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SUMMARY
As tissue macrophages of the central nervous system (CNS), microglia constitute the pivotal immune cells of
this organ. Microglial features are strongly dependent on environmental cues such as commensal micro-
biota. Gut bacteria are known to continuously modulate microglia maturation and function by the production
of short-chain fatty acids (SCFAs). However, the precise mechanism of this crosstalk is unknown. Here we
determined that the immature phenotype of microglia from germ-free (GF) mice is epigenetically imprinted
by H3K4me3 and H3K9ac on metabolic genes associated with substantial functional alterations including
increased mitochondrial mass and specific respiratory chain dysfunctions. We identified acetate as the
essential microbiome-derived SCFA driving microglia maturation and regulating the homeostatic metabolic
state, and further showed that it is able to modulate microglial phagocytosis and disease progression during
neurodegeneration. These findings indicate that acetate is an essential bacteria-derived molecule driving
metabolic pathways and functions of microglia during health and perturbation.
INTRODUCTION

Microglia are the main macrophage population in the central

nervous system (CNS), critically involved in the pathogenesis of

virtually all CNS disorders ranging from neuroinflammatory, neuro-

degenerative, and neurooncological diseases to neurodevelop-

mental psychiatric conditions (Colonna and Butovsky, 2017; Li

and Barres, 2018; Prinz et al., 2019). Microglia are long-lived and

exhibit plasticity in their responsiveness todiverse signals (Wendeln

et al., 2018). They are recognized as vital regulators of CNS devel-

opment and homeostasis by shaping other glial cells and neurons

(Colonna and Butovsky, 2017; Hagemeyer et al., 2017).

Tissue-specific factors like colony-stimulating factor (CSF)1

and interleukin (IL)-34, as well as environmental factors, are
2260 Cell Metabolism 33, 2260–2276, November 2, 2021 ª 2021 Else
known to govern microglial identity in the CNS (Amit et al.,

2016; Erny et al., 2015; Gosselin et al., 2014; Lavin et al.,

2014). Previously, we showed that gut bacteria maintain the

maturation and function of microglia under steady-state condi-

tions and following perturbations (Erny et al., 2015). For

instance, mice housed under germ-free (GF) conditions, lacking

all commensal bacteria, displayed an immature microglial

phenotype with irregular cell numbers, changed morphology,

and diminished antiviral functions (Erny et al., 2015; Erny and

Prinz, 2020). We found that short-chain fatty acids (SCFAs), mi-

crobiota-derived bacterial fermentation products, were able to

normalize the immature microglial phenotype (Erny et al.,

2015). SCFAs have also been demonstrated to accelerate dis-

ease progression in a model of Parkinson’s disease (PD)
vier Inc.
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Figure 1. Absence of host microbiota alters genome-wide microglial methylation and acetylation profiles of metabolism-associated genes

(A) RNA-seq analysis presenting differentially expressed genes (DEGs) with an adjusted p < 0.05 in microglia from female SPF or GF animals. Color code presents

Z score (red, upregulated; blue, downregulated). See also Table S1.

(B and C) Ingenuity pathway analysis (IPA) on DEGs in microglia from female SPF or GF mice based on an RNA-seq analysis. �log(p) and predicted activation Z

scores (red, increased activity; blue, reduced activity; gray, no predicted Z score available) are shown. See also Tables S1 and S2.

(D) Distribution plots of H3K4me3 (left, blue) or H3K9ac (right, red) for microglia fromSPF or GFmice within 3 kb centered on the transcription start side (TSS). One

experiment with microglia from 4 individual SPF and GF female mice per group was performed. See also Tables S3, S4, S5, S6, and S7.

(E) Distribution plots of H3K4me3 (top) or H3K9ac (bottom) for microglia from female SPF or GF mice.

(F–I) IPA showing significantly changed functional (F and G) and canonical (H and I) pathways for genes with altered H3K4me3 or H3K9ac in their promoters in

microglia of female GF animals compared to SPF controls. �log(p) and predicted activation Z scores (red, increased activity; blue, reduced activity; gray, no

predicted Z score available) are shown. See also Tables S8 and S9.

(legend continued on next page)
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(Sampson et al., 2016). In mouse models for Alzheimer’s dis-

ease (AD), the absence of the host microbiota resulted in a

reduction in amyloid beta (Ab) burden (Harach et al., 2017;

Mezö et al., 2020), suggesting that gut bacteria may worsen

AD and PD by accelerating microglial exhaustion (Erny and

Prinz, 2017). In contrast, during multiple sclerosis (MS), SCFAs,

and in particular propionate, have been shown to have protec-

tive effects due to their ability to regulate mitochondrial function

in circulating regulatory T cells (Haghikia et al., 2015), thereby

improving regulatory function and modulating disease develop-

ment (Duscha et al., 2020). The functional connection of the gut

and CNS is conceptualized in the so-called gut-brain axis

(Cryan et al., 2019).

In general, it is well established that many immune responses

are accompanied by considerable changes in cellular meta-

bolism (Caputa et al., 2019; O’Sullivan et al., 2019). For example,

T cells utilize diverse metabolic pathways to enable differentia-

tion and activation (Qiu et al., 2019). For microglia, however,

most studies addressing cellular metabolism have utilized

immortalized cell lines or primary microglia and bone marrow

macrophage cultures in vitro (Borst et al., 2019; Ulland et al.,

2017), with their attendant problems, and therefore insights

about metabolic changes of microglia in vivo are scarce (Borst

et al., 2019). Furthermore, the precise nature of the bacteria-

derived products driving immunomodulation and the exact

cellular pathways involved are unexplored.

We therefore sought to decipher which microglial functions

are affected by host microbiota during homeostasis. We deter-

mined that altered expression of metabolic genes in microglia

from GF mice is epigenetically imprinted. We subsequently pro-

filed the metabolic state of ex vivo isolated microglia from GF

mice and identified defined mitochondrial changes and associ-

ated dysfunctions leading to functional impairments of these

cells. Further, we traced gut-derived acetate in vivo and de-

tected an acetate-dependent adaption of the metabolic deficits

in microglia from GF mice during steady state. We finally estab-

lished that acetate had a modulating impact on the course of

neurodegeneration through its ability to inhibit microglial

phagocytosis.

