified the expression of LD-associated PLIN2, SREBP2, and

Quantification of the percentage of BODIPY+Iba1+ cells and MFI of BODIPY in five different conditions (n = 5). j,k) Quantitative analysis of PLIN2 and
IL-1𝛽 expression of microglia in five different conditions: normoxia as control, OGD, OGD-CM, LPS, and IL-4 using western blot analysis normalized
with the housekeeping protein GAPDH (n = 3). Statistical tests: Two-tailed t-tests were used (b, c). One-way ANOVA followed by Tukey’s post-hoc-tests
were used (e, f, h, i, j, k). Data are expressed as mean ± SD, NS: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ###p < 0.001, and
####p < 0.0001. Scale bars, 50 μm in (a, d, g). Ctr, Control group; OGD, oxygen-glucose deprivation; RO, reoxygenation; OGD-CM, conditioned medium
from primary neuron after OGD; LD, lipid droplet; MFI, mean fluorescence intensity; Trc, triacsin C; ACAT, Acyl-CoA cholesterol acyltransferase; PLIN2,
perilipin 2; IL-1𝛽, interleukin 1 beta; IL-4, interleukin 4; LPS, lipopolysaccharide.
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Figure 2. The formation of LD in microglia in the mouse middle cerebral artery occlusion (MCAO) stroke model. a–d) Immunofluorescence of cor-
tical infarct core staining at different reperfusion times (sham, 3, 7, 28 days) after MCAO indicated that LD mainly accumulated in microglia. e,f)
Quantification of the percentage of BODIPY+ Iba1+ cells and mean fluorescence intensity (MFI) of BODIPY (n = 5). g) Quantitative analysis of
CD45intCD11b+BODIPY+ microglia in three groups (sham, ipsilateral, and contralateral side of post-ischemia day 7) by flow cytometry (n = 7). h,i)
Density plots of FACS showed a significant increase of LD-rich microglia (CD45intCD11b+BODIPY+) within the MCAO lesion site group (h), which
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p65 (a key factor of the NF-𝜅B pathway) at the protein level in
microglia by Western blotting. Interestingly, p65, PLIN2, and
SREBP2 were highly expressed in the LDRM of LPS and OGD-
CM stimulated groups as compared to the control group. Trc
treatment attenuated this up-regulation while IL-4 stimulation
resulted in the lowest expression levels of the aforementioned
proteins (Figure 4j–l). Furthermore, we found that phagocytosis
was impaired and ROS levels were higher in these LDRM, as
assessed by microsphere uptake (Figure S10a,b, Supporting
Information) and CellROX assays (Figure S10c,d, Supporting
Information). Trc treatment of microglial cells resulted in an
improved phagocytic capacity as well as lower ROS levels. We
used enzymatic assays to assess the concentration of free fatty
acids, cholesterol, and cholesteryl esters in LDRM indicating
that stimulated cells had higher levels of free fatty acids and
cholesteryl esters (Figure S11a–d, Supporting Information).
Taken together, our results indicate, that LD formation and al-
terations of LMRGs in microglial cells under hypoxic conditions
may modulate the microglial phenotype and activation state.

2.5. MCAO-Induced Microglial LD Formation Shows Spatial and
Temporal Dynamics Accompanied by Differential Microglial
Activation States

To further investigate the connection between the formation of
LDRM and microglial activation states in different regions of the
brain lesion after ischemia in vivo, we referred to the MCAO
model. We defined six regions in the MCAO mouse brain: the
ipsilateral cortex within the core of the lesion (L Core), the ipsi-
lateral cortex outside of the lesion (L Cortex), the white matter at
the edge of the ischemic lesion (L Edge), and the corresponding
regions on the contralateral side (NL Core, NL Cortex, and NL
Edge) (Figure S12a,b, Supporting Information). We analyzed the
levels of various cytokines over time after ischemia in these brain
regions by ELISA. The expression levels of inflammatory factors
IL-1𝛽, TNF-𝛼, and IL-6 were simultaneously increased in both the
ipsilateral L Core and L Edge at 3 days post-ischemia, whereas
the levels of these factors in the L Cortex region were similar to
the contralateral side. At 7 days post-ischemia, the levels of IL-1𝛽
and TNF-𝛼 were significantly higher in the L Core region than
in all other regions, including the L Edge (Figure 5a–c). On the
other hand, the expression levels of the anti-inflammatory factor
TGF-𝛽1 reached peak levels at 3 days post-ischemia and kept a
relatively high level in both L Core and L Edge regions. At 7 days
post-ischemia, compared to 3 days, the level of TGF-𝛽1 within the
L Core region decreased and was significantly lower than in the
L Edge (Figure 5d). The levels of all pro-inflammatory and anti-
inflammatory factors recovered to the levels of the sham group
at post-ischemia 28 days. Hence, the dynamic changes of the mi-
croglial activation state as indicated by the profiles of these mark-
ers after ischemia occur mainly within one week after ischemia.

Subsequently, we measured the protein expression levels
of SREBP2, PLIN2, P65, I𝜅B𝛼, IL-1𝛽, and TGF-𝛽1 in MCAO
mice by Western blotting (Figure 5e,l). At 3 days post-ischemia,
SREBP2 protein expression levels were significantly up-regulated
in both L Core and L Edge regions (Figure 5f). PLIN2 and P65
protein expressions were also significantly up-regulated in these
two regions (Figure 5g,h). In contrast, I𝜅B𝛼 showed lower lev-
els in these two regions. (Figure 5i). In addition, compared with
the NL side, both IL-1𝛽 and TGF-𝛽1 showed higher protein lev-
els on the lesion side (Figure 5j,k). At post-ischemia day 7, the
protein expression levels of SREBP2, PLIN2, P65, and IL-1𝛽 in
L Core continued to increase significantly (Figure 5m–o,q). In
contrast, I𝜅B𝛼 showed a lower expression level in the L Core re-
gion (Figure 5p). Finally, although TGF-𝛽1 expression level de-
creased in L Core, relatively high levels were maintained in the L
Edge (Figure 5r). In accordance with the aforementioned in vivo
findings, alterations of lipid metabolism in particular of sterol
metabolism and markers of LD formation seem to be timely and
spatially correlated to pro-inflammatory processes in ischemic
brain tissue. The NF-𝜅B signaling pathway might be a potential
link between lipid metabolism and neuroinflammation in this
regard.

2.6. Post-Ischemia Phenotype Polarization Patterns of Microglia
in Different Brain Regions

We used PLIN2 staining to label LD and found that not only
predominantly Iba1+ cells but also the majority of iNOS+ cells
co-localize with PLIN2+ cells. In particular, the percentage of
iNOS+ cells was highest at 7 days post-ischemia in L core fol-
lowed by L edge. The mean fluorescence intensity of the PLIN2
staining increased gradually from 3 to 7 days post-ischemia in
the L Core and L Edge, whereas only rare iNOS+ or PLIN2+
cells were found in the L Cortex and NL regions (Figure 6a–c).
Both PLIN2 and iNOS expression gradually decreased to pre-
infarct levels at 28 days post-ischemia (Figure S13a, Supporting
Information). Additionally, our results showed that the polar-
ization of microglia changes dynamically over time and varies
according to infarct regions. In the L Core and L Edge regions
at 3 days post-ischemia, activated microglia were observed to be
predominantly CD206+ cells, a marker traditionally associated
with the so-called M2-like phenotype, although it has to be noted
that also CD206+ macrophages have been reported within or in
the proximity of CNS lesions. The number of iNOS+ microglial
cells at 3 days post-ischemia is significantly increased in L core
and L edge, although being lower than the number of CD206+
microglial/macrophagic cells. In contrast, only a few CD206+
microglia/macrophages were observed in the L Cortex region.
At 7 days post-ischemia, the L Core region was infiltrated with
a large number of iNOS+ microglia, while CD206+ cells were
almost absent. Interestingly, the microglia found in the L Edge

matched the BODIPY fluorescence intensity (i). j,k) Quantitative analysis of PLIN2 and IL-1𝛽 expression in MCAO mice with different reperfusion times
(sham, 1, 3, 5, 7, 9, 11, and 14 days) by Western blot analysis of the ischemic hemisphere. Western blot was normalized with the housekeeping protein
GAPDH (n = 3). Statistical tests: One-way ANOVA followed by Tukey’s post-hoc-tests were used for (e-g, j, k). 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 < 0.0001. Scale bars, 1000 μm (i) and 50 μm (ii) in (a,
b, c, d). MCAO, middle cerebral artery occlusion; LD, lipid droplet; MFI, mean fluorescence intensity; FACS, Fluorescence-activated cell sorting assay;
PLIN2, perilipin 2; IL-1𝛽, interleukin 1 beta.
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Figure 3. Primary microglia (PM) with different treatments affect the cell viability of primary neurons (PNs) after OGD in a co-culture system. a)
Schematic diagram of the PM/PNs co-culture system. b) 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 (n = 5). Cells incubated under normoxic conditions were defined as 100% cell survival. c) OGD-
induced neuronal cell toxicity was further assessed in the lactate dehydrogenase (LDH) release assay (n = 5). d,e) The LIVE/DEAD assay displays
representative immunofluorescence stainings of calcein AM (LIVE cells, green) and ethidium homodimer-1 (DEAD cells, red), followed by cell viability
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region were predominantly iNOS+ microglia close to the infarct
lesion and CD206+ microglia/macrophages in the outer margin
of L Edge region with iNOS representing a pro-inflammatory and
CD206 an anti-inflammatory histological marker of microglial
activation states (Figure 6d–f). At day 28 post-ischemia, only
limited CD206+ cells were present in the L Core and L Edge
regions (Figure S13b, Supporting Information). Interestingly, we
also found that both LD-poor resting microglia and CD206+ mi-
croglia/macrophages frequently failed to co-localize with PLIN2
(Figure S13c,d, Supporting Information). To summarize our
findings regarding activation states of microglia and in particular
LDRM within the lesion core in correlation with alterations of the
lipid metabolism in the lesioned area we propose a temporal dy-
namic as visualized in Figure S14a–e (Supporting Information).

2.7. Definition of Differences in Lipid Classes within Different
Brain Regions after Stroke

Since little is known about the impact of post-stroke injury
on brain lipid profiles, we used Shot-Gun Mass Spectrometry
Lipidomic analysis to detect changes in regional brain lipid com-
position after cerebral ischemia at different time points. Ini-
tial data exploration by Principal Component Analysis (PCA)
of sham, days 3 and 7 post-ischemia in each of the above-
mentioned brain regions revealed that, in addition to the re-
gional separation, the 3 d L Core and the 7 d L Core appeared
to have distinctive lipid profiles (Figure 7a). In order to further
specify which lipid classes have an influence on the differenti-
ation of these groups we used a hierarchical clustering analy-
sis of the L Core region. A cluster of increased concentrations
of diglycerides (DAG), triglycerides (TAG), cholesterol (Chol),
cholesteryl esters (CE), lysophosphatidylcholine (LPC), ether-
linked lysophosphatidylethanolamine (LPE O-), ether-linked LPC
(LPC O-), lysophosphatidylglycerol (LPG), and phosphatidylglyc-
erol (PG) classes was observed at day 7 after ischemia when com-
pared to sham animals. Additionally, the clustering of rows in-
dicated, that the dynamics of two lipid clusters: ceramides (Cer),
DAG, TAG, and Chol as well as CE, LPC O- and LPG showed
similar dynamics over time (Figure 7b). To stratify and screen
for relevant changes in the amounts of specific lipid species af-
ter cerebral infarction, we applied a combination of volcano plot-
ting and machine learning-based orthogonal partial least squares
discriminant analysis (OPLS-DA) as a supervised multivariate
analysis. We found that lipid profile changes at post-ischemia
day 3 compared with sham were dominated by phosphatidyl-
choline (PC) and its ether variants (PC O-) as well as phos-
phatidylethanolamine (PE) and its ether variants (PE O-). Inter-
estingly, PC and PC O- showed predominantly increased, while
PE and PE O- exhibited decreased amounts on the third day after

ischemic injury. Additionally, we observed changes in the compo-
sition of PG, with a notable increase by the 3rd day. Furthermore,
there were isolated changes in LPC, LPE, and their ester deriva-
tives, as well as LPS, which showed increasing amounts on the
third day (Figure 7c,d). In the subsequent time course, compar-
ing the 3rd and 7th-day post-ischemia, we also observed distinct
patterns in the changes of PC and its ether variant (PC O-), as
well as PE and PE O-. The concentrations of PC predominantly
increased, indicating a progressive accumulation over time. In
contrast, the changes in the ether variants of PC were isolated
and did not follow the same increasing trend. On the other hand,
PE continued to show a decrease in concentration, although only
being sporadically measurable. Interestingly, the ether variant
of PE O- exhibited an increasing trend, contrary to the over-
all decrease in PE concentration. The lipidome of 7 d L Core
showed significant peaks of phosphatidate (PA, 18:0;0_20:4;0),
PG (20:3;0_20:3;0), LPA (18:1;0), LPS (20:0;0), and cardiolipins
(CL, 76:10;0) (Figure 7e,f). Following the same approach, we ana-
lyzed the Edge region using Volcano Plots and oPLS-DA (Figure
S15a–d, Supporting Information). We observed an increase of
several subsets of CE, DAG, TAG, LPS, PG, and phosphatidylser-
ine (PS) in the 3 d L edge region. Interestingly and in contrast
to the core region species of the classes, DAG, TAG, PS, and PA
decreased in the following days toward 7 days after ischemic dam-
age in the edge region. Most impressive over time was the reduc-
tion of the initially elevated TAG and PS amount on day 7 after
ischemia in the edge region. DAG showed a similar but lagging
pattern initially increasing and from 3rd to 7th day partly decreas-
ing amounts. The lipid species resulting from this analysis define
the differences of the regions at 3 and 7 days after ischemia and
are shown in Figure S16a–d (Supporting Information).

2.8. The Connection Between Lipid Profiles and Inflammation in
the Post-Ischemic Brain

We further analyzed the link between dynamic changes in lipid
profiles and microglial phenotype as well as post-ischemic in-
flammation. Therefore, we intended to isolate spatial and tem-
poral patterns of post-ischemic lipid profiles and correlate these
with transcriptional patterns. Based on previous statistical ap-
proaches we selected lipid classes showing dynamic changes
and visualized the amount of lipid species in pmol in the rel-
evant regions core and edge at 3 and 7 days post-ischemia
by radar plots. Strikingly, it became obvious that lipids asso-
ciated with cholesterol metabolism, predominantly CE (16:0;0,
18:0;0, 18:1;0, 20:4;0, 22:4;0, 22:5;0, 22:6;0), which are very
low or even undetectable in the sham core, however, are sig-
nificantly increased in the core region 7 days post-ischemia.
Additionally, dynamic changes of CL species (70:4;0, 76:10;0,

analysis via the percentage of LIVE cells to total cells (n = 5). The assay used the same conditions for PM and PNs as mentioned for the MTT assay.
f,g) Immunofluorescence stainings and quantitative analysis of apoptotic cell (TUNEL, red) rate in PNs (NeuN, green) by TUNEL assay in the four
groups: normoxia, OGD, OGD followed by co-culture with OGD-CM pre-treated microglia, and OGD followed by co-culture with OGD-CM+Trc pre-
treated microglia (n = 5). Statistical tests: One-way ANOVA followed by Tukey’s post-hoc-tests were used for (b, c, e, g). 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 in (d, f). OGD, oxygen-glucose deprivation; RO, reoxygenation; PM, primary microglia; PN, primary neuron; OGD-CM, conditioned medium from
primary neuron after OGD; LD, lipid droplet; IF, Immunofluorescence staining; WB, Western blot assay; MFI, mean fluorescence intensity; Trc, triacsin
C; IL-4, interleukin 4; LPS, lipopolysaccharide; Trc, triacsin C, LDH, lactate dehydrogenase.

Adv. Sci. 2024, 11, 2306863 2306863 (8 of 20) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 4. Lipid droplet-rich microglia (LDRM) exhibit distinct lipid metabolism-related gene expression as well as phenotype polarization and inflam-
matory factor levels after stimulation with LPS or OGD-conditioned medium (OGD-CM). a–d) Quantitative measurement of pro-inflammatory factors
(IL-1𝛽, TNF-𝛼, and IL-6) and anti-inflammatory factors (TGF-𝛽1) in microglia treated with LPS or OGD-CM (w/ or w/o Trc) followed by different incuba-
tion periods (2, 6, 12, 24, and 48 h) using ELISA assay (n = 5). e) Heatmap of gene expression comparisons between six groups: control, LPS, LPS+Trc;
OGD-CM, OGD-CM+Trc, and IL-4. The heatmap was produced by pheatmap package in Rstudio. Data were log2 transformed and shown as red to blue:
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78:13;0) are observable. Furthermore, Cer species (such as
34:1;2, 36:1;2, 36:2;2, 38:1;2, 42:1;3), sphingomyelin (SM) species
(34:1;2, 40:1;2, 42:1;2, 42:2;2) and Chol appeared to be present in
higher amounts in 7 d L Core than in any other group includ-
ing the 7 d L Edge group (Figure 8a–d). Interestingly, no sig-
nificant changes were shown in all groups except for the DAG
(18:0;0, 20:4;0), which was elevated in both 7 d L Core and Edge;
whereas TAG (48:0;0, 50:0;0, 54:6;0, 56:6;0, 56:7;0) exhibited con-
sistently increasing concentration levels in 3 d L Core and 7 d
L Core and the fatty acid composition shifted from predomi-
nantly short/medium-chain subsets to medium/long-chain sub-
sets (Figure 8e,f). Regarding TAG species a similar pattern was
found transiently in 3 d L Edge while TAG amounts in 7 d L Edge
returned to Sham levels. In contrast to previous lipid profiles, we
observed that Sulf (36:1;2, 40:1;3, 42:2;2), HexCer (38:1;3, 40:1;3,
42:1;3, 42:2;3), and PG (22:6;0_22:6;0, 20:4;0_22:5;0) were rela-
tively higher in the 7 day L Edge region (Figure 8g–i). Among
other subsets of lyso-phosphatidyl-lipids, we found LPC (16:0;0,
18:0;0), LPC O- (16:1;0, 16:2;0, 18:1;0), LPE (18:0;0, 18:1;0), LPE
O- (16:1;0, 18:1;0), LPA (16:0;0, 18:0;0, 18:1;0), LPS (20:0;0) and
LPG (18:1;0, 20:4;0, 22:6;0) were highest in 7 d L Core, while
they were not significantly altered in 7 d L Edge (Figure S17a–g,
Supporting Information). In addition, most subgroups includ-
ing PC, PC O-, PE, PE O-, PA (18:0;0_20:4;0), PI (18:0;0_20:5;0)
and PS (18:0;0_22:4;0) were altered simultaneously at the infarct
core and edge along with stroke progress and remained relatively
high at 7 days post-ischemia (Figure S18a–g, Supporting Infor-
mation). The distribution of all lipid subsets is shown by addi-
tional bar plots in Figures S19–S28 (Supporting Information).

Additionally, we measured the transcriptional mRNA expres-
sion levels of LMRGs as well as inflammation-related genes using
RT-qPCR (Figure 8j,k). The expression of iNOS, TNF-𝛼, IL-1𝛽,
CD206, and TGF-𝛽1 showed an increase in both 3 d L Core and
3 d L Edge (dominated by CD206 and TGF-𝛽1), and there was no
significant difference between them. In addition, the expression
of iNOS, TNF-𝛼, and IL-1𝛽 peaked in 7 d L Core and was sig-
nificantly higher than in 7 d L Edge. However, the expression of
CD206 and TGF-𝛽1 decreased in 7 d L Core and was significantly
lower than that in 7 d L Edge. Meanwhile, we examined the ex-
pression of LMRGs and found that PLIN2, SREBP2, and Soat1,
which are associated with LDs formation and CE synthesis, were
up-regulated in both 3 d L Core and 3 d L Edge, and without sig-
nificant differences amongst them. Their expression peaked in
7 d L Core, and PLIN2 and SREBP2 were significantly higher
than in 7 d L Edge. The expression of ApoE and ABCA1 con-
tinued to increase after ischemia and did not differ significantly
between Core and Edge. NPC2 and Nceh1 expression in edge re-

gions was up-regulated after ischemia and significantly higher
than in core regions. The expression of Lipa was up-regulated in
both, Core and Edge, after ischemia and without significant dif-
ference amongst these regions. Therefore, we suggest that tem-
poral and spatial lipid profiles during the dynamic evolution of
ischemic brain lesions, in particular with respect to cholesterol
esters and storage lipids, can be correlated with regional patterns
of lipid metabolism and, subsequently, with inflammatory activ-
ity in distinct areas of the lesion, indicating, that regional lipid
composition might influence inflammatory processes during is-
chemic damage.

3. Discussion

Post-ischemic inflammation plays a vital role in the progression
of secondary brain injury after ischemic stroke. Despite its impor-
tance, the underlying mechanisms remain poorly understood.[11]

Elucidating these processes is essential to further improve stroke
therapy in patients. In this context, LDRM displaying a dysfunc-
tional, pro-inflammatory phenotype of microglial cells may be
key modulators of tissue damage and regeneration in various
pathological conditions including ischemic damage.[7a,12] In our
study, we analyzed the role of post-ischemic LD formation and
brain lipid composition on the regulation of the microglial phe-
notype. Exposure of microglia to hypoxia yielded an accumula-
tion of LD, a pro-inflammatory microglial activation state, and
neuronal cell injury in the co-culture systems. Interestingly, treat-
ing LDRM with an inhibitor of ACAT not only reduced LD forma-
tion but also attenuated inflammatory activation and neuronal
damage. In vivo we applied the MCAO model to demonstrate,
that LDRM is a predominant phenotype of microglial cells dis-
playing a temporal and spatial dynamic post-ischemia within the
lesion. We were able to observe the aligning dynamics of proin-
flammatory activation of microglial cells and alterations affecting
lipid metabolism in the corresponding brain regions. The proin-
flammatory activation state of microglial cells, as detected by his-
tology and FACS, in particular within the L core region at 7 days
post-ischemia appears to be associated not only with a marked ac-
cumulation of lipid droplets but also with a unique lipid profile in
the ischemic lesion as determined by the state of the art lipidomic
analysis. The latter showed persistently increased amounts of var-
ious lipid species such as cholesteryl esters and storage lipids like
TAG and DAG. Interestingly, the lipid composition of ischemic
lesion sites correlates with temporal and regional changes in mi-
croglial phenotypes, inflammation, LD accumulation, and lipid
metabolism. As such, the brain tissue lipid composition might
be a critical modulator of microglial activation states.

red (up-regulated), blue (down-regulated) and white (no change). Rows and columns are clustered using correlation distances and average associa-
tions. f Immunofluorescence co-staining of LD (BODIPY, green) and M1-like (iNOS, red) polarization of microglia in four different treatments: Control,
OGD-CM, OGD-CM+Trc, IL-4. g) Quantitative analysis of BODIPY+iNOS+ microglia of total cells (n = 5). h) Immunofluorescence co-staining of LD
(BODIPY, green) and M2-like (CD206, red) polarization of microglia in the aforementioned four groups. i) Quantitative analysis of BODIPY+ microglia
of total cells (n = 5). j–l) Quantitative analysis of PLIN2 (j), SREBP2 (k), and p65 (l) expression in six groups: normoxia as control group, OGD-CM,
LPS, LPS+Trc, OGD-CM+Trc and IL-4 group using Western blot analysis normalized with the housekeeping protein GAPDH (n = 3). Statistical tests:
Two-way ANOVA followed by Tukey’s post-hoc-tests were used for (a-d). One-way ANOVA followed by Tukey’s post-hoc-tests were used for (g, I, j-l). Data
are expressed as mean ± SD, NS: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0*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 (f, h). Ctr, Control group; OGD, oxygen-glucose deprivation; RO, reoxy-
genation; OGD-CM, conditioned medium from primary neuron after OGD; LD, lipid droplet; LDRM, lipid droplet-rich microglia; Trc, triacsin C; PLIN2,
perilipin 2; IL-1𝛽, interleukin 1 beta; IL-4, interleukin 4; SREBP2, sterol regulatory element-binding protein 2.
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Figure 5. Ischemia-induced up-regulation of SREBP2 and PLIN2 leads to the formation of pro-inflammatory lipid droplet-rich microglia (LDRM) and the
activation of the NF-𝜅B pathway. a–d) Quantitative measurement of IL-1𝛽 (a), TNF-𝛼 (b), IL-6 (c) and TGF-𝛽1 (d) levels in the six regions: lesion core
of cortex (L Core), ipsilateral cortex out of lesion (L Cortex), white matter area of lesion edge (L Edge), and corresponding areas on the contralateral
non-lesion side (NL Core, NL Cortex, and NL Edge) in the brain (sham, post-ischemia 3, 7, and 28 d) using ELISA assay (n = 6). e–k) Quantitative
analysis of SREBP2 (f), PLIN2 (g), p65 (h), I𝜅B𝛼 (i), IL-1𝛽 (j), and TGF-𝛽1 (k) expression in the aforementioned six regions with 3 days post-ischemic
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Ischemic brain damage not only results in acute neuronal
damage but also leads to demyelinating damage.[13] Myelin de-
bris is phagocyted by resident phagocytes of the CNS, predomi-
nantly by microglial cells, and the phagocytic cargo is degraded in
the lysosomal system, altering the cellular phenotype of phago-
cyte, e.g., by the formation of LDs or lipofuscin-like lysosomal
inclusions as observed during white matter aging.[13a] In this re-
gard, not only the phagocytic capacity but also the efficacy of the
cellular lipid export machinery appears to be of relevance.[13a]

In reperfusion-induced post-ischemic injury, large amounts of
myelin debris, lipoprotein particles, and lipids from dead cells
are phagocyted or endocytosed by activated microglia.[14] Elevated
lipid synthesis and decreased lipid oxidation contribute to the
accumulation of free fatty acids, ultimately propagating the for-
mation of LDs. Interestingly, LD formation in microglial cells
can also be triggered by stimulation with LPS,[15] acting through
toll-like receptors and the NF-𝜅B pathway,[16] a mechanism that
was used in the present study as a control condition. LD accu-
mulation can cause cells to secret various mediators of inflam-
mation and trigger pathological processes that may be mediated
by the mTOR/SREBP2 and NF-𝜅B/COX-2 signaling pathways.[17]

Indeed, LD formation under ischemic conditions of the present
work is accompanied by TNF-𝛼 and IL-1𝛽 production in microglia
in vitro. Inhibition of LD formation in these LDRM significantly
reduces microglia-mediated inflammation and neuronal death
in a neuron-microglia co-culture model. Hence, intracellular mi-
croglial lipid accumulation as indicated by LD formation appears
to be not only a mere bystander of neuroinflammatory processes
of ischemic lesions but rather a modulator of neuroinflammation
mediated by cytokines such as TNF-𝛼 and IL-1𝛽 and indicated by
the alteration of microglial phenotypes.

Accumulation of LD in so-called LDRM, which can occur
as so-called “foamy microglia”, appears to reflect a microglial
activation state, which includes an increased production of
pro-inflammatory cytokines and exacerbates post-ischemic neu-
ronal damage in vitro. Under such conditions, the observed
up-regulation of SREBP2, an activator of genes involved in
cholesterol synthesis, can regulate fatty acid metabolism and in-
flammation. Lipid homeostasis is tightly regulated by an intercel-
lular interplay involving microglia and astrocytes as well as neu-
rons and oligodendrocytes. Interestingly, SREBP2, which is syn-
thesized not only by microglia but also by astrocytes, has been
shown to interact with NF-𝜅B signaling pathways.[18] A previ-
ous study indicated that the inhibition or silencing of SREBP2
shifts the phenotype of microglia and also macrophages from a
pro-inflammatory to an anti-inflammatory phenotype that pro-
motes regeneration and healing.[19] We hypothesize that LD for-
mation induced by hypoxia might lead to acute inflammatory
responses, up-regulation of SREBP2, and subsequent activation
of the NF-𝜅B signaling pathway. The latter further up-regulates

downstream inflammatory factors, including TNF-𝛼, IL-1𝛽, and
IL-6. Up-regulation of SREBP2 also promotes ACAT-mediated
fatty acid synthesis and cholesteryl esterification, producing large
amounts of unsaturated fatty acids and cholesteryl esters.[20] This
accumulation of lipids in microglia might lead to a “lipid over-
load”, which results in enhanced microglial LD formation in-
dicating dramatic changes in the intracellular lipid composi-
tion and metabolism and ultimately disturbing intracellular lipid
homeostasis within the period following ischemic damage. We
were able to show that microglial cells accumulating LDs in the
core and edge of ischemic lesions showed altered gene expres-
sion patterns in particular with regard to lipid metabolism, re-
sulting in impaired lipid transport or efflux as well as subse-
quently up-regulated inflammatory cytokines. Interestingly, the
temporal and spatial dynamics of these expression patterns were
strongly correlated with lesional lipid profiles as well as tempo-
ral and spatial inflammatory patterns within the lesion. Distur-
bances of the intralesional lipid homeostasis potentially exacer-
bated by above mentioned dysregulated lipid metabolism could
subsequently result in facilitated formation of pro-inflammatory
LDRM and thereby further impair lesion recovery. To further
strengthen our hypothesis, we applied a microglial cell culture
system and found that indeed ACAT inhibition by Trc reduced
the formation of LDs and led to a decreased expression of P65 as
well as reduced release of inflammatory factors such as TNF-𝛼
and IL-1𝛽 in vitro, potentially induced by a relief of “lipid over-
load” induced by ACAT inhibition. Excess free cholesterol (FC)
can be converted to CE by the ACAT. These esters can either be
stored within the LD or can be exported from the cells to some
extent.[21] Interestingly, ablation of the ACAT1 genes leads to in-
creased levels of 24(S)-hydroxycholesterol which can be exported
from cells and the CNS through the blood-brain barrier reaching
the periphery.[22]

Although strictly dividing microglia into M0, M1 and M2 mi-
croglia is certainly oversimplified and viewed as outdated in the
field: M0-like microglia are classified as either resting or harmo-
nious physiological microglia[23]; M1-like microglia are generally
considered to bear pro-inflammatory features[24]; whereas M2-
like microglia are associated with indicators of anti-inflammatory
or homeostatic functions and might be beneficial in terms of
tissue recovery after stroke.[2d,25] TMEM119[26] and P2y12[27] are
recognized as excellent markers for identifying resting-state mi-
croglia, which are rapidly lost in various pathological conditions.
For instance, while P2y12 is present in steady-state microglia
in mice, it is completely lost in active and slowly expanding
lesions.[27] Although TMEM119 also downregulates upon acti-
vation, this process is slower and often incomplete. Therefore,
TMEM119 and P2y12 are effective for identifying resting mi-
croglia in the initial and early stages of lesions.[27a] Our find-
ings support this view, suggesting that TMEM119 and P2y12

mice by Western blot analysis normalized with the housekeeping protein (n = 3). i–r) Quantitative analysis of SREBP2 (m), PLIN2 (n), p65 (o), I𝜅B𝛼
(p), IL-1𝛽 (q), and TGF-𝛽1 (r) expression in the aforementioned six regions with 7 days post-ischemic mice by Western blot analysis normalized with the
housekeeping protein (n = 3). Statistical tests: Two-way ANOVA followed by Tukey’s post-hoc-tests were used for (a–d). One-way ANOVA followed by
Tukey’s post-hoc-test was used for (f–k, m–r). 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. L Core, lesion core of cortex; L Cortex, ipsilateral cortex out of lesion; L Edge, white matter
area of lesion edge; NL Core, contralateral non-lesion core of cortex; NL Cortex, contralateral non-lesion cortex out of lesion; NL Edge, white matter area
of contralateral non-lesion edge; LD, lipid droplet; LDRM, lipid droplet-rich microglia; PLIN2, perilipin 2; IL-1𝛽, interleukin 1 beta; IL-6, interleukin 6;
SREBP2, sterol regulatory element-binding protein 2.
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Figure 6. Phenotype patterns of PLIN2+ resident microglia in different lesion areas of the post-stroke brain. a) Immunofluorescence staining of M1-like
microglia (iNOS, red) and LD surface protein marker (PLIN2, green) at post-ischemia days 3 and 7 in the aforementioned six regions. b) Quantitative
analysis of mean fluorescence intensity (MFI) of PLIN2 (n = 5). c) Quantitative analysis of the percentage of PLIN2+iNOS+ cells of total iNOS+ cells
(n = 5). c Immunofluorescence staining of polarization of M1-like microglia (iNOS, red) and M2-like microglia (CD206, green) at post-ischemia days
3 and 7 in the aforementioned six regions. d) Quantitative analysis of the number of iNOS+ and CD206+ cells per 0.2 mm2 area (n = 5). Statistical
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should not be used as markers for all microglial populations but
specifically for resting microglial populations. Moreover, stud-
ies have demonstrated that TMEM119 is expressed on microglia
but not on recruited macrophages.[28] In our research, we ob-
served that in active lesions caused by inflammatory neurologi-
cal diseases, microglial and macrophage populations shift to pro-
inflammatory/anti-inflammatory phenotypes, resulting in a sig-
nificant reduction of the TMEM119+/P2y12+ phenotype. This
reduction aligns with other indicators of pro-inflammatory ac-
tivation in the ischemic core, confirming that microglial activa-
tion and phenotypic changes are closely linked to the progres-
sion of inflammation following a stroke. A similar janus faced
aspect can also be attributed to macrophagic cells infiltrating the
CNS under various pathological conditions including stroke.[29]

In this regard, microglial and macrophagic cells in the CNS
may show a partial overlap of activation markers such as for ex-
ample CD206.[30] The differentiation of infiltrating and resident
monocytic cells can be difficult under certain conditions,[31] how-
ever it has been shown previously that proliferation of parenchy-
mal microglia is the main source of microgliosis after ischemic
stroke.[32] The polarization continuum of microglia cell popula-
tions may explain the highly versatile function of microglia in
various pathological conditions. Many substances and mecha-
nisms are involved in regulating microglia/macrophage polar-
ization, amongst them LD accumulation and cholesterol content
as well as the overall intracellular lipid composition have been
shown to be of interest for microglia-targeted therapy.[9,10b,33] As
elaborated above, LDRM may be associated with prolonged and
aggravated neuroinflammation, displaying temporal and spatial
alignment with lesion evolution. We found an early loss of home-
ostatic microglial markers within the lesion while these markers
were found to be up-regulated at later time points and in par-
ticular in the marginal zone of lesions. Furthermore, microglial
cells in the infarct core displayed distinct phenotypes at 3 and
7 days, possibly indicating separate waves of microglial activa-
tion and infiltration, with the LDRM cell population dominat-
ing the microglial infiltrate at day 7 in the lesion core. These
results might indicate that the intracellular lipid composition,
which in turn manifests itself in LD formation, may play a key
role in regulating microglial phenotypes.[22] Indeed, LD biogene-
sis in macrophages and microglia have a similar mechanism and
both play a vital role in inflammatory progress.[34] Another recent
study likewise reported that ischemia-induced LD aggregation of
microglia in aged mice impairs stroke recovery and that this im-
pairment can be mitigated by the renewal of young microglia
lacking LD.[7a]

Meanwhile, our in vitro data showed that lipid synthesis-
related DEGs were up-regulated in LDRM, whereas peroxisomal
𝛽-oxidation, lipid hydrolysis, and lipid transport-related DEGs
were down-regulated. As a consequence of these changes in lipid
metabolism with elevated lipid synthesis and impaired degrada-
tion under ischemic conditions, a disturbed lipid homeostasis
can be expected, potentially resulting in pro-inflammatory acti-

vation of LDRM. As a matter of fact, the temporal resolution of
M2-like microglia under ischemic conditions ranges from 12 h to
several days after ischemia.[6b] Our in vivo studies indicated that
microglia phenotypes change dynamically over time in the post-
ischemic brain. In the early post-ischemic period, microglia be-
gan to migrate to the lesion and transitioned from a resting state
to an activated state. With insufficient energy supply in the infarct
core area, the energy metabolism mode of microglia changes
from ATP to glycolysis, accompanied by up-regulated de novo
fatty acid synthesis,[35] as well as down-regulated 𝛽-oxidation.[36]

Additionally, a large amount of fatty acids is released as cell debris
and disintegrated myelin sheath to the extracellular space, which
is finally phagocyted by microglia and potentially macrophages
infiltrating the CNS, challenging the intracellular lipid homeosta-
sis of phagocytes.[37]

Mass spectrometry imaging has been applied to analyze phos-
pholipid composition in mouse CNS tissue after MCAO. This
analysis of focal ischemic brain lesions was able to elucidate a re-
markable temporal dynamic of multiple subsets of phospholipids
as well as Cer, CE, and SM, which correlated with the early phase
of acute damage and later phases of lesion resolution.[8d] We
performed state-of-the-art shotgun mass spectrometry lipidomic
analysis to evaluate brain tissue lipid profiles in ischemic lesions
with temporal and spatial resolution. The subsets of PC, PC O-,
PE, and PE O- were massively altered in the early stages of the
ischemic area, both in the core and at the edge of the lesion. In-
creased amounts of these lipid species might be associated with
acute tissue damage and might be able to modulate initial re-
active processes including inflammatory activation of microglial
cells. Previous studies showed that ischemic damage changes
the metabolome of the affected brain tissue, particularly with re-
spect to fatty acid metabolism.[38] LD are cell organelles that are
hubs for lipid storage due to their high content of CE and TAG,
but they also appear to modulate various cellular processes in-
cluding inflammatory activation.[7c,39] They are crucially involved
in maintaining intracellular lipid homeostasis, especially in the
context of cholesterol, since excess free cholesterol is partially
converted to cholesterol esters and stored in LD.[21] Strikingly,
we were able to show that brain regions within the ischemic le-
sion containing larger numbers of pro-inflammatory microglia
also were enriched with LD. These regions predominantly lo-
cated within the core showed a remarkable elevation of Chol, CE,
DAG, and TAG at three and seven days post-ischemia. Persis-
tently increased amounts of these lipids were strongly correlated
with microglial pro-inflammatory phenotypes, LD accumulation,
and a distinctive pattern of LMRG levels indicating that the tis-
sue lipid composition and potentially the microglial lipid profile
substantially influences the resolution of ischemic lesions. Con-
firming this assumption, we detected less microglial LD accu-
mulation within the edge region and a rather anti-inflammatory,
homeostatic phenotype of microglial cells where levels of many
TAG and CE species substantially dropped at seven days post-
ischemia. The relevance of such a lipid metabolism and changes

tests: Two-way ANOVA followed by Tukey’s post-hoc-tests were used for (b, c, e, f). 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, 50 μm (a, d). MCAO, middle cerebral
artery occlusion; LD, lipid droplet; PLIN2, perilipin 2; L Core, lesion core of cortex; L Cortex, ipsilateral cortex out of lesion; L Edge, white matter area
of lesion edge; NL Core, contralateral non-lesion core of cortex; NL Cortex, contralateral non-lesion cortex out of lesion; NL Edge, white matter area of
contralateral non-lesion edge; MFI, mean fluorescence intensity.
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Figure 7. Lipid-class composition of distinct mouse brain regions after stroke. a) Principal Component Analysis (PCA) of lipid composition patterns in
different regions of brains (sham, post-ischemia 3 days and 7) to identify the most important variables for lipid components. b) Heatmap for Core regions
representing color-coded Z scores of lipid-class distribution of the 24 most abundant lipid classes using the lipid species concentrations (pmol) with
log2 normalization. c) Volcano map of lipid profiles in sham core and 3 days L Core. d) Orthogonal partial least squares discriminant (OPLS-DA) analysis
of lipid profiles with VIP score in Sham Core and 3 days L Core. e) Volcano map of lipid profiles in 3 days L Core and 7 days L Core. f) OPLS-DA analysis of
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in lipid profiles has also recently been demonstrated in human
stroke.[40] Hence, a persistent overload of multiple lipid species
was strongly correlated with microglial pro-inflammatory pheno-
types, LD accumulation, and a distinctive pattern of LMRG levels
indicating that the tissue lipid composition and potentially the
microglial lipid profile substantially influences the resolution of
ischemic lesions.

In conclusion, the present study demonstrates that ischemia
induces dynamic alterations in the lipid profile of the brain. This
contributes to the aggregation of LD in phagocytic cells/microglia
and, in turn, modulates the microglial phenotype mediating post-
ischemic neuroinflammation. In addition, different infarct re-
gions showed distinct lipid patterns, with dramatically elevated
CE and TAG mainly concentrated in the lesion core region at
7 days after ischemia, which exhibited pro-inflammatory mi-
croglial phenotype and elevated levels of inflammatory factors
distinct from those in the lesion edge region. Thus, during the
pathological progression of ischemic stroke, neuroinflammation
is accompanied by changes in the lipid profile, and specific lipid
species may be involved in modulating the microglial function in
the inflammatory process. This new work emphasizes the impor-
tance of lipid metabolism homeostasis for inflammatory regula-
tion under stroke conditions. However, the specific downstream
signaling pathways at the intersection of lipid metabolism and
inflammation need to be further characterized, and thus more
research is needed before clinical translation.

4. Experimental Section
Cell Cultures: Primary microglia cells were isolated from C57BL/6J

newborn pups at postnatal 0–2 days, based on the protocol of Hong
et al.[41] The cortex and hippocampus were carefully separated and moved
in a 15-mL tube containing cold PBS and were then digested with 1 mL of
0.25% Trypsin-EDTA for 15 min. Digestion was terminated with 5 mL pri-
mary microglia medium (DMEM-F12 supplemented with 10% FBS and
1% penicillin/streptomycin). The cell suspension was centrifuged at 300x
g for 5 min, and the pellet was gently suspended in 5 mL warm medium,
thereafter. The homogeneous cell suspension was transferred to a T75
flask precoated with poly-L-ornithine (PLO). After 5 days, the cell culture
medium was changed and treated with the murine macrophage colony-
stimulating factor (M-CSF, Peprotech, Hamburg, Germany) to stimulate
microglial proliferation. After another 4 days, the flask was shaken vigor-
ously, and floating microglia were collected from the conditioned medium.
The primary microglia were seeded at 40 000 cells cm−2 in PLO-coated
dishes or flasks for upcoming experiments.

Primary cortical neurons were prepared following the protocol from
Thomas et al.[42] Pregnant C57BL/6J female mice at embryonic day 16.5
were sacrificed by euthanasia. The brain of embryos was carefully dissoci-
ated from the skull, and the meninges were then carefully removed. The
cerebral cortex and hippocampus were carefully isolated and moved into a
15-mL tube with PBS on ice. The tissue at the bottom was gently mixed and
digested with 1 mL of 0.25% Trypsin-EDTA for 15 min incubation. Primary
neuron cell culture medium (neurobasal medium supplemented with 2%

B27, 1% penicillin/streptomycin, L-glutamine, and additional transferrin)
was added to stop the digestion. The homogeneous cell suspension with
primary neurons was finally seeded on PLO-coated plates at a density of
200 000 cells cm−2. Primary neuronal cells were cultured for another 5
days before being used for subsequent experiments.

Oxygen–Glucose-Deprivation (OGD): The cells were exposed to OGD
when their confluence reached 80–90%.[2d] For the OGD procedure, cells
were washed twice with PBS and incubated with the same volume of
BSS0 solution (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 1 mM
NaH2PO4H2O, 26.2 mM NaHCO3, 10 mM HEPES, 0.01 mM glycine and
1.8 mM CaCl2, pH 7.2–7.4) and transferred to the hypoxia chamber (Toepf-
fer Lab Systems, Goeppingen, Germany), containing 0.2% O2, 5% CO2,
and 70% humidity. After OGD, the BSS0 solution was removed. The cells
were then washed once with PBS followed by an incubation with the orig-
inal cell culture medium and a specific treatment with different test sub-
stances for 24 h of reoxygenation (RO) in the 5% CO2 standard cell culture
incubator at 37 °C. Thereafter, the cells would be used for subsequent ex-
periments.

Middle Cerebral Artery Occlusion (MCAO) and Animal Groups: Legal is-
sues, animal housing, randomization, and blinding are shown in the mate-
rials. The MCAO model was done as described previously.[43] Briefly, male
C57BL/6J mice (aged 10–12 weeks) were anesthetized with isoflurane. A
silicon-coated microfilament is used to block the right middle cerebral
artery (MCA) blood flow. A Laser Speckle Imaging System (LSIS, RWD Life
Science, Shenzhen, Guangdong, China) was applied to ensure a success-
ful blood flow block, and cerebral blood flow parameters were recorded.
After 60 min, the microfilament was removed to initiate reperfusion. The
cerebral blood flow parameters were re-recorded with the LSIS. The exper-
imental design and schematic diagram of the MCAO surgery are shown in
Figure S1a–c (Supporting Information), and cerebral blood flow parame-
ters of the LSIS are shown in Figure S1d,e (Supporting Information). The
survival rates of mice used in the experiment are given in Table S1 (Sup-
porting Information).

Treatment with different Test Substances of Primary Microglia: The cell
culture medium of primary microglia was replaced the day after seeding.
Substances were added to cell culture medium for 24 h. Lipopolysaccha-
ride (LPS, Sigma–Aldrich Chemie, Taufkirchen, Germany), interleukin-4
(IL-4, Sigma–Aldrich Chemie, Taufkirchen, Germany), and Triacsin C (Trc,
Cayman Chemical, Michigan, USA) were used as test substances. The con-
trol group was given an equal volume of PBS. Therefore, cells were divided
into the following seven groups: group 1 (microglia treated with substance
solvent under normoxic conditions); group 2 (OGD/RO treatment with
substance solvent); group 3 (1000 ng mL−1 LPS treatment); group 4 (2 μM
Trc treatment in group 3); group 5 (incubation with conditioned medium
from neurons after OGD/RO), group 6 (2 μM Trc treatment in group 5)
and group 7 (10 ng mL−1 recombinant IL-4 treatment).

Primary Microglia-Neuron Co-Culture System: The co-culture model
used primary microglia and primary neurons to study the effect of mi-
croglia on neuron survival under hypoxic conditions. The experiment was
based on the protocol of Skaper et al.[44] Primary microglia were seeded
into 6-well (4 × 105 cells/insert) or 24-well (2 × 104 cells/insert) tran-
swells (3 μm pore size; Costar, MA, USA). To certificate the protective effect
of different pre-treated microglia on post-hypoxic neuronal survival, five
microglial conditions were tested: LPS, OGD, conditioned medium from
post-OGD neurons (OGD-CM), Trc, and IL-4 as a positive control. After
24 h of treatment, these primary microglia were added to plates pre-seeded
with primary neurons for another 24 h RO. Microglia were co-cultured with
primary neurons at the start of RO.

lipid profiles with VIP score in 3 days L Core and 7 days L Core. Source data are provided as a source data file. PCA, Principal component analysis; OPLS-
DA, orthogonal partial least squares discriminant analysis; PLIN2, perilipin 2; L Core, lesion core of cortex; L Cortex, ipsilateral cortex out of lesion; L
Edge, white matter area of lesion edge; CE, cholesteryl ester; Cer, ceramide; CL, cardiolipin; SM, sphingomyelin; DAG, diacylglycerol; TAG, triacylglycerol;
PA, phosphatidate; PC, phosphatidylcholine; PC O-, ether-linked phosphatidyl-choline; PE, phosphatidylethanolamine; PE O-, ether-linked phosphatidyl-
ethanolamine; PS, phosphatidyl-serine; PI, phosphatidylinositol; PG, phosphatidylglycerol; LPA, lyso-phosphatidate; LPC, lyso-phosphatidyl-choline;
LPC O-, ether-linked lyso-phosphatidyl-choline; LPE, lyso-phosphatidyl-ethanolamine; LPE O-, ether-linked lyso-phosphatidyl-ethanolamine; LPI, lyso-
phosphatidyl-inositol; LPG, lyso-phosphatidyl-glycerol; LPS, lyso-phosphatidyl-serine; Sulf, sulfatide; HexCer, hexosylceramide.
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Figure 8. The connection between enrichment of lipid species and inflammation after stroke. a–i) The Radar plots display the logarithmic mean concen-
trations of lipids sorted by classes: cholesteryl ester (a), ceramide (b), cardiolipin (c), sphingomyelin (d), diacylglycerol (e), triacylglycerol (f), sulfatide
(g), hexosylceramide (h), and phosphatidylglycerol (i). Each color represents different groups. The scale of the plot ranges from 0% to the highest
concentration observed within each lipid class (100%). For lipid classes with over 50 sublipids, only the highest abundances are shown for clarity. The
color scheme applied to the lipid subspecies names indicates significance based on the modified t-test of the volcano plot (blue = p < 0.05 for com-
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Cell Viability and Cytotoxicity 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.[45] After OGD/RO, cell viability was presented as relative
changes in percent compared to untreated controls. Absorbance was mea-
sured with a Tecan Sunrise colorimetric microplate reader (Tecan Group
AG, Männedorf, Switzerland) at a wavelength of 570 nm. The cell death
rate was also determined morphologically by using a LIVE/DEAD Viabil-
ity kit (Lonza, Basel, Switzerland) as directed by the instructions of the
manufacturer. Living cells were identified with calcein AM (4 μM, green
fluorescence), and dead cells were identified with ethidium homodimer
1 (2 μM, red fluorescence). Cytotoxicity was determined by the release of
lactate dehydrogenase (LDH) from cells to detect levels of cytotoxicity. A
50 μL aliquot of medium was transferred to another new 96-well plate for
each group. An equivalent dose of the test reagent provided by the man-
ufacturer was added to each well to measure the release of LDH from the
cells. The optical absorbance was measured at a wavelength of 490 nm.

Immunofluorescence and BODIPY Staining: Primary microglia were
seeded on poly-l-lysine-coated pre-coated chambers at a density of 4 ×
104 cm−2. 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, permeabilized with 0.25% Triton X-100 for 15 min, and then
washed three times. PBS with 10% DS (donkey serum) or 1% BSA (bovine
serum albumin) was used as a blocking buffer for 1 h. Thereafter, an
overnight incubation with primary antibodies (Iba1, iNOS, CD68, CD11b,
p2y12, TMEM119, PLIN2, CD206 and CX3CR1) followed. After three times
washing with PBS, the slides were incubated with the corresponding sec-
ondary antibody for 2 h or with BODIPY 493/503 for 30 min.

For in vivo tissue staining, post-perfusion brain samples from C57BL/6J
mice were fixed in 4% PFA for 24 h, dehydrated with 30% sucrose. Cryosec-
tions were blocked for 1 h, followed by overnight incubation with the fol-
lowing primary antibodies: NeuN, Iba1, iNOS, CD68, p2y12, TMEM119,
PLIN2, CD206, Arginase I, and GFAP. After primary antibody incubation,
sections were incubated with secondary antibodies for 2 h. For BODIPY
staining, the method was referred to Marschallinger et al.[9] Nuclei stain-
ing was then performed with 4′,6-Diamidin-2-phenylindol (DAPI, 1:10000;
AppliChem, Darmstadt, Germany). Finally, Vectashield (Vector Laborato-
ries, H-1000) was used for mounting. Specific antibody working concen-
trations are shown in Table S2 (Supporting Information).

Western Blotting Analysis: The brain tissue samples and the cell sam-
ples were lysed in a solution buffer containing RIPA Lysis and Extraction
Buffer (Thermo Scientific, Waltham, USA) with a homogenisator or soni-
cator for 10 min and subsequently centrifuged at 4 °C. Protein concentra-
tions were quantified with the Pierce BCA protein assay kit (Thermo Fisher
Scientific, USA). Equal amounts of protein were loaded on 8% to 12% SDS-
PAGE gel and electrophoretically separated in sample buffer (dithiothre-
itol, 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 mem-
brane (Merck Group, Darmstadt, Germany) by the tank transfer protocol.
After transfer, membranes were incubated in blocking buffer for 1 h fol-
lowed by overnight incubation for optimal results with primary antibod-
ies: PLIN2, Sterol regulatory element-binding protein 2 (SREBP2), NF-𝜅B
p65, I𝜅B𝛼, IL-1𝛽, TGF-𝛽1, 𝛽-actin, 𝛼-tubulin and GAPDH. Then, the blots
were mixed with secondary antibodies (1:10000) for 1 h. Specific antibody
working dilutions are given in Table S2 (Supporting Information). Image
J version 1.60 was used to measure the grey value of each blot. Western
blot measurements were performed in triplicates at least.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR): To ex-
tract total RNA, TRIzol (Invitrogen, Darmstadt, Germany) was used ac-

cording to the manufacturer’s instructions. Total RNA concentration was
determined with a NanoDrop ND1000 Spectrophotometer (Wilmington,
DE, USA). mRNA was reversely 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 (Merck Group) according to
the manufacturer’s instructions. All PCR primers were purchased from Eu-
rofins Genomics (Luxembourg, Germany). The sequences of all primers
are shown in Table S3 (Supporting Information). The relative expression
levels were calculated and quantified using the 2−ΔΔCT method after nor-
malization with the reference 𝛽-actin. The reported results are based on
at least three independent experiments performed on different batches of
cells or mice.

Enzyme-Linked Immunosorbent Assay (ELISA): Concentrations of TNF-
𝛼, IL-1𝛽, IL-6, and TGF-𝛽1 were determined with commercial ELISA kits
(Thermo Fisher Scientific, USA) according to the manufacturer’s instruc-
tions. 96-well plates were coated with capture antibody at 100 μL/well. The
plates were sealed and incubated overnight at 4 °C followed by blocking
with 200 μL ELISA/elispot diluent (1X) for 1 h incubation. Standard sam-
ples were prepared as instruction for a standard curve, and 100 μL/well of
diluted detection antibody was added to each well. The plate was sealed
and incubated for 1 h. After aspirating and three to five times washing,
100 μL/well of diluted horseradish (Avidin-HRP) was added to each well
and incubated for 30 min. The absorbance of the samples was detected at
450 nm by the colorimetric reader.

Apoptosis TUNEL Staining Assay: Terminal deoxynucleotidyl trans-
ferase 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, a working reaction mixture was prepared
with 50 μL total volume of enzyme solution into 450 μL of label solution to
obtain a 500 μL TUNEL reaction mixture. Then, the cells were incubated
with the TUNEL reaction mixture for 1 h at 37 °C in the dark. Afterward,
DAPI staining was used to stain cell nuclei.

Flow Cytometry Analysis: LDRM in the cerebral hemisphere after
MCAO were determined by flow cytometry analysis. Ischemic cerebral
hemispheres were mechanically homogenized in lysis buffer (0.5% BSA,
5% glucose, 10 mg mL−1 DNase in PBS) and centrifuged at 1600 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−1) 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. 10.8.1 (BD FACS-
Diva) software.

Shotgun Mass Spectrometry Lipidomic Analysis: Mass spectrometry-
based lipid analysis was performed by Lipotype GmbH (Dresden, Ger-
many) as described.[46] The identification of the lipids is based on
LipidXplorer.[47] Only lipid identifications with a signal-to-noise ratio >5,
and a signal intensity 5-fold higher than in corresponding blank samples
were considered for further data analysis.

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. The average neuron or microglia density was determined
for all ROIs. For cell slides, photographs were taken in three fields of view
(20x magnification in vivo and 40x in vitro), and each overlay was randomly

parison of Sham core versus 3 days L core; red = p < 0.05 for comparison of 3 days L core versus 7 days L core). j Dynamic changes of genes related
to inflammation in different areas after MCAO (n = 6). k Dynamic changes of genes related to lipid metabolism in different areas after MCAO (n = 6).
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. In each bar plot, p-values < 0.05, VIP-score > 1. CE, cholesteryl ester; Cer, ceramide; CL, cardiolipin; SM, sphingomyelin; DAG, dia-
cylglycerol; TAG, triacylglycerol; Sulf, sulfatide; HexCer, hexosylceramide; PG, phosphatidylglycerol; PLIN2, perilipin 2; IL-1𝛽, interleukin 1 beta; L Core,
lesion core of cortex; L Cortex, ipsilateral cortex out of lesion; L Edge, white matter area of lesion edge.
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selected. For BODIPY+Iba1+ and PLIN2+iNOS+ microglia, images were
analyzed blindly based on the number of co-localized cells, and a quan-
titative analysis of the mean fluorescence intensity and the percentage of
co-localized cells as total cells was done. Immunofluorescence slides were
photographed with a Zeiss Axioplan 2 fluorescence microscope (Zeiss,
Oberkochen, Germany) or a confocal scanning laser microscope (Zeiss
LSM 700, Zeiss, Germany). Images were processed with ZEN software
version 3.20. Cell colocalization analysis and fluorescence intensity quan-
tification were performed with ImageJ software version 1.60.

Statistical Analysis: For comparison of two groups, the two-tailed in-
dependent 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 was used. Unless otherwise
stated, data are presented as means with SD values. A p-value of <0.05
was considered statistically significant. The statistical software was Graph-
Pad Prism version 8.0. Statistical analysis strategy of mass spectrometry
lipidomic analysis can be found in Supporting Information.

Ethics Statement: This article does not contain any studies with hu-
man participants. All animal experiments were performed with govern-
mental approval according to the NIH guidelines for the care and use
of laboratory animals. Both the STAIR criteria and the ARRIVE guidelines
have been followed.
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Supporting Information is available from the Wiley Online Library or from
the author.
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