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25-hydroxycholesterol promotes brain
cytokine production and leukocyte infiltration
in a mouse model of lipopolysaccharide-
induced neuroinflammation
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Abstract

Neuroinflammation has been implicated in the pathogenesis of several neurologic and psychiatric disorders.
Microglia are key drivers of neuroinflammation and, in response to different inflammatory stimuli, overexpress a
proinflammatory signature of genes. Among these, Ch25h is a gene overexpressed in brain tissue from Alzheimer’s
disease as well as various mouse models of neuroinflammation. Ch25h encodes cholesterol 25-hydroxylase, an
enzyme upregulated in activated microglia under conditions of neuroinflammation, that hydroxylates cholesterol
to form 25-hydroxycholesterol (25HC). 25HC can be further metabolized to 7a,25-dihydroxycholesterol, which

is a potent chemoattractant of leukocytes. We have previously shown that 25HC increases the production and
secretion of the proinflammatory cytokine, IL-1(3, by primary mouse microglia treated with lipopolysaccharide
(LPS). In the present study, wildtype (WT) and Ch25h-knockout (KO) mice were peripherally administered LPS to
induce an inflammatory state in the brain. In LPS-treated WT mice, Ch25h expression and 25HC levels increased in
the brain relative to vehicle-treated WT mice. Among LPS-treated WT mice, females produced significantly higher
levels of 25HC and showed transcriptomic changes reflecting higher levels of cytokine production and leukocyte
migration than WT male mice. However, females were similar to males among LPS-treated KO mice. Ch25h-
deficiency coincided with decreased microglial activation in response to systemic LPS. Proinflammatory cytokine
production and intra-parenchymal infiltration of leukocytes were significantly lower in KO compared to WT mice.
Amounts of IL-13 and IL-6 in the brain strongly correlated with 25HC levels. Our results suggest a proinflammatory
role for 25HC in the brain following peripheral administration of LPS.
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Background

Emerging evidence indicates that neuroinflammation
plays an important role in many neurological and psy-
chiatric disorders [1, 2]. Therefore, elucidating the cel-
lular pathways and chemical mediators involved in
neuroinflammation could shed light on promising thera-
peutic targets. Changes in central nervous system (CNS)
lipid metabolism, including the synthesis of various cho-
lesterol metabolites, such as bile acids, steroid hormones,
and oxysterols, have all been shown to influence immune
regulation and neuroinflammation [3]. One oxysterol,
25-hydroxycholesterol (25HC), has especially potent
pro- and anti-inflammatory properties under various
conditions [4, 5], as well as anti-viral properties against a
variety of viruses [6]. 25HC is produced via the enzymatic
hydroxylation of cholesterol by cholesterol 25-hydroxy-
lase (CH25H). The Ch25h gene is primarily expressed in
myeloid cells when challenged with inflammatory stim-
uli. In the CNS, Ch25h is expressed mainly by microglia
in mice and humans [7, 8] under inflammatory condi-
tions [9]. Importantly, Ch25h is also among a set of genes
expressed by disease-associated microglia (DAM) that
are chronically upregulated in various neurodegenerative
diseases [10, 11]. Taken together, these findings suggest
that the principal function of CH25H in the CNS relates
to innate immunity and immune surveillance. We and
others have postulated that prolonged expression of the
enzyme and increased 25HC production may contribute
to neuroinflammation and neurodegeneration [12].

The cellular mechanisms by which 25HC regulates
immune function appear to stem from its ability to
strongly influence cholesterol metabolism, including the
suppression of cholesterol biosynthesis and enhance-
ment of cholesterol esterification [13, 14]. Recent studies
have provided conflicting evidence about the function of
CH25H in modulating inflammation, with some stud-
ies reporting greater pro-inflammatory cytokine release
[5] and others finding less pro-inflammatory cyto-
kine expression in Ch25h-deficient mice [12, 15, 16]. In
murine bone-marrow derived macrophages, the SREBP2-
SCAP complex, an inhibitory target of 25HC involved in
cholesterol metabolism, was found to facilitate inflam-
masome activation, suggesting an anti-inflammatory
role for CH25H [17]. However, in murine brain-resident
macrophages (i.e., microglia), 25HC increased interleu-
kin-1-beta (IL-1P) secretion, indicating a potential pro-
inflammatory role for CH25H in the CNS [12]. Known
potent inducers of Ch25h expression include ligands of
type I interferon receptors (IFNRs) and Toll-like recep-
tors (TLRs), particularly TLR4 [18]. Lipopolysaccharide
(LPS), a surface glycolipid found in most Gram-negative
bacteria, is a TLR4 agonist that not only increases Ch25h
expression [18], but also acutely alters the synthesis of
several lipids, most notably phosphatidylethanolamine
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and docosatetraenoic acid, in the mouse brain [19]. Simi-
larly, treatment of immortalized murine microglia with
LPS has also been shown to increase diacylglycerols and
triacylglycerol [20] synthesis. Moreover, LPS triggers
many of the inflammatory processes involved in neu-
rodegeneration, including cytokine release, gliosis, and
peripheral leukocyte infiltration. Recently, neuroinflam-
mation has been extensively studied in the context of
mouse models of neurodegeneration and demyelination
[21, 22]. Peripheral injection of LPS can model neuroin-
flammation by acutely inducing neuroinflammation that
mimics bacterial infection [23].

To better understand the role of CH25H and 25HC in
neuroinflammation, we administered LPS peripherally
to induce neuroinflammation in Ch25h knockout and
wildtype female and male mice. Our results also indicate
that in a mouse model of LPS-induced neuroinflamma-
tion, while higher 25HC levels in wildtype mice correlate
with increased proinflammatory responses, loss of Ch25h
gene reduces it.

Results

Intraperitoneal administration of LPS induces Ch25h
expression and 25HC synthesis in the brain

To understand how Ch25k and 25HC influence neuroin-
flammation, we intraperitoneally (i.p) administered LPS
or vehicle (PBS) twice (two-hit LPS model) in wildtype
(WT) and ch25h-/- (KO) mice (Fig. 1A). This LPS-medi-
ated neuroinflammation model was recently shown to
result in increased cytokine levels as well as neutrophil
infiltration in the brain [24]. Expression of Ch25h was
confirmed in the WT and KO cohorts by qPCR. Rep-
licating findings from previous studies [18, 25, 26], LPS
administration promoted the upregulation of Ch25h
expression in W7T mice by almost 10-fold (p<0.0001)
and, as expected, no expression in the KO group was
observed (Fig. 1B). Based on single-cell transcriptomics
studies [7, 8, 27] it is likely that Ch25h overexpression is
mainly due to activated microglia (also see The Myeloid
Landscape 2).

To confirm that the increase in Ch25h expression
resulted in an increase in 25HC synthesis, the relative
concentrations of 25HC (normalized to tissue weight)
was quantified in the cortical tissue by liquid chro-
matography/mass spectrometry (LC/MS) (Fig. 1C).
Consistent with the expression of Ch25h, a significant
increase (p<0.0001) in the relative amounts of 25HC was
observed in the LPS-treated WT compared to the PBS-
treated WT mice, while the KO cohort demonstrated
levels of 25HC that were lower or comparable to the PBS
control. The low levels of 25HC observed in brain tis-
sue from PBS-treated WT mice and in KO mice are pre-
sumably produced by pathways independent of CH25H
enzyme activity such as cholesterol hydroxylation by



Romero et al. Journal of Neuroinflammation (2024) 21:251

A

Page 3 of 19

T LPSorPBS T
WTP WT-PBS (i 2mg/kg) b
WTL WT-LPS T with PBS
KOP KO-PBS H B ,
KOL KO-LPS ;
: ) FixinPFA
T T Loft Use for immunostaining
24h 24h vy
> > .
anterior & —p Freeze for 25HC &
c AV posterior cytokines
Right ortex c
. = Hi _> reeze
5 M + 5 F per group ppocampus Use for RNA

C

B ch25n

* ‘o Male +LPS o Female +LPS'!
’ s 'V Male+PBS Vv Female+PBS!
% % %k %k E Ly 1
- %k %k %k %k 2.5-
- 25 '
“ s ~ ELWT R = 0.4143 o
' o |
5 20 | i B KO o> 204 P=00022 o
57 2 i o Male T:En @ 000
g 5 1.5- H o Female 2 1.5
X 10— £ o| : £ 5
H g 107 Bl o 1.0 °
.'1_5 o © T
K 0
® 57 R 05 N, 0.5-
0- 0.0, 0.0 , ; | :
PBS LPS PBS LPS 0o 5 10 15 20

Ch25h Relative Expression

Fig. 1 Mouse model for LPS-mediated neuroinflammation and quantification of 25HC and Ch25h expression. (A) Schematic of 2-hit LPS mouse model.
(B) Relative expression of Ch25h and (C) measured concentrations of 25HC in PBS- and LPS-injected wildtype (WT) and Ch25h-deficient (KO) mouse brains.
Male mice are indicated in blue and female mice are in orange. Data are presented as mean values+SD (n=5 per sex per genotype per treatment group).
Statistical significance was defined using a two-way ANOVA with Fisher’s LSD post-hoc multiple comparisons test (P <0.05, **P<0.01, & ****P <0.0001).
Gene expression was normalized with b-actin. (D) Correlation plot of Ch25h mRNA expression and 25HC produced in the brain tissue. Male mice are indi-
cated in blue and female mice are in orange; PBS controls are inverted triangles and LPS-treated mice are circles — as shown at the top of the correlation
plot. All points were fit by linear regression and the R? and P values are shown at the top left

CYP3A4, as reported earlier [28]. Increased production
of 25HC in LPS-treated samples correlates with Ch25h
mRNA expression (R*=0.414, p=0.0022) (Fig. 1D) indi-
cating that the 25HC synthesized after LPS-treatment
resulted from CH25H enzyme activity. To ensure that
changes in structurally isomeric oxysterols did not skew
the 25HC measurements, we also determined the con-
centrations of the two isomeric oxysterols — namely,
24 S-hydroxycholesterol (24(S)HC) and 27-hydroxycho-
lesterol (27HC) — that are appreciably present in the CNS
(Fig. S1IA & B). Confirming that LPS selectively induces

25HC synthesis, treatment with LPS did not increase lev-
els of 24(S)HC or 27HC. Thus, we conclude that periph-
eral administration of LPS induces the expression of
Ch25h in the brain, leading to elevated 25HC synthesis.
Interestingly, LPS-induced 25HC synthesis in female
WT mice appeared to be higher than in male WT mice
(n=5 per sex per genotype per treatment group), but
higher sample sizes are necessary to confirm this find-
ing. Since no significant difference was evident between
males and females in the expression of Ch25h mRNA,
we tested whether 7a-hydroxylation of 25HC accounts
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for the difference between males and females by exam-
ining the expression of Cyp7bl, the gene encoding
the enzyme for 7a-hydroxylation of 25HC to produce
7a,25-dihydroxycholesterol. No significant differences in
Cyp7b1 expression related to LPS treatment were appar-
ent in WT mice (Fig. S2), suggesting that other unknown
metabolic pathways may be involved in determining
25HC levels.

Ch25h deficiency reduces gliosis induced by LPS
administration

Activation of brain-resident immune cells (i.e., microglia)
is associated with neuroinflammation. To assess the role
of CH25H in promoting microglial activation, hippocam-
pal sections of wildtype and Ch25h-deficient mice were
probed for markers of microglial activation by immunos-
taining for ionized calcium-binding adaptor molecule
1 (IBA1, Fig. 2A) as well as the microglial phagocyto-
sis marker cluster of differentiation 68 (CD68, Fig. 2C),
expressed by activated microglia. As a discrete, easily
identifiable brain structure that facilitates quantitation
and mitigates variability across brains, the hippocam-
pus was chosen for immunohistochemical analysis. In
another study with the Ch25h-deficient mice in the PS19
tau transgenic model of tauopathy, we showed strong
reductions in neuroinflammation and neurodegenera-
tion in the hippocampus [29]. Furthermore, LPS-induced
neuroinflammation displayed no obvious region-specific-
ity in the brain. As expected, LPS treatment significantly
increased the area covered by IBA1 (p<0.001, Fig. 2B)
and CD68 (p<0.0001, Fig. 2D) immunoreactivity in WT
mice compared with the PBS-treated WT mice, while
no significant effect of Ch25h genotype on IBA1 immu-
noreactivity was observed (Fig. 2A & B). However, CD68
immunoreactivity was substantially lower (p<0.0001)
in Ch25h-deficient mouse hippocampi, suggesting that
microglial activation is elevated by Ch25h (Fig. 2C & D).
Additionally, while levels of CD68 and IBA1 appeared to
form distinct clusters by sex in the LPS-treated KO and
WT cohorts, larger sample sizes per group are required
to ascertain these results.

To investigate additional markers of microglial acti-
vation, we quantified the relative expression of markers
of disease-associated microglia (DAM) (Fig. 2E-G) —
namely, Trem?2 (triggering receptor expressed on myeloid
cells 2), Clec7a (C-type lectin domain family member
7 A), and Ax/ (tyrosine-protein kinase receptor UFO).
An LPS-dependent change in Trem2 expression was
observed in KO, but not WT samples and expression of
Trem2 mRNA was significantly lower (p<0.01) in the KO
samples among the LPS-treated cohort (Fig. 2E). With
LPS treatment, Clec”a expression was significantly higher
in LPS-treated WT compared to KO mice (p<0.01) and
PBS-control WT mice (p<0.01) (Fig. 2F). LPS-dependent
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upregulation (p<0.0001) of Ax/ mRNA was also observed
in the WT mice but not in KO mice (Fig. 2G). These
results suggest that despite similar IBA1 immunoreactiv-
ity between WT and KO mice, microglial activation was
significantly lower in Ch25h-deficient mice.

Serial systemic or local injections of LPS in mice have
been shown to induce astrogliosis. Accumulating evi-
dence indicates that altered lipid metabolism is asso-
ciated with reactive astrogliosis [30, 31]. We recently
reported that 25HC markedly suppresses cholesterol
biosynthesis and increases cholesterol esterification as
well as cholesterol efflux via ApoE lipoproteins in murine
primary astrocytes [14] and suggests a possible role for
25HC in astroglial activation. Therefore, to evaluate how
25HC influences astrogliosis in vivo, we immunostained
mouse brain sections for glial fibrillary acidic protein
(GFAP) (Fig. 3A). Quantitation of the immunostained
images showed a significant increase (p<0.05) in the per-
cent area of GFAP immunoreactivity in the hippocampi
of LPS-treated WT mice compared with the PBS-injected
mice. Interestingly, among the LPS-injected mice, signifi-
cantly less area of GFAP immunoreactivity (p<0.01) was
observed in the KO cohort (Fig. 3B). No differences were
detected between WT and KO mice treated with PBS. To
corroborate these findings on the effect of 25HC in astro-
gliosis, the relative expression of Gfap was quantified in
the hippocampus by qPCR. In agreement with the results
from the immunofluorescence staining, the relative
expression of Gfap mRNA increased (p<0.0001) by 2-3-
fold in the LPS-treated mice compared to PBS-treated
mice (Fig. 3C). Although Gfap expression in LPS-treated
KO mice was slightly lower than WT mice, the difference
was not significant (Fig. 3C). Additionally, GFAP levels
showed no differences between the sexes in protein or
mRNA levels, although further experiments with larger
sex-specific cohorts are necessary to confidently corrob-
orate these findings.

Ch25h deficiency differentially influences LPS-mediated
transcriptomic changes in males and females

To understand the underlying mechanisms by which
CH25H and 25HC may influence neuroinflammation in
this mouse model of LPS-induced neuroinflammation,
we carried out transcriptome analysis (bulk tissue RNA-
seq) of the hippocampus. Gene expression in this study is
potentially affected by three different variables — namely,
treatment (LPS vs. PBS), genotype (KO vs. WT), and sex
(females vs. males).

Treatment with LPS resulted in major transcrip-
tomic changes in both a genotype- and sex-dependent
manner (Supp. Table I). While LPS treatment resulted
in a greater number of differentially expressed genes
in females, Ch25h deficiency resulted in fewer gene
expression changes in the brains of female mice. When
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Fig. 2 Microglial activation triggered by LPS treatment was mitigated by loss of Ch25h. Representative images of immunostaining (A) and quantification
(B) by percentage of IBA1 area in the dentate gyrus. Representative images of immunostaining (C) and quantification (D) by percentage of CD68 area in
the dentate gyrus. Data are presented as mean values+SD (n=4 per sex per genotype per treatment group). Relative expression of Trem2 (E) Clec7a (F)
and Axl (G). Gene expression was normalized with b-actin. Male mice are indicated in blue, and female mice are in orange. Data are presented as mean
values+SD (n=5 per sex per genotype per treatment group). Statistical significance was defined using a two-way ANOVA with Fisher’s LSD post-hoc test
(*P<0.05,**P<0.01, ***P<0.001, & ****P<0.0001)
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Fig. 3 LPS-induced astrogliosis. Representative images of immunostaining (A) and quantification (B) by percentage of GFAP area in the dentate gyrus.
Data are presented as mean values+SD (n=4 per sex per genotype per treatment group). (C) Relative expression of Gfap mRNA. Male mice are indicated
in blue, and female mice are in orange. Data are presented as mean values+SD (n=5 per sex per genotype per treatment group). Statistical significance
was defined using a two-way ANOVA with Fisher's LSD post-hoc multiple comparisons test (*P<0.05, **P<0.01, & ****P <0.0001)

differential gene expression between females and males
was examined (Supp. table II), female WT mice showed
greater differential gene expression in response to LPS
treatment than male WT mice (158 genes up and 66
genes down for fold change>1.5 and q<0.05). Interest-
ingly, such sex-specific differences in the response to LPS
were not apparent in KO mice (3 genes up and 4 genes
down for fold change>1.5 and q<0.05). The differentially
expressed genes in response to LPS treatment are shown
as volcano plots in Figure S3. Complete lists of differen-
tially expressed genes (DEGs) in response to LPS (LPS vs.

PBS) in each group are listed in Supplementary Table I
and the corresponding gene ontology (GO) terms are
shown in Figure S4. The differentially upregulated genes
following LPS treatment were grouped into GO terms:
‘regulation of defense response, ‘regulation of cytokine
production, ‘leukocyte migration, and others (Fig. 4A).
To understand whether sex played a role in LPS-medi-
ated neuroinflammation in mice, we compared the LPS
response of female and male W7 and KO mice side-by-
side (Fig. 4A and Supp. Table III). Comparisons of the
upregulated pathways in response to LPS treatment
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(Supp. Table IV) revealed that — (i) cytokine produc-
tion genes included 21.6% hits (log10 q value = -61.48) in
WT females; 15.5% hits (logl0 q value = -38.28) in WT
males; 17.04% hits (logl0 q value = -48.16) in KO females;

and 19.2% hits (logl0 q value = -48.18) in KO males. (ii)
leukocyte migration genes included 31.4% hits (logl0
q value = -34.45) in WT females; 23.31% hits (logl0 q
value = -23.24) in WT males; 25.11% hits (logl10 q value
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=-27.33) in KO females; and 27.35% hits (logl0 q value =
-26.6) in KO males. We also carried out Wilcoxon paired
tests to determine whether WT female mice significantly
differed from W7 male mice and KO female mice (Fig. 4B
and Supp. Table IV). For this test, we compared the 170
upregulated genes the ‘cytokine production’” GO group
and the 70 upregulated genes in the ‘leukocyte migration’
GO group. These comparisons with the Wilcoxon tests
reveal that LPS treatment triggered significantly greater
expression of genes involved in cytokine production and
leukocyte migration in WT females relative to W7 males
or KO females (Fig. 4B and Supp. Table IV). Comparisons
of the downregulated genes and pathways in response to
LPS treatment (Supp. Table IV) revealed that regulation
of glial differentiation genes included 10.52% hits (log10
q value —3.83) only in WT females and no other groups.
Furthermore, sex had little impact on the LPS response
(up- or down-regulated genes) in KO mice — that is,
female and male KO mice responded similarly to LPS.

Taken together, these results suggest WT female mice
had a stronger neuroinflammatory response to LPS than
WT male mice and that these sex-dependent differences
in gene expression were absent in Ch25k-deficient mice.
To further understand this effect, we focused on how
Ch25h/25HC influences cytokine production and leuko-
cyte migration into the brain parenchyma.

25HC concentrations correlate with cytokine levels

To ascertain the effects of Ch25h deficiency on pro-
inflammatory cytokine production and gene transcrip-
tion, we also measured gene expression and secreted
cytokine levels for interleukin 1 beta (/16 and IL-1{;
Fig. 5A, B & C), tumor necrosis factor-alpha (7nf and
TNF; Fig. 5D, E & F), and interleukin 6 (I/6 and IL-6;
Fig. 5G, H & I) by qPCR and ELISA, respectively. LPS
treatment resulted in a substantial upregulation of these
cytokine mRNAs in both WT and KO samples. Expres-
sion of I/1b increased by nearly 50-fold in LPS-treated
WT brains relative to PBS-treated controls (p<0.0001).
Furthermore, Il1b expression was significantly lower
(p<0.05) in LPS-treated KO samples (Fig. 5A), which is
consistent with our earlier report on W7 and KO microg-
lia studied in vitro [12]. Measurement of IL-1p protein
levels in brain extracts corroborated the mRNA find-
ings (Fig. 5B). Moreover, the brain levels of IL-1 showed
a striking correlation with the levels of 25HC (from
Fig. 1C) (R*=0.607; p<0.0001) (Fig. 5C). LPS-treated
female mice that produced higher brain levels of 25HC
also largely had higher brain levels of IL-1f relative to
male mice.

Although expression of Tnf mRNA also significantly
increased with LPS treatment (p<0.01) (Fig. 5D) in WT
mice, this was not reflected by protein levels (Fig. 5E).
Ch25h deficiency did not influence Tnf mRNA expression
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or TNF protein levels in the brain. 25HC levels did not
correlate (R*=0.1871, p<0.0644) with TNF protein levels
(Fig. 5F).

LPS treatment promoted significant (p <0.05) increases
in IL-6 protein levels and mRNA expression in WT and
KO mice (Fig. 5G & H). In addition, significantly lower
levels of IL-6 protein were observed in KO samples rela-
tive to WT after LPS treatment and 25HC levels cor-
related moderately with IL-6 protein levels (Fig. 5I,
R?=0.4446, p<0.0018).

These observations show that Ch25k-deficient mice
present a reduced proinflammatory cytokine profile
(especially for IL-1p), as predicted by the transcriptomic
results.

CH25H promotes leukocyte infiltration into the brain
induced by LPS

Recent work using this experimental paradigm has shown
that 2-hit systemic LPS administration is sufficient to
stimulate infiltration of leukocytes into the brain paren-
chyma [24]. We previously observed decreased expres-
sion levels of Cxcl10 in Ch25h-deficient mouse primary
microglia treated with tau fibrils [29], a key interferon-
gamma-inducible chemokine that may facilitate leuko-
cyte infiltration into the brain [32]. A closer examination
of the DEGs in the ‘leukocyte migration’ GO group from
the RNAseq data (Fig. 4, Supp. Tables I, III and IV)
revealed that Cxcl/10 expression is significantly higher in
WT female mice relative to W7 male mice or KO female
mice. Other chemokines that may also play a role in leu-
kocyte chemotaxis such as Ccl2, Ccl3 and Ccl4 were also
higher in WT female mice relative WT male mice or KO
female mice. To test whether Ch25h expression may pro-
mote leukocyte recruitment into the brain induced by
LPS, a single cell suspension was isolated from the right
hippocampi and cortices of mice (Fig. 6A). Populations
of T lymphocytes (CD45"Cd11b~TCRb*), Natural killer
(NK) cells (CD45"Cd11b~TCRb™NK1.1*), Natural killer
T (NKT) cells (CD45"Cd11b"TCRb*NK1.1%) and Neu-
trophils (CD45"Cd11b*LY6G") were identified and ana-
lyzed by flow cytometry (Fig. 6B).

Administration of LPS led to a dramatic increase (~ 30
fold-change, p<0.0001) in the proportion of neutrophils
(CD45"Cd11b*LY6GY) in the brain compared with PBS-
treated controls (Fig. 6C). A trend towards decreased
proportion of neutrophils in LPS-treated KO mice was
observed relative to WT mice, but it was not significant
(p=0.0662). To ascertain the potential role of CH25H
in the LPS-induced CNS infiltration of neutrophils, we
examined the presence of the neutrophil-specific marker
lymphocyte antigen 6 complex locus G6D (LY6G) using
qPCR (Fig. S5A & B) and by immunostaining (Fig. S5C
& D). Ly6g mRNA levels increased about 50-100-fold
following LPS treatment in WT mouse brain. This
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increase was significantly reduced (p<0.01) in the KO
mice (Fig. S5A). Importantly, the brain concentrations
of 25HC in WT mice (Fig. 1C) showed a striking corre-
lation (R?*=0.696, p<0.0001) with relative expression of
Ly6g mRNA (Fig. S5B). suggesting that neutrophil infil-
tration might be promoted by 25HC synthesized from
CH25H. To corroborate if the increase in Ly6g mRNA
was reflected by an increase in LY6G™ neutrophils in the
brain parenchyma, we immunostained mouse brain tis-
sue sections with an antibody specific to mouse LY6G
(Fig. S5C) and observed a significant increase (p<0.01) in
the percentage of area covered by LY6G immunoreactiv-
ity only in LPS-treated WT mice but not in KO mice (Fig.
S5D).

In contrast to previous observations of T-cell infiltra-
tion into the brain observed in the 2-hit systemic LPS
administration model [24], the proportion of T cells
(CD45MTCRbY) in the brain did not change follow-
ing LPS administration (Fig. 6D). Similar results were
observed when we analyzed immunoreactivity for the
T-cell receptor CD3 in the hippocampi of mice from our
first cohort injected with LPS (Fig. S5E).

LPS administration led to a significant increase in the
proportion of NK cells (~ 3.5 fold change, p<0.0001) and
NKT cells (~5.3 fold change, p<0.001) relative to mice
injected with PBS (Fig. 6E and F). Genetic ablation of
Ch25h resulted in a reduction (~30% change, p<0.05)
in the recruitment of NK cells into the brain mediated
by LPS (Fig. 6E). However, Ch25h deficiency did not
alter the proportion of NKT cells relative to WT mice
(Fig. 6F). Taken together, our results indicate that Ch25h
expression promotes the infiltration of NK cells and
likely neutrophils into the brain following systemic LPS
administration.

Ch25h deficiency does not alter blood-brain barrier
permeability

An increase in the permeability of the blood-brain bar-
rier (BBB) induced by LPS exposure may explain this
influx of leukocytes. Previous studies indicate that sys-
temic LPS challenge increases BBB permeability [33,
34] that can result in extravasation of blood products,
cytokines, and perhaps LPS itself, which may explain
the neuroinflammatory effect of peripherally circulat-
ing LPS. Therefore, the role of CH25H/25HC on LPS-
induced BBB permeability was assessed by injection of
fluorescein sodium salt (NaFl) [35] in a second cohort of
genotype-, sex-, and age-matched mice that previously
received either two injections of LPS or PBS (Fig. 6A).
After intracardial perfusion and tissue harvesting, the left
hippocampi and anterior cortices were collected for fluo-
rescence estimation of NaFl. Serum was also extracted
to control for circulating levels of dye in the blood and
fluorescence measurements were normalized to tissue
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weight. LPS treatment was associated with a significant
increase in NaFl in hippocampi (P<0.001; Fig. 6G) and
anterior cortices (P<0.001; Fig. 6H). However, no effect
of Ch25h genotype on fluorescence was observed. There-
fore, our findings replicate those of previous studies [33,
34, 36] showing that LPS increases BBB permeability and
demonstrate that CH25H expression does not alter BBB
permeability in this model.

Discussion

In this study, we use the “two-hit” model of intraperito-
neal LPS administration [24] to investigate the role of
CH25H/25HC in LPS-induced neuroinflammation.

A growing body of research implicates neuroinflamma-
tion in the pathogenesis and progression of neurodegen-
erative disorders, such as AD [36, 37], with accumulating
evidence suggesting roles for both innate and adaptive
immunity [38-42]. There is also evidence that bacterial
[43, 44] and viral [45, 46] infections as well as altera-
tions in the microbiome [47] may contribute to disease
pathogenesis. Neuroinflammation often results when a
peripheral infection spreads to the CNS. Activation of
pattern-recognition receptors (PRRs) by pathogen-asso-
ciated molecular patterns (PAMPs) occurs early in the
brain’s innate immune response to detect invading patho-
gens and initiate an inflammatory response. One class of
PRRs, the Toll-like receptors (TLRs), are crucial for the
innate immune response to bacterial infection. Toll-like
receptor 4 (TLR4) canonically binds to the near-ubiqui-
tously expressed Gram-negative bacterial cell-surface
antigen, LPS, and is an important early trigger of inflam-
mation in response to Gram-negative bacterial infec-
tion. TLR4 inhibition or impairment has been shown to
reduce brain inflammation in mouse models and influ-
ence the pathophysiology of neurodegenerative disease
[48-50]. Recent work has found that periodontitis caused
by bacterial infection of the gingiva is associated with an
increased risk of AD [51], suggesting that certain bacte-
rial infections may increase the risk of developing AD.
Given the prevalence of Gram-negative bacteria in peri-
odontitis and its proximity to cerebral blood vascula-
ture, the circulation of Gram-negative bacteria (or LPS)
near the blood-brain barrier is plausible. In the mouse
model of neuroinflammation employed in our study,
even peripheral LPS administration is sufficient to induce
TLR4-mediated inflammation in brain parenchyma.
Remarkably, even a single peripheral administration
of LPS in wild-type mice has been reported to result in
neuroinflammation that persists over an entire year [23],
suggesting similar mechanisms may prolong the inflam-
matory state in the human CNS.

Cholesterol 25-hydroxylase (Ch25h) is markedly
upregulated by LPS treatment and is one of the genes
expressed by disease-associated microglia (DAM) that
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are chronically upregulated in various neurodegenera-
tive disorders [10, 11]. Prolonged expression of Ch25h
and 25HC production may contribute to neuroinflamma-
tion and consequent neurodegeneration. In fact, we have
recently observed that Ch25h/25HC deficiency mark-
edly reduces the age-dependent neuroinflammation and
neurodegeneration observed in the P301S tau transgenic
mice [29].

Reinforcing the findings from our immunochemical
and qPCR assays, RNA-seq analysis of mouse hippo-
campal samples found that LPS significantly increased
transcription associated with immune-related biologi-
cal pathways related to cytokine production, anti-viral
immune response, immune cell activation, leukocyte
infiltration, and inflammation more broadly (Fig. 4).

While LPS treatment led to a significant increase in
the immunoreactivity of the microglial maker, IBA1, in
the hippocampus of both WT and KO mice, Ch25h defi-
ciency did not affect IBA1 immunoreactivity (Fig. 2B).
However, in Ch25h-deficient mice, there was a significant
decrease in CD68 immunoreactivity (Fig. 2D), which is
a marker of microglial phagolysosomes, suggesting that
25HC produced by WT microglia may limit phagoly-
sosomal turnover. Since our data shows evidence for
increased BBB permeability and infiltration of leukocytes
into the brain parenchyma after LPS treatment (Fig. 6), it
is possible that some of the CD68 staining may also result
from infiltrating monocytes/macrophages. Ch25h-defi-
cient mice also showed significantly decreased expression
of the markers of microglial activation Clec7a, Trem2,
and Ax/ (Fig. 3). Levels of 25HC in WT mice correlated
strongly with IL-1B and moderately with IL-6 levels and
only among Ch25h-expressing wild-type mice (Fig. 5C &
I). The residual 25HC present among KO mice (Fig. 1C)
is likely a product of non-enzymatic oxidation of cho-
lesterol [52] and the activity of promiscuous enzymes
such as CYP3A4 [28]. Our previous studies with pri-
mary mouse microglia showed that not only do Ch25h-
deficient microglia produce lower levels of IL-1B, but
addition of 25HC results in increased IL-1f production
in response to LPS, suggesting that 25HC influences
both expression and secretion of IL-1p [12]. Intriguingly,
recent work has reported that Ch25h-deficient macro-
phages exhibit higher cholesterol synthesis upon LPS
exposure that leads to increased mitochondrial mem-
brane permeability and leakage of mitochondrial DNA
that in turn results in elevated IL-1fB secretion via the
AIM2 inflammasome [53]. The underlying reasons for
the opposing effects of Ch25h deficiency in microglia
versus macrophages are unclear, but we speculate that
other factors may influence myeloid cell physiology in a
context- and cell-dependent manner.

Interestingly, brain levels of TNF did not substantially
increase with LPS treatment (Fig. 5E), although prior
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research using a similar 1-hit LPS model had reported
low but elevated TNF synthesis in mouse brain paren-
chyma using a more sensitive and precise cytometric
bead assay [54]. Additionally, while cytokine secretion
may have decreased over the prolonged LPS exposure
over two days, expression of /16, 1l6, and Tnf mRNAs
remained upregulated by LPS treatment (Fig. 5A, D, &
Q).

In addition to 25HC-mediated changes in the inflam-
matory response of microglia, we also observed lower
levels of astrocyte activation in LPS-treated Ch25k-defi-
cient mice relative to wild-type mice. This underscores a
potential role for 25HC in mediating microglia-astrocyte
crosstalk. Many microglial factors, including cytokines
(IL-1a, TNF), as well as other secreted factors, have
been shown to mediate astrocyte activation [55, 56]. We
recently showed that 25HC can dramatically modulate
lipid metabolism in astrocytes via its inhibitory effect
on SREBP-mediated gene expression and stimulation
of LXRs [14]. Thus, it is possible that changes in astro-
cyte lipid metabolism due to 25HC secreted by microglia
might play a role in astrocyte activation and/or function.

Disruption of the BBB is considered one of the key
mechanisms underlying the neuroinflammation induced
by systemic administration of LPS [33, 34]. Several effects
of LPS on the BBB have been identified, such as direct
interaction and structural damage of endothelial cells
and additional components of the neurovascular unit
[57]. LPS can also promote the release of cytokines and
chemokines by peripheral immune cells that may induce
structural remodeling of the BBB to enhance leukocyte
migration and transport solutes to exacerbate neuroin-
flammation [58]. The induction of BBB permeability by
systemic administration of LPS was demonstrated by
enhanced transport of the small-sized BBB tracer sodium
fluorescein similarly in WT and KO mice (Fig. 6G & H).
Recent work has found that endothelial-specific knock-
out of Ch25h alleviates neuroinflammation in a model of
multiple sclerosis [59]. Additionally, the Ch25k gene was
identified as part of a gene expression module involved
in BBB dysfunction; however, the effect size is small and
the direction of the effect is ambiguous [60]. In contrast,
our findings suggest Ch25h/25HC does not seem to play
arole in the mechanisms underlying BBB permeability in
our 2-hit LPS mouse model.

As mentioned, loss of BBB integrity can induce infil-
tration of leukocytes into the brain. Comparing 2, 5, or
7 consecutive days of administration of systemic LPS
every 24 h, Thomson et al. found dramatic increases in
the presence of neutrophils, NK cells, and NKT cells after
two days of exposure to LPS, while recruitment of CD8*
lymphocytes peaked after 5 days [24]. We also provided
evidence of infiltration of the same leukocyte populations
promoted by two consecutive days of LPS administration.
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Further, our findings indicate that Ch25h expression may
influence the infiltration of peripheral immune cells into
the brain parenchyma mediated by LPS, specifically
neutrophils and NK cells (Fig. 6C & E). Neutrophils are
rapid responders to acute inflammation in the CNS and
establish intercellular crosstalk with microglia that may
exacerbate neuroinflammation in response to LPS admin-
stration [61]. Their small size, high nuclear deformability,
and high migration speed relative to lymphocytes [24, 62]
allow them to quickly infiltrate into the brain by trans-
migration through the BBB endothelial cells and return
to the bloodstream to spread inflammatory signals to
other peripheral immune cells [61]. Moreover, the most
important inflammatory molecular mediator of neutro-
phil infiltration is IL-1 [62], a cytokine induced by LPS,
the expression and production of which was found to be
reduced by the absence of Ch25h and 25HC synthesis.
Meanwhile, NK cells are important players in neuroin-
flammation mediated by systemic LPS. Early infiltration
of NK cells promotes microglia expression of chemo-
kines crucial for the recruitment of neutrophils into the
brain, which in turn activate NK cells by secreting the
neutrophil-specific protein, lactoferrin [63, 64]. Acti-
vated NK cells exert cytotoxicity in the brain by secretion
of perforin and granzymes. In addition, they produce
interferon-y, a cytokine that amplifies glia responses and
may promote a late recruitment of a variety of T lympho-
cytes [65]. Migration of NK cells into the CNS is directed
by glial secreted chemokines such as CCL2, CXCL10, and
CXCL12 [65]. Our data suggest that Ch25h/25HC may
be involved in brain infiltration of NK cells (and possibly
neutrophils) after LPS treatment. Based on our previous
observation of decreased expression of Cxcl10 in Ch25h-
deficient microglia stimulated with tau fibrils [29], we
speculate that 25HC may synergize with CXCL10 and/
or other factors to promote NK cell chemotaxis into the
brain. An additional hypothesis of how 25HC may pro-
mote leukocyte chemotaxis into the brain involves the
metabolism of 25HC by CYP7B1 (a cytochrome P-450
enzyme) into 7a,25-dihydroxycholesterol (7a,25diHC)
[66] which is a potent ligand for the chemotactic G-pro-
tein coupled receptor, GPR183/EBI2, that is expressed
on leukocytes. 7a,25diHC has been shown to activate
GPR183/EBI2 to mediate chemotaxis of B-cells [4] and
infiltration of CD4+T-cells into the brain parenchyma
in a mouse model of experimental autoimmune encepha-
lomyelitis (EAE) [67]. Indeed, both 25HC-dependent
mechanisms may synergize to mediate leukocyte chemo-
taxis into CNS parenchyma.

Intriguingly, while male and female mice similarly
expressed markers of gliosis, females showed higher lev-
els of cytokine production (Fig. 5). Importantly, as the
only known product of the CH25H enzyme, levels of
25HC in the brain appeared to group by sex, with females
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forming a cluster of higher 25HC levels than males fol-
lowing LPS treatment (Fig. 5). However, the low number
of samples per experimental group precludes firm con-
clusions about the statistical significance of these differ-
ences. No indication of sex differences was apparent in
the low levels of 25HC independent of CH25H enzyme
activity (i.e., 25HC levels that were observed in ch25h-
/- mice) (Fig. 1C). The observed sex-specific clustering
of 25HC levels also corresponded to differences in other
neuroinflammatory transcriptomic markers (Figs. 4,
S3, & S4) commensurate with previous work observ-
ing relatively higher neuroinflammation in females [68].
Likewise, women have a well-established higher risk
of neurodegenerative diseases such as AD that persists
even after accounting for the greater life expectancy of
women [69]. The relationship between sex and inflam-
mation is complex and age-dependent. 25HC is one of
the many potential factors that may contribute to the sex
differences observed in this study. While the underlying
reasons for the relationship between 25HC and sex dif-
ferences in inflammation are unclear, we speculate that
25HC may differentially influence the transcriptional
regulation by nuclear receptors such as liver-x-receptor
(LXR) and estrogen receptors (ERs). In fact, ER-mediated
transrepression of proinflammatory pathways was found
to be blocked by modulation of ERs by certain sterols
[70]. Interestingly, 25HC has been reported to modulate
ER-mediated transcription [71].

Together these findings support our observations that
higher levels of 25HC in females may promote a greater
inflammatory response. Whether 25HC contributes sig-
nificantly to sex differences in AD and other diseases
where neuroinflammation is prominent will require
future investigation.

Conclusions

Our findings demonstrate that 25HC is a proinflamma-
tory promoter of brain cytokine production and leu-
kocyte infiltration in a mouse model of LPS-mediated
neuroinflammation.

Limitations of this study

In this study, we used a global knockout of Ch25#k; there-
fore, it is unclear whether all observed effects are medi-
ated by Ch25h in the brain as some of the effects may be
mediated by changes in the peripheral immune response.
Moreover, considering the vast existing literature exam-
ining the effects of LPS on peripheral systems, our study
did not analyze changes in immune response and gut
microbiome triggered by intraperitoneal administra-
tion of LPS. While our data suggests that Ch25h/25HC
contribute to sex differences in inflammatory response
against LPS challenge, additional factors are likely to con-
tribute to sex differences. The relatively smaller sample



Romero et al. Journal of Neuroinflammation (2024) 21:251

size of each group in this study limits confident ascer-
tainment of sex differences. Further, while we show that
Ch25h deficiency reduces NK cell migration to the CNS,
the exact roles of 25HC or its downstream metabolite
7a,25-diHC must be clarified with additional studies.

Materials and methods

Mouse model of LPS-induced neuroinflammation
Wild-type (C57BL/6], #000664) and ch25h-/- (KO,
#016263) mice were purchased from The Jackson Labo-
ratory and maintained as homozygotes. Absence of the
Ch25h gene in KO mice and its presence in W7 mice was
corroborated using TransnetYX automated genotyping
services (Memphis, Tennessee, USA).

At 23-26 weeks of age, mice from the same genotype
were randomly assigned to one of the two treatments
(PBS or LPS), keeping an equal distribution of mice per
sex. Mice were intraperitoneally (i.p.) administered with
LPS (2 mg/kg per dose) or vehicle (PBS) twice with a
24-hour interval in a blinded manner (Fig. 1A). All the
injected animals survived the 2-hit model treatment and
were perfused 24 h after the last injection. A total of 40
mice (including n=5 per genotype per sex per treatment)
were used with no unexpected deaths until perfusion and
tissue collection. The left hemisphere was fixed in 4%
paraformaldehyde. Hippocampus (for RNA extraction)
and cortex (for protein and oxysterol measurements)
were dissected from the right hemisphere and were fro-
zen at -80°C until use. Experiments were conducted fully
blind to genotype and treatment until after the results
were analyzed.

All animal procedures and experiments were per-
formed under guidelines approved by the animal studies
committee at Washington University School of Medicine.

Immunofluorescence staining

Left-hemisphere tissue sections from wild-type and
Ch25h knockout mice were sliced at a thickness of 40
microns using a cryostat (Thermo Fisher microm 430).
Slices were then placed in a cryoprotectant (30% ethyl-
ene-glycol, 15% sucrose in PBS) and stored at -20°C until
use for immunostaining. Two slices 960 mm apart were
taken from each animal (4 animals/treatment group).
The sections were washed in Tris-buffered saline (TBS)
3 times for 5 min each. Sections were then placed in a
blocking solution made of 3% goat serum, 3% bovine
serum albumin (BSA), and 0.25% Triton X-100 in TBS for
1 h. Sections were then incubated with the primary anti-
body cocktail against CD68 (rat monoclonal; 1:250; cata-
log no. MCA1957; Bio-rad), GFAP (Chicken polyclonal;
1:1000; catalog no. Ab4674; Abcam), and IBA1 (Poly-
clonal rabbit; 1:500; catalog no. 019-19741; Waco) in TBS
containing 1% goat serum and 1% BSA. The sections were
left overnight at 4°C. The next day, tissue sections were

Page 14 of 19

washed three times with fresh TBS for 5 min each. The
tissue sections were then placed in the secondary anti-
body cocktail containing 1:1,000 dilution each of DAPI,
goat anti-rat-Alexa555 (Invitrogen; Catalog no. A21434),
goat anti-chicken-Alexa 647 (Invitrogen; Catalog no.
A21449), and goat anti-rabbit-Alexa488 (Invitrogen; Cat-
alog no. A32731) in TBS. (Primary and secondary anti-
body cocktails were centrifuged at 10,000 rpm for 5 min
to remove insoluble particulate matter prior to use. The
stained sections were then washed three times with TBS
for 7 min each. The slices were mounted in low light in
mounted using FluoroShield mounting media (Sigma-
Aldrich; Product no. F6182).

Imaging

Images were retrieved using a Nikon spinning disk con-
focal microscope. Using Fiji, a region of interest (ROI)
around the hippocampus was drawn. Background sub-
traction was conducted using a 50-pixel rolling ball.
Using batch processing, the same threshold settings
were applied to all the images of each individual stain,
and area fraction was measured. The area fraction from
the 2 sections analyzed per mouse brain were averaged
and plotted as an individual value. After the analyses, the
representative image for each genotype and treatment
was selected according to the mean value per group. For
visual purpose, only the dentate gyrus region (ROI 200
microns x 200 microns) is shown.

Preparation of tissue extracts

Frozen cortical tissue was homogenized with a micrope-
stle and electric rotor in 200 pL of mammalian protein
extraction reagent (M-PER) (Thermo Scientific, Cat. #:
78501) containing ProBlock Gold Extra Strength Prote-
ase Inhibitor Cocktail Kit (GoldBio, Cat. #: GB-116-2).
The cortical lysate was then aliquoted into a 96-well plate
and stored at -80 °C for future cytokine estimation.

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits from R&D Systems were used to quantify var-
ious cytokines, including IL-1p (Cat #: DY401-05), TNF
(Cat #: DY410-05), and IL-6 (Cat #: DY40605) in the pos-
terior cortical lysates of the WT and KO mice. The assays
were performed as instructed in the manufacturer’s pro-
tocols, except ELISA steps were performed in half-well
rather than full-well plates (Corning Cat#: 3690) with half
of the volume in each well (50 uL instead of 100 pL).

RNA extraction

Frozen hippocampal tissue was homogenized with
a micropestle and electric rotor in RNA Lysis Buf-
fer from Zymo Research (Cat#: R2060-1-100) before
immediately proceeding with RNA extraction using the
Zymo Research Quick-RNA MiniPrep Plus kit (Cat. #:
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R1058) according to the manufacturer’s instructions.
After eluting the RNA into nuclease-free water, the
RNA concentrations were measured using a NanoDrop
spectrophotometer.

Reverse transcription cDNA synthesis & quantitative
polymerase chain reaction (qPCR)

The High-Capacity cDNA Reverse Transcription
with RNase Inhibitor Kit (Applied Biosystems, Cat. #:
4474966) was used to reverse transcribe 100-200ng of
RNA from mouse hippocampus in accordance with the
manufacturer’s instructions. For the qPCR reaction mix,
PrimeTime probe-based qPCR assays (see Suppl. Table
V) and PrimeTime Gene Expression Master mix (IDT,
Cat# 1055771) were obtained from IDT (Integrated DNA
Technologies, Inc). qPCR reactions were run using the
“Fast” mode on a QuantStudio™ 3 Real-Time PCR Instru-
ment (Applied Biosystems by ThermoFisher, A28131).
Probes and primers used for various genes are listed in
Supplementary Table V. Data were normalized against
actin (Actb) and the 2722 method was used to calculate
relative gene expression value (Relative Quantification,

RQ).

RNA sequencing and analysis

Samples were prepared according to library kit manu-
facturer’s protocol, indexed, pooled, and sequenced on
an Illumina NovaSeq 6000. Basecalls and demultiplex-
ing were performed with Illumina’s bcl2fastq2 software.
RNA-seq reads were then aligned and quantitated to the
Ensembl release 101 primary assembly with an Illumina
DRAGEN Bio-IT on-premise server running version
3.9.3-8 software.

All gene counts were then imported into the R/Bio-
conductor package EdgeR [72] and TMM normalization
size factors were calculated to adjust for samples for dif-
ferences in library size. Ribosomal genes and genes not
expressed greater than one count-per-million in the
smallest group size minus one sample were excluded
from further analysis. The TMM size factors and the
matrix of counts were then imported into the R/Biocon-
ductor package Limma [73]. Weighted likelihoods based
on the observed mean-variance relationship of every
gene and sample were then calculated for all samples
and the count matrix was transformed to moderated log
2 counts-per-million with Limma’s voomWithQuality-
Weights [74]. The performance of all genes was assessed
with plots of the residual standard deviation of every gene
to their average log-count with a robustly fitted trend
line of the residuals. Differential expression analysis was
then performed to analyze for differences between con-
ditions and the results were filtered for only those genes
with Benjamini-Hochberg false-discovery rate adjusted
p-values less than or equal to 0.05. For LPS effects, the
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following comparisons were performed: female KO mice
treated with LPS were compared to those treated with
PBS, male KO mice treated with LPS were compared to
those treated with PBS, female WT mice treated with
LPS were compared to those treated with PBS, and male
WT mice treated with LPS were compared to those
treated with PBS. For gender differences, female KO
mice treated with LPS were compared to male KO mice
treated with LPS, female KO mice treated with PBS were
compared to male KO mice treated with PBS, female WT'
mice treated with LPS were compared to male W7T mice
treated with LPS, female WT mice treated with PBS were
compared to male WT mice treated with PBS. For each
contrast extracted with Limma, biological enrichment
was carried out with the web tool “Metascape” to identify
significantly enriched Gene Ontology (GO) terms [75].
Pathway maps were generated using Cytoscape [76].

Liquid chromatography-mass spectrometry (LC/MS)

Brain samples from 40 mice were profiled for oxyster-
ols (3B, 5a, 6B-trihydroxycholestane (Triol), and 7-keto-
cholesterol (7-KC), 4f-hydroxycholesterol (4p-HOC),
7ahydroxycholesterol (7a-HOC), 7B-hydroxycholesterol
(7p-HOC), 24-hydroxycholesterol (24-HOCQ),
25-hydroxycholesterol (25-HOC), and 27-hydroxycholes-
terol (27-HOC)). The brain samples were homogenized
in water (20 mL/g tissue) using Omni Bead Ruptor 24
(Omni International, Inc.). The oxysterols in 50 pL of
homogenate were extracted with liquid-liquid extrac-
tion after addition of Triol-d7, 7-KC-d7, 4p-HOC-d7,
7a-HOC-d7, 7BHOC-d7, 24-HOC-d7, 25-HOC-d6,
27-HOC-d5 as the internal standards. The oxysterols
and their internal standards were derivatized with nico-
tinic acid to increase their mass spectrometric sensi-
tivities. Quality control (QC) samples were prepared by
pooling a portion of study samples and injecting every 5
samples to monitor instrument performance. The sample
analysis was performed with a Shimadzu 20AD HPLC
system coupled to a 4000QTRAP mass spectrometer
operated in positive multiple reaction monitoring mode.
Data processing was conducted with Analyst 1.6.3.

In vivo assessment of blood-brain barrier permeability

The 2-hit LPS paradigm was performed on a new cohort
of mice (a total of 40 mice, including n=5 per genotype
per sex per treatment identical to the methods described
in ‘Mouse model of LPS-induced neuroinflammation’)
to assess BBB permeability and quantify the infiltration
of leukocytes into the brain. According to a previously
published method [35], one day after the second LPS-hit,
mice were injected (subcutaneous) with 100 ul of 100 mg/
ml sodium fluorescein (NaFl) salt (Sigma-Aldrich, F6377)
in PBS. After 45 min, mice were euthanized by cardiac
perfusion with DPBS, followed by collection of blood for
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serum isolation. The brain was harvested, the left hemi-
sphere was dissected in hippocampus and cortex to esti-
mate the amount of NaFl penetration throughout the
CNS. Serum was used to normalize for circulating levels
of the NaFl in the peripheral blood, which was diluted in
PBS (1:200). Tissues were homogenized in 500 pl of PBS
and all samples were diluted 1:1 in 2% trichloroacetic
acid (Sigma-Aldrich, T0699) and incubated overnight at
4 °C to precipitate protein, followed by a centrifugation
at 4,000 g at 4°C for 15 min. Supernatants were diluted
in equal volumes of borate buffer solution (Honeywell
Fluka, 33650). Fluorescence emission at 538 nm was
measured on Cytation 5 Imaging Reader (BioTek Instru-
ments, Inc.) using the Gen 5 software. Fluorescein emis-
sion values were normalized to tissue weight and serum
values for each individual mouse.

Single cell isolation and flow cytometry analysis
Hippocampus and cortex from the right hemisphere of
mice injected with sodium fluorescein were dissected and
freshly used to obtain a single cell suspension for analy-
sis of leukocytes in the brain by flow cytometry. Briefly,
tissue was minced in cold-DPBS. A subsequent enzy-
matic digestion with Collagenase IV (2 mg/ml, Gibco™,
17104019) and DNase I (2 mg/ml, Sigma-Aldrich, DN25-
1G) was conducted at 37 °C for 30 min. Homogenates
were passed through a 70 mm cell strainer (Corning,
CLS431751) and centrifuged for 7 min at 350 g at 4°C.
The pellet was resuspended in 40% Percoll and centri-
fuged for 10 min at 1000 g at 4°C to remove debris and
myelin. Further, single cells were resuspended in pre-
chilled FACS buffer (2mM EDTA/0.5% BSA/PBS) and
incubated with anti-CD16/32 (Fc block 1:200, Leinco
Technologies, C247) for 10 min. Cells were incubated
with the next fluorescent conjugated antibodies at 4°C
for 15 min: Brilliant Violet 510 anti-mouse CD45 (1:200,
Biolegend, B372553), APC/Cyanine7 anti-mouse/human
CD11b (1:200, Biolegend, B381128), APC anti-Mouse
TCR B (1:200, BD, BDB553174), PE anti-mouse NK-1.1
(1:200, Biolegend, B367623), and Pacific Blue anti-mouse
Ly-6G (1:200, Biolegend, B380041). Cells were analyzed
using a BD FACSCanto II"™ flow cytometry system (BD
Biosciences, San Jose, CA). Data were analyzed using
FlowJo™ 10 (BD Biosciences, San Jose, CA). Cell popu-
lation proportions were normalized by total number of
single cells.

Statistical analysis

Data are presented as mean®SD. GraphPad Prism 9.2
was used to perform statistical analyses. Gaussian dis-
tribution was evaluated using the D’Agostino & Pearson
normality test. Differences between groups were evalu-
ated by two-way ANOVA with Fisher’s least significant
difference (LSD) post-hoc test.
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