RESULTS

Enhanced H3K4me3 and H3K9ac of metabolic
microglial genes in the absence of commensal bacteria
To profile potential transcriptional changes in microglia from GF

mice, we first performed bulk RNA sequencing (RNA-seq) (Fig-

ure 1A) and confirmed our previous findings (Erny et al., 2015).

We observed substantial transcriptional changes with 256 up-

and downregulated transcripts in microglia from GF mice

compared to those from specific pathogen-free (SPF) controls

(Table S1). Among the most differentially expressed genes

(DEGs) were the proliferation-associated gene DNA damage

inducible transcript 4 (Ddit4, 4.04 log2 fold increased in microglia

from GF mice compared to SPF) and the microglia activation
(J) Ddit4 mRNA measured by qRT-PCR in microglia from SPF and GF mice (mixe

three independent experiments.

(K) ChIP-seq data showing the coverage of H3K4me3 in the promoter region forDd

axis. Average of 4 individual samples from one experiment are shown.
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gene apolipoprotein E (Sofer et al., 2005) (Apoe, 1.28 log2 fold

increased in GF mice compared to SPF). In contrast, mRNA for

Il1a and Ly86 (encoding MD-1) were strongly diminished in GF

microglia.

To obtain mechanistic insights into the microglial cellular func-

tions and canonical pathways affected by microbiota deficiency,

we performed ingenuity pathway analysis (IPA) (Figures 1B and

1C; Tables S2 and S3). Significant changes were apparent in

the annotated functions ‘‘proliferation of immune cells’’ (up),

‘‘cell survival’’ (up), ‘‘development of macrophages’’ (down),

and ‘‘quantity of cytokines’’ (down) or annotated pathways

‘‘STAT3 pathway’’ (down) or ‘‘neuroinflammation signaling

pathway’’ (down), supporting the view that microglia in GF ani-

mals are immature. Notably, terms linked to metabolism such

as reduced ‘‘concentration of lipid, quantity of mitochondria’’

and ‘‘ROS production in macrophages’’ were also different in

GF microglia (Figures 1B and 1C).

It was previously described that the host microbiota affects

open chromatin sides in microglia (Thion et al., 2018). To

investigate whether the absence of host microbiota altered,

in particular, histone methylation or acetylation of specific

genes, we next performed genome-wide epigenetic profiling

by chromatin immunoprecipitation sequencing (ChIP-seq) of

H3K4me3 and H3K9ac, respectively (Figures 1D–1I). Although

global levels of H3K4me3 revealed only subtle changes in mi-

croglia of GF mice compared to SPF controls, detailed ana-

lyses uncovered an elevated abundance of H3K4me3 at the

proximal promoters of 239 genes (Tables S4 and S5). In

contrast, increased levels of H3K9ac at the active promoters

of 613 genes were found in microglia from GF mice (Tables

S6 and S7).

We next classified the genes with altered H3K4me3 and

H3K9ac levels according to their molecular functions (Figures

1F and 1G; Table S8) and canonical pathways (Figures 1H

and 1I; Table S9) by IPA. Similar categories to those apparent

in the RNA-seq analysis were also represented in the ChIP-

seq analysis, including ‘‘reduced maturation of cells and

increased quantity of cells’’ for H3K4me3 and ‘‘increased cell

cycle progression’’ and ‘‘density of mitochondria’’ for H3K9ac

(Figures 1B, 1C, and 1F–1I). Notably, expression of Ddit4, re-

vealed by RNA-seq to be increased in microglia from GF

mice (Figure 1A), a result confirmed by qRT-PCR (Figure 1J),

also had a greater abundance of H3K4me3 in its proximal pro-

moter in GF microglia versus SPF microglia associated with

transcriptional activation (Figure 1K). Additionally, proteome

analysis revealed similar functional and canonical pathway cat-

egories of isolated microglia from SPF and GF mice (Figure S1;

Tables S10 and S11).

Together, these data indicate that a life-long absence of host

microbiota causes changes in gene expression and associated

epigenetic changes in histone acetylation andmethylationmarks

at defined promoter regions of genes that control not only micro-

glial proliferation, morphology, and activation but also metabolic

functions, including mitochondrial density.
d sex). Gene expression was normalized to b-Actin. Data are representative of

it4 frommicroglia of female SPF andGFmice. RPKM values are shown on the y
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Figure 2. Lack of commensal microbes changes microglia metabolic signature

(A) Principal component analysis (PCA) plot of the PC 1 and 2 of significantly alteredmetabolites from six SPF and six GFmicroglia samples. One experiment with

female mice was performed.

(B) Heatmap of significantly altered metabolites from non-targeted metabolite profiling between the SPF (left) and GF (right) group. Color scale indicates scaled

intensity: intensities > 0 are upregulated (red); intensities < 0 are downregulated (blue). See also Table S12 and Figure S2.

(C) Fold change plot of detectedmetabolites from non-targetedmetabolite profiling of SPF andGFmicroglia. Color scale indicates the degree of log2 fold change

(red, upregulated >0.5; violet, downregulated <�0.5). See also Table S13 and Figure S3.

(D) Pathway matches of significantly changed metabolites in GF microglia compared to SPF microglia based on targeted and non-targeted metabolite profiling.

Circle size reflects the pathway impact and color code visualizes �log(p) value (white = 0, yellow = 1, orange = 2, red > 3).
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Changed microglial metabolic profiles in the absence of
host microbiota
We next focused on the possibility that mitochondrial metabolic

functions might be affected by host microbiota. We performed a

comprehensive metabolite profiling of ex vivo fluorescence-acti-

vated cell sorting (FACS)-isolated microglia from SPF and GF

mice and detected in total 759 metabolites (Table S12). Valid

sum formulas matching known annotations could be calculated

for 597 of these, whereas 162 were classified as unknown (Table

S12). Statistical analysis determined 107 putative metabolites,

which were significantly different (p < 0.05) between SPF and GF

microglia and principal component analysis (PCA) of these re-
vealedaclear separationbetweenbothgroups (Figure2A).Among

these metabolites, 72 showed increased and 35 decreased abun-

dance in microglia fromGFmice compared to SPFmicroglia (Fig-

ures 2B and S2). Generally, we noticed several changes in amino

acids and peptides indicating abnormal amino acid metabolism.

Alterations in citrulline, phosphocreatine, argininosuccinic, and

guanidoacedic acid levels indicated perturbations in arginine and

proline metabolism. Moreover, altered levels of inosine, inosinic

acid, and hypoxanthine pointed to perturbed purine metabolism

in microglia from GF mice. Numerous lipids and fatty acids, such

as [FA-amino(8:0)] 3-amino-octanoicacid,weredepleted inmicro-

glia from GF mice compared to SPF microglia.
Cell Metabolism 33, 2260–2276, November 2, 2021 2263
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Figure 3. Diminished mitochondrial functions in microglia from GF mice

(A–F) Representative cytometry graphs demonstrating (A) microglial cell size (FSC, forward scatter, left) and granularity (side scatter, SSC, right), (B) lipids

(Bodipy), (C) mitochondrial mass (MitoTracker Green), (D) mitochondrial membrane potential Dcm (tetramethylrhodamine methyl ester, TMRM), (E) total ROS

(CellRox), and (F) mitochondrial ROS (MitoSox) on CD11b+CD45low microglia from male GF (red lines) and SFP mice (black lines) and respective controls (gray

(legend continued on next page)
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To explore central metabolic pathways in microglia in more

detail, we then carried out a targeted analysis of 62 metabolites,

of which 42weremeasurable inmicroglial cells derived from SPF

and GF mice (Figures 2C and S3; Table S13). Seven metabolites

differed significantly between SPF and GF microglia. One of

these was ribulose 5-phosphate, which was increased in GF mi-

croglia, suggesting increased purine metabolism and enhanced

nucleotide production, which broadly correlates with previously

described elevations in microglial density and proliferation in

GF mice (Erny et al., 2015; Thion et al., 2018). Furthermore, me-

tabolites from the tricarboxylic acid (TCA) cycle such as 2-keto-

glutaric acid (up) and malic acid (down) were found to be

significantly affected in GFmicroglia while citrate showed a trend

toward being less abundant. Oxaloacetate (OAA) accumulated

by tendency in microglia from GF mice whereas GF microglia

showed tendentially reduced levels of adenosine triphos-

phate (ATP).

Taken together, these data indicate that elements of the TCA

cycle and purine metabolism, as well as additional metabolic

pathways in microglia, are affected by the presence of the host

microbiota (Figure 2D).

Hostmicrobiota control functionality of complex II of the
respiratory chain during homeostasis
Our data indicated that mitochondrial metabolism is disturbed in

microglia fromGFmice. To address this in greater detail, we next

performed a comprehensive functional analysis of this cell

compartment. First, we used extracellular flux analysis to

perform a mitochondrial stress test on microglia isolated

ex vivo from SPF and GF mice. Surprisingly, we observed only

minor differences in oxygen consumption rates between the

cells (Figures S4A–S4C). Noticeably, neither microglia from

SPF nor GF mice possessed any spare respiratory capacity

(SRC) (Figures S4B and S4C). This was confirmed by a compar-

ison with peritoneal macrophages, whereby only 1.5 3 105

plated peritoneal macrophages had a significantly higher basal
lines). In addition, quantifications of themean fluorescence intensities (MFIs) and p

independent experiments.

(G and H) Transmission electron microscopy (TEM) images of microglia (G) in the c

in the cytoplasm and quantification thereof (H).

(I) Oxidative phosphorylation measured by flow cytometry over time (arbitrary uni

by rotenone (Rot), succinate (Succ), and antimycin A1 (AA1) on microglia from ma

experiments.

(J) Quantification of the Dcm. Data are representative of three independent expe

(K–M) Representative immunoblots for mitochondrial succinate dehydrogenase

ex vivo isolated microglia from male GF and SFP mice are shown (K). Quantifica

independent experiments.

(N) Quantification of oxaloacetic acid (OAA) in FACS-isolated microglia. Microgli

(O and P) Inhibition of complex II by OAA was analyzed from microglia from male

and (P) normalized quantification thereof (n = 3). Data are representative of two i

(Q) Representative Iba1+ immunohistochemistry in cortex of GF male mice and r

(R) Quantification thereof. Scale bar, 50 mm. Data are representative of two inde

(S and T) Representative cytometry graphs demonstrating (S) microglial mitochon

(black lines) and respective controls (gray lines). In addition, quantifications of the

(U) Oxidative phosphorylation measured by flow cytometry over time (arbitrary un

GF mice (left) and recol. GF mice (right).

(V) Quantification thereof. Data are representative of two independent experimen

(W) Imaris-based 3D reconstruction of representative Iba1+ cortical microglia an

(X and Y) Quantification thereof.

See also Figures S4 and S5.
andmaximal respiration and SRC compared to 33 105microglia

(Figures S4A and S4D), indicating that ex vivo isolated microglia

present a relatively low metabolic turnover compared to other

macrophages in this experimental setting and that the Seahorse

approachmight not be sensitive enough for assessing metabolic

features of ex vivo isolatedmicroglia. In addition, we investigated

extracellular acidification rates (ECARs), a measure of the pro-

duction of lactate due to glycolysis, which were similar between

microglia from SPF and GF mice (Figures S4E and S4F), as was

the uptake of glucose (Figure S4G), while ECAR measurements

of microglia showed comparable levels to peritoneal macro-

phages (Figures S4E and S4H).

Subsequently, we applied flow cytometry-based approaches

with higher sensitivity. First, we observed larger and more gran-

ular Dump�CD11b+CD45low microglia from GF mice compared

to those from SPF mice (Figures 3A and S4A). Elevated intracel-

lular granularity can be due to increases in the abundance of or-

ganelles such as lysosomes, lipid droplets, and mitochondria.

However, we observed reduced lipids, as measured by Bodipy,

in GF microglia (Figure 3B), which was consistent with the

observed changes in several fatty acids revealed by metabolite

profiling (Figure 2B). Moreover, measurement of LysoTracker

staining and CD68 expression revealed that GF status had no

effect on the lysosomal compartment (Figures S4I and S4J).

However, microglia from GF mice had significantly increased

mitochondrial content, asmeasured byMitoTracker Green stain-

ing (Figure 3C). These mitochondria differed from SPF microglia

in that they had reduced mitochondrial membrane potential

(Dcm), as measured by tetramethylrhodamine methyl ester

(TMRM) staining (Figure 3D). We also noted that the amount of

total cellular reactive oxygen species (ROS) (CellRox) (Figure 3E)

and the percentage of microglia positive for mitochondrial ROS

(MitoSox) (Figure 3F) were largely similar in microglia from GF

and SPF mice. GF microglia produced significantly more mito-

chondrial ROS compared to SPF controls (Figure 3F). Taken

together, these observed changes in mitochondrial mass,
ercentages ofMitoSox+ cells and are depicted. Data are representative of three

ortex of adult SPF and GFmale mice harboring mitochondria (red arrowheads)

ts, a.u.). Representative cytometry graphs of the Dcm, which was manipulated

le SPF (left) and GF mice (right). Data are representative of three independent

riments.

(SDHA) and voltage-dependent anion-selective channel (VDAC) derived from

tion is normalized to (L) b-ACTIN or (M) VDAC. Data are representative of two

a from six brains were pooled to one sample.

SPF mice by flow cytometry. (O) Representative cytometry graphs of the Dcm

ndependent experiments.

ecol. GF mice.

pendent experiments.

drial mass and (T)Dcmonmicroglia frommale GF (red lines) and recol. GFmice

MFIs are depicted. Data are representative of two independent experiments.

its, a.u.). Representative cytometry graphs of the Dcm on microglia from male

ts.

d Tomm20+ mitochondria of GF and recol. GF male mice. Scale bars, 10 mm.
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Figure 4. Microbiota-derived acetate restores microglial properties of GF microglia

(A) Representative Iba1+ immunohistochemistry in cortex of SPF, GF, or GF male mice treated with SCFA mixture or acetate, butyrate, or propionate alone.

(B) Quantification thereof. Scale bar, 50 mm. Data are representative of three independent experiments.

(C) Ddit4 mRNA measured by qPCR. Gene expression was normalized to b-Actin. Data are representative of three independent experiments.

(D) Imaris-based 3D reconstruction of representative Iba1+ cortical microglia of GF male mice treated or untreated with SCFA mixture or acetate alone. Scale

bars, 10 mm.

(E) Quantification thereof.

(legend continued on next page)
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Dcm, andmitochondrial ROS supported the view that mitochon-

drial biology was significantly affected in GF microglia.

We subsequently quantified the number of microglial mito-

chondria by transmission electronmicroscopy (TEM) (Figure 3G).

Ultrastructurally, microglia exhibited typical morphological fea-

tures such as distinctive heterochromatin patterns, small

cytoplasmic margins, and immunoreactivity for Iba1 and PU.1

(Figure S4K). In accordance with the increased mitochondrial

mass measured using MitoTracker and flow cytometry, TEM

revealed increased numbers of mitochondria in GF microglia

(Figures 3G and 3H).

We next refocused on understanding the differences inDcm in

more detail. We measured Dcm directly by TMRM staining over

time before complex I (C1) was inhibited by rotenone, which

caused the Dcm to decline equivalently in microglia from SPF

and GF mice (Figures 3I and 3J). Adding the CII substrate succi-

nate allowed the inhibition of CI to be bypassed, restoring activity

of the electron transport chain (ETC) and re-establishment of

Dcm (Figures 3I and 3J). The succinate-driven increase in Dcm

was clearly impaired in microglia from GF mice (Figures 3I and

3J). As expected, inhibition of the CIII by antimycin A1 (AA1)

collapsed Dcm in both populations of microglia (Figures 3I and

3J). The experimental setup used in the flow cytometry-based

evaluation was verified independently for ex vivo isolated micro-

glia and peritoneal macrophages by Seahorse analysis (Fig-

ure S4L). We found that Dcm increased equivalently in SPF

and GF microglia in response to pyruvate and malate, which

fuel CI, indicating that microglial CI function is unaffected by mi-

crobiota (Figure S4M). Additionally, we supplied CIV with ascor-

bate and tetramethyl phenylenediamine and did not detect any

alterations (data not shown), pointing to a selective CII impair-

ment in microglia from GF animals. This was unlikely to be due

to differences in expression of CII components, since SDHA (a

major component of CII) was expressed equivalently in microglia

from GF and SPF mice (Figures 3K–3M).

An alternative explanation for reduced CII activity was that mi-

croglia from GF mice had increased levels of endogenous CII in-

hibitors. Among these, OAA (Schollmeyer and Klingenberg,

1961) was found to be increased (Figures 3N and 2C). We found

that OAA, in a dose-dependent fashion, was able to inhibit suc-

cinate-induced CII activity in SPF microglia (Figures 3O and 3P),

supporting the possibility that OAA could suppress CII activity in

microglia from GF mice.

Next, we investigated whether postnatal recolonization of GF

mice was sufficient to modulate microglial properties. GF mice

were therefore exposed to SPF donor mice after birth and exam-

ined 8 weeks later. Recolonized GF mice displayed significantly

less microglia compared to GF controls (Figures 3Q and 3R).

Furthermore, mitochondrial mass and Dcm were restored

upon recolonization (Figures 3S and 3T), resulting in a sufficiently

increased Dcm after addition of succinate as compared to mi-

croglia from GFmice (Figures 3U and 3V). Detailed Imaris-based

3D reconstruction revealed a decreased microglial volume of re-

colonized GF mice compared to GF mice (Figures 3W, S5A, and
(F) Venn diagram depicting the different regulated and overlapping genes betwe

(G) RNA-seq analysis presenting DEGs with an adjusted p < 0.05 in microglia o

upregulated; blue, downregulated).

See also Tables S14, S15, and S16 and Figure S5.
S5B). Notably, microglia showed fewer Tomm20+ mitochondria

in recolonized GFmice compared to GFmice, whereas themito-

chondrial volumes remained unchanged, excluding a role for

altered mitochondrial fusion or fission (Figures 3W–3Y). Further-

more, we depleted gut bacteria postnatally by antibiotic (ABX)

treatment and found reduced Dcm after succinate application

in microglia from ABX-treated mice compared to SPF controls

(Figures S5C and S5D), highlighting a dynamic and plastic inter-

play of gut bacteria and microglial metabolic features.

Together, these data revealed significant alterations in the

composition of the mitochondrial network and defective CII ac-

tivity in microglia from GF mice under homeostatic conditions.

Bacteria-derived acetate restores diminished microglia
fitness during steady state
The SCFAs acetate, propionate, and butyrate are bacterial

fermentation products that we and others have recently shown

to be essential for microglia maturation and function during ho-

meostasis and infection (Erny et al., 2015; Sampson et al.,

2016). However, it has remained unclear whether the different

SCFAs act on microglia only synergistically or also individually.

We therefore provided a mixture of SCFAs, or acetate, propio-

nate, or butyrate individually, to GF mice for 4 weeks via their

drinking water. As expected based on prior work, a mixture of

SCFAs was able to reduce heightened microglia densities found

in GF to normal microglia numbers observed under SPF condi-

tions (Figures 4A and 4B). This effect was recapitulated by ace-

tate alone, but not by butyrate or propionate. The correction of

microglia numbers by acetate supplementation was accompa-

nied by reduced expression of Ddit4, whereas butyrate and pro-

pionate had no effect on Ddit4mRNA levels (Figure 4C). Detailed

analysis of microglia cell morphology revealed that only mixed

SCFAs or acetate reversed defects in microglia proportions (Fig-

ures 4D and 4E). Microglial F4/80 levels were not modulated by

these treatments (Figure S5E).

To examine the effect of acetate on microglial transcriptomic

profile, we isolated microglia from SPF, GF, and acetate-treated

GF mice and analyzed genome-wide mRNA expression profiles

by RNA-seq (Figures 4F and 4G). In general, 856 genes were

modulated under these conditions (Figure 4F; Table S14).

Notably, microglia from SPF and GF (+acetate) displayed only

26 unique DEGs while microglia from SPF and GF mice as well

as microglia from GF and GF (+acetate) mice showed 142 and

324 unique DEGs, respectively (Figures 4F and 4G; Table S14).

Among the DEGs, we observed in GF microglia upregulated

expression of Apoe and Ddit4. P2ry12 showed a reduced

expression in microglia from GF mice that was restored in the

presence of acetate (Figure 4G). Subsequent IPA of DEGs re-

vealed, e.g., restored NFkB signaling and immune response of

cells (Tables S15 and S16).

We then askedwhethermitochondrial metabolic deficits could

be rectified by SCFAs. We found that a mixture of SCFAs, and

acetate alone, normalized mitochondrial numbers in microglia

from GF mice (Figures 5A, 5B, and S5F). Examination of the
en FACS-isolated microglia of male SPF, GF, and GF (+acetate) mice.

f male SPF, GF, and GF (+acetate) mice. Color code presents Z score (red,
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Figure 5. Microbiota-derived acetate restores metabolic insufficiency of GF microglia

(A) Representative TEM images of cortical microglial cells. Red arrowheads display mitochondria in the cytoplasm.

(B) Quantification thereof.

(C) Imaris-based 3D reconstruction of representative Iba1+ cortical microglia and Tomm20+ mitochondria.

(D and E) Quantification thereof. Scale bars, 10 mm.

(F) Measurement of oxidative phosphorylation by flow cytometry over time. Representative cytometry graphs of the Dcm frommicroglia frommale SPF (left) and

GF mice (middle) and acetate-treated GF mice (right).

(G) Quantification thereof. Data are pooled from three independent experiments.

(H) Abundance of acetate, butyrate, and propionate in brains of male SPF and GF mice treated orally or untreated for 4 weeks with acetate.

(I) Concentration of acetate, (iso-)butyrate, and propionate in the serum of male SPF, GF, and sDMDMm2 mice.

(J) Fraction of acetate-derived 13C-labeled carbons for citrate in the brain, colon, liver, and serum of male GF mice after 6 and 12 h of oral application. Data are

representative of two independent experiments.

(K) Percentage of acetate uptake from the media in cultured primary neurons, astrocytes, and microglia after 6 h incubation time with 5 mM acetate. Data are

representative of two independent experiments.

(L) Fraction of acetate-derived 13C-labeled carbons for citrate in primary neurons, astrocytes, and microglia after 6 h incubation time. Data are typical of two

independent experiments.

See also Figures S5 and S6.
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Figure 6. Acetate increases hippocampal Ab depositions of 5xFAD mice

(A) Representative immunofluorescence images of thiazine red (TR; red) in 16-week-old male SPF, GF, and GF 5xFAD mice treated orally with acetate for

8 weeks. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 300 mm (overview) and 50 mm (insert).

(B) Quantification of the number of TR+ Ab plaques per area (mm2).

(C) Representative immunofluorescence images of TR (red) and Iba1 (green) on sections containing hippocampus tissue. Nuclei were stained with DAPI (blue).

Scale bar, 50 mm.

(D and E) Quantification of Iba1+ parenchymal (D) and TR+ plaque-associated (E) microglia.

(F and G) Venn diagrams depicting the different regulated and overlapping genes (F) between FACS-isolated hippocampal microglia of male 5xFAD animals

compared to respective non-transgenic littermates of the same conditions, SPF, GF, or GF (+acetate), and (G) between 5xFAD animals.

(H) RNA-seq analysis presenting DEGs with an adjusted p < 0.05 in hippocampal microglia of male SPF, GF, and GF (+acetate) 5xFAD and WT animals. Color

code presents Z score (red, upregulated; blue, downregulated). See also Table S17.

(legend continued on next page)

ll
Article

Cell Metabolism 33, 2260–2276, November 2, 2021 2269



ll
Article
spatial dimensions of Tomm20+ mitochondria in microglia by 3D

reconstruction confirmed that there were more mitochondria per

microglia from GFmice compared to SPFmice, but revealed un-

altered mitochondrial volumes and sphericities (Figures 5C–5E

and S5G–S5J). Most importantly, we found that acetate supple-

mentation of GFmice was sufficient to restore the Dcm in micro-

glia after addition of succinate (Figures 5F and 5G). These find-

ings indicate that CII-associated microglial dysfunction can be

rescued by acetate treatment.

Our data indicated that acetate from the gut is able to affect

the biology of CNS cells. Consistent with this, mass spectrom-

etry allowed detection of acetate in the CNS of mice from all

experimental groups, albeit at significantly lower levels in GF

compared to SPF mice. CNS acetate levels in GF mice were

significantly increased as a result of 4weeks of oral acetate treat-

ment (Figure 5H). Detected levels of butyrate and propionate in

the CNS from differently housed mice were negligible. In order

to demonstrate that the presence of gut bacteria is augmenting

SCFA levels, we quantitatively measured SCFA concentrations

in the serum of sDMDMm2 mice that harbor a stable defined

moderately diverse mouse microbiota consisting of 12 selected

acetate-producing bacterial stains (Uchimura et al., 2016).

sDMDMm2 mice showed comparable acetate levels in the

serum as SPF controls, whereas GF mice showed significantly

reduced abundance of acetate (Figure 5I). To specifically trace

gut-derived acetate in vivo, we provided 13C-acetate by oral

gavage to GF mice and 6 and 12 h later measured the incorpo-

ration of 13C-labeled carbon in brain, colon, liver, and serum (Fig-

ures 5J and S6A). Significant incorporation of acetate-derived
13C was measured in several metabolites of the TCA cycle in

all tested organs and serum at 6 h post-treatment. To examine

whether CNS cells can absorb acetate directly, primary cells

were exposed to acetate in vitro (Figure 5K). Neurons, astro-

cytes, and microglia all acquired acetate from the medium

(Figure 5K) and incorporated acetate-derived 13C into various

metabolites including the TCA cycle intermediates citrate,

alpha-ketoglutarate, fumarate, malate, and succinate (Figures

5L and S6B), highlighting direct uptake and use of acetate by mi-

croglia. Collectively, our data revealed that microglia attributes

and metabolic functions are controlled by gut-derived acetate.

Acetate alone modulates microglial functions during
neurodegeneration
Microglia are believed to contribute to the pathogenesis of AD—

the most prevalent neurodegenerative disease (Datta et al.,

2018; Mildner et al., 2011; Prinz et al., 2011; Sarlus and Heneka,

2017). We previously identified that commensal bacteria impair

AD pathology in the 5xFAD mouse model (Mezö et al., 2020),

although whether or not bacteria-derived products such as

SCFAs modulate Ab burden is unknown (Mossad and Erny,

2020). To examine whether gut bacteria shape microglial im-

mune responses by permissive chromatin marks involved in

the gene regulation of distinct cytokines and metabolic genes,

we employed 16-week-old male 5xFAD mice. Analysis of micro-
(I–N) Diagrams depict (I–K) canonical pathway and (L–N) functional results of IPA

animals compared toWT littermates of the same housing/treatment conditions. Di

activity; blue, reduced activity; gray, no predicted Z score available; N.d., not de

See also Figures S6 and S7.
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glia from SPF and GF 5xFAD mice revealed higher levels of

H3K9ac at or around the transcriptional start sites of proinflam-

matory genes such as Cxcl10 and Isg15. Metabolic-related

genes such as Pgk1 (phosphoglycerate kinase 1) involved in

the first ATP-generating step of the glycolytic pathway showed

increased H3K9ac in microglia from SPF 5xFAD mice compared

to microglia form GF 5xFAD mice (Figure S6C), suggesting

higher expression and metabolic activity of SPF microglia in

5xFAD mice. As expected (Mezö et al., 2020), GF 5xFAD mice

displayed diminished Ab deposition and smaller plaque size,

as visualized by thiazine red (TR), in hippocampus when

compared to SPF 5xFAD mice (Figures 6A, 6B, and S7A–S7C).

Notably, administration of acetate through drinking water for

8 weeks to GF 5xFADmice prior to analysis resulted in increased

numbers of larger TR+ Ab plaques, comparable to those from

SPF 5xFADmice (Figures 6A, 6B, and S7A–S7C). The diminished

plaque load in GF 5xFAD mice was accompanied by an

increased density of Iba1+ parenchymal microglia (Figures 6C

and 6D). An evaluation of TR+ plaque-associated Iba1+ microglia

(those cells less than 10 mm from the TR+ plaques) revealed

significantly more cells in close proximity to Ab in GF 5xFAD

mice than in SPF 5xFAD mice, and acetate treatment reversed

this effect (Figure 6E).

To investigate the effect of acetate on microglia in more detail,

hippocampal microglia from SPF, GF, and acetate-treated GF

mice were analyzed by RNA-seq (Figures 6F–6H). Notably, mi-

croglia from SPF and GF (+acetate) 5xFAD mice displayed 481

and 576 DEGs compared to WT controls, respectively, while mi-

croglia from GF 5xFAD mice showed only 242 DEGs compared

to non-transgenic animals (Figures 6F and 6H; Table S17).

Comparing solely microglia from 5xFAD mice, we detected

452 unique DEGs inmicroglia of the GF and SPF group, while mi-

croglia from GF and GF (+acetate) showed 82 unique DEG and

microglia from GF (+acetate) and SPF 5xFAD mice presented

23 unique DEGs (Figure 6G). Among the DEGs, we observed

increased expression of genes attributed to Ab stimulation,

such as Clec7a, Axl, Apoe, Itgax, or Trem2 (Figure 6H). Subse-

quent IPA revealed, e.g., upregulated interferon signaling in all

three groups, although to a lesser degree in microglia from GF

5xFAD mice compared to wild-type (WT) animals (activation Z

scores: SPF 5xFAD versus WT, 2.309; GF 5xFAD versus WT,

1.667; GF [+acetate] 5xFAD versus WT, 2.496) (Figures 6I–6K;

Table S18). As a response to the diseased CNS, microglia from

all three groups showed upregulated glycolysis and gluconeo-

genesis pathways whereby the significance was considerably

decreased in microglia from GF 5xFAD mice (Figures 6I–6K; Ta-

ble S18). Interestingly, TGF-b signaling was found to be upregu-

lated only in microglia from GF 5xFAD mice, and in contrast, the

functional annotations ‘‘quantity of cytokine,’’ ‘‘activation of

cells,’’ ‘‘inflammatory response,’’ and ‘‘chemotaxis of phago-

cytes’’ were down in the GF 5xFAD group and restored by ace-

tate supplementation (Figures 6I–6N; Tables S18 and S19). In

contrast, IPA predicted upregulated synthesis ‘‘of ROS’’ in mi-

croglia from GF 5xFAD mice (Figures 6L–6N; Table S19).
on DEGs in hippocampal microglia of male SPF, GF, and GF (+ acetate) 5xFAD

agram depicts�log(p) values and predicted activation Z scores (red, increased

tectable). See also Tables S18 and S19.
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Figure 7. Acetate modulates microglia function during neurodegeneration
(A) Imaris-based 3D reconstruction of representative Iba1+ TR+ plaque-associated microglia and Tomm20+ mitochondria. Scale bars, 6 mm.

(B and C) Quantification thereof.

(legend continued on next page)
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As described above, microglia from GF mice displayed de-

fects in CII function under steady-state conditions (Figures 3I

and 3J). In contrast, Ab-engulfing microglia, as indicated with

methoxy-O4 (MXO4) incorporation, displayed no differences in

the elevated Dcm upon succinate application (Figure S7D), indi-

cating that CII seems not to be influenced by gut bacteria in the

5xFAD model. In addition, we analyzed the glucose uptake in

MXO4� and MXO4+ microglia from SPF and GF 5xFAD mice

(Figure S7E). In line with the RNA-seq data (Figures 6I–6K; Table

S18) and ChIP data (Figure S6C), we found reduced glucose up-

take in microglia from GF 5xFAD mice, further supporting

impaired glycolysis (Figure S7E).

Next, we analyzed the morphology of TR+ plaque-associated

microglia from SPF, GF, and acetate-treated GF 5xFAD mice

(Figures 7A, 7B, and S7F). Notably, microglia from GF 5xFAD

mice were more ramified compared to microglia from SPF and

GF (+acetate) 5xFAD mice. Further, we observed higher

numbers of Tomm20+mitochondria in plaque-associated micro-

glia from GF 5xFADmice compared to SPF 5xFADmice (Figures

7A and 7C). Supplementation of acetate to GF 5xFAD mice

restored both microglial morphology and the number of mito-

chondria in plaque-associated microglia (Figures 7A–7C and

S7G), while the average and percentile mitochondrial volume

and sphericity remained unaffected (Figures S7H–S7J).

It has been proposed that plaque-associated microglia are

critical in restricting senile plaque formation in AD by improved

migration and increased phagocytosis compared to non-pathol-

ogy-linkedmicroglia (Keren-Shaul et al., 2017;Meyer-Luehmann

and Prinz, 2015). We thus investigated whethermicroglial uptake

of Ab is influenced by acetate. We observed higher percentages

of MXO4+ microglia under GF conditions (Figures 7D–7F) as

described recently (Mezö et al., 2020). Notably, supplementation

of acetate restored the percentage of MXO4+ microglia to SPF

levels (Figures 7D–7F), indicating that microglial phagocytosis

of Ab is modified by acetate.

To check whether acetate is also able to shape microglial

metabolism during neurodegeneration, we analyzed microglial

mitochondrial ROS production. Interestingly, the percentage of

MitoSox+ MXO4+ microglia from 5xFAD mice was elevated,

and this was significantly further enhanced if the cells were

from GF 5xFAD mice (Figures 7G and 7H). Acetate treatment
(D) Gating of methoxy-O4+ (MXO4) microglia from male SPF, GF, and acetate-tre

are shown.

(E) Representative cytometric graph of MXO4+ microglia from male SPF (black lin

black line), GF (dashed red line), and acetate-treated GF (dashed blue line) 5xFA

(F) Quantifications of the MFI and percentages of MXO4+ microglia cells are dep

(G) Typical cytometric graphs of the microglial mitochondrial ROS.

(H) Quantifications of the MFI and percentages of MitoSox positively labeled cel

(I) Representative immunofluorescence images of cultured Iba1+ primary microgli

stained with DAPI (blue). Scale bar, 50 mm.

(J) Percentage of Iba1+ Ab+ microglia after treatment for 6 h with or without 5 m

sentative of two independent experiments.

(K) Cxcl10, Ccl5, and RelBmRNA measured by qPCR in microglia from cultured p

Ab alone or combined for 6 h. Gene expression was normalized to b-Actin. Eac

independent experiments.

(L) Percentage of acetate uptake from the media in cultured primary microglia aft

one biological replicate. Data are representative of two independent experiment

(M) Fraction of acetate-derived 13C-labeled carbons for various metabolites in prim

representative of two independent experiments.

See also Figure S7.
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of GF 5xFAD mice normalized the percentage of MXO4+

MitoSox+ microglia to levels seen in microglia from SPF 5xFAD

mice (Figures 7G and 7H), which is in accordance with the

RNA-seq data whereby we observed activation of the synthesis

of ROS pathway (Figures 6L and 6M; Table S19). MXO4+ micro-

glia exhibited increased Dcm and CellRox signals compared to

MXO4� microglia, but these parameters showed only subtle

modulation by acetate (Figures S7K and S7L).

To examine whether microglial acetate uptake is altered by the

presence of Ab, primary microglia were exposed to Ab with and

without acetate in vitro (Figure 7I). Previous reports have shown

impaired Ab uptake of microglia by increased proinflammatory

cytokine expression (Babcock et al., 2015; Koenigsknecht-Tal-

boo and Landreth, 2005). In line, the percentage of Iba1+ Ab+ mi-

croglia was significantly decreased in the presence of acetate

(Figure 7J), and the gene expression of Cxcl10, Ccl5, and Relb

was upregulated when acetate and Ab were applied together

(Figure 7K). Notably, microglia acquired more acetate from the

medium in the presence of Ab (Figure 7L) and incorporated

slightly more acetate-derived 13C into various metabolites

including TCA cycle intermediates (Figures 7M and S7M), sug-

gesting that acetate fuels at least partially the TCA cycle.

In sum, these data indicate that gut-derived acetate modu-

lates microglial functions in the 5xFAD mouse model for AD.

DISCUSSION

Here, we describe novel aspects of the gut-brain interplay,

namely that the SCFA acetate modulates physiological micro-

glial functions and is additionally able to modify AD pathology

by shaping microglial innate immune mechanisms. We further

identify host microbiota as an essential inducer of microglial

mitochondrial functions. We found that the absence of gut mi-

crobiota led under homeostasis to a defined functional impair-

ment of CII of the ETC, which correlated with other perturbations

in mitochondrial function. Thesemitochondrial deficiencies were

rectified by acetate, which the cells were able to use to fuel the

TCA cycle.

It is recognized that host commensals are necessary for main-

taining microglial maturation and function in the healthy and

diseased CNS (Erny et al., 2015; Erny and Prinz, 2017; Sampson
ated GF 5xFAD mice and age-matched WT controls. Characteristic dot plots

e), GF (red line), and acetate-treated GF (blue line) WT mice and SPF (dashed

D mice.

icted. Data are representative of two independent experiments.

ls and are depicted. Data are representative of two independent experiments.

a (green) after monomeric amyloid beta (Ab, red) treatment for 6 h. Nuclei were

M acetate. Each symbol represents one biological replicate. Data are repre-

rimary microglia challenged or unchallenged with either acetate or monomeric

h symbol represents one biological replicate. Data are representative of two

er 6 h incubation time with or without monomeric Ab. Each symbol represents

s.

ary microglia after 6 h incubation time with or without monomeric Ab. Data are
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et al., 2016). The effects of gut microbiota on CNS diseases have

been documented for several pathologies such as stroke (Bena-

kis et al., 2016), AD (Harach et al., 2017), PD (Sampson et al.,

2016), amyotrophic lateral sclerosis (Blacher et al., 2019), and

in mouse models for multiple sclerosis (Berer et al., 2011). There

are comparable data existing from humans confirming the rele-

vance of these findings from mice (Mossad and Erny, 2020).

Here, we show that the immature microglial phenotype is

epigenetically imprinted via altered H3K4me3 and H3K9ac that

potentially regulate microglial properties including cellular meta-

bolism. Indeed, we established that the microglial metabolic

state in situ is essentially modulated by the presence of

commensal microorganisms. To date, the metabolic state of mi-

croglia in vivo has been little studied, and most existing data

were obtained from cultured microglia, or from hematopoietic

stem cell-derived bone marrow macrophages that represent a

different developmental lineage and are therefore not equivalent

to microglia (Baik et al., 2019; Borst et al., 2019; Kierdorf et al.,

2013; Ulland et al., 2017). By optimizing experimental protocols,

we were able to identify several metabolic deficits in microglia

isolated from GFmice, such as increased numbers of mitochon-

dria coupled with low Dcm.We believe that differences in micro-

glial mitochondria from GF mice compared to those from SPF

mice reflect diminished CII function within the mitochondrial res-

piratory chain.

SCFAs are known to be able to translocate from the intestine

to the systemic circulation and to cross the blood-brain barrier

(Frost et al., 2014). They have been reported to have various ef-

fects on immune cells including Treg cells (Duscha et al., 2020;

Smith et al., 2013) or T effector cells (Qiu et al., 2019) and mac-

rophages (Schulthess et al., 2019; Zhang et al., 2019). In our

study, acetate was the most abundant SCFA in the brains of

SPF mice and was significantly reduced in brains from GF

mice. An accumulation of acetate within the CNS has been

described previously in rats (Perry et al., 2016). We showed

that gut-derived 13C-acetate reaches the brain and can be

metabolized by microglia and other CNS cells and restore

observed GF-associated defects in CII function. Despite the

clear incorporation of acetate into microglial core metabolism,

we cannot exclude additional effects of acetate on protein or his-

tone acetylation, as was shown for T cells (Qiu et al., 2019).

Furthermore, acetate, in the form of acetyl-coenzyme A (Ac-

CoA), is present in the mitochondria serving as carbon donor in

the TCA cycle, production of citrate, and generation of ATP (Ca-

meron et al., 2016). Upon demand, the citrate can exit the mito-

chondria via the citrate transporter SLC25A1 and be catabolized

to Ac-CoA and OAA, mediated by the ATP-citrate lyase (ACL),

and finally the Ac-CoA can contribute to nuclear histone and

cytoplasmic protein acetylation (Cameron et al., 2016; Covarru-

bias et al., 2016; Lauterbach et al., 2019). In the current study, it

was shown that GF mice have significantly reduced acetate

levels in the brain, which was linked to CII-mediated deficiency

in microglia, potentially due to elevated OAA concentration.

One possible explanation is that microglia in GF mice, in need

of acetate (e.g., for protein synthesis and histone acetylation),

activate the ACL-mediated conversion of citrate to Ac-CoA at

the expense of producing OAA, which partially inhibits CII activity

as a competitive inhibitor with a high affinity to the dicarboxylate

binding site of CII (Kotlyar and Vinogradov, 1984; Schollmeyer
and Klingenberg, 1961). Indeed, from the targeted metabolomic

profiling of GF-derived microglia, citrate showed strongly atten-

uated tendency, although not significant, accompanied with an

enrichment of OAA in comparison to SPF controls. Future

studies are needed to address this issue and elucidate exactly

how acetate affects microglial biology.

In a disease model of AD, we noticed that Ab pathology can be

modulated by host microbiota, which is in accordance with

earlier reports (Harach et al., 2017). Remarkably, oral administra-

tion of acetate alone was able to modify Ab burden in the

hippocampus of GF 5xFAD mice by modulating microglial

phagocytosis rates to those observed in microglia from SPF

5xFAD mice. In other work using GF 5xFAD mice, we ruled out

the possibility that processing of the amyloid precursor protein

(APP) is affected in the CNS by absent commensals (Mezö

et al., 2020). Although we observed that acetate affected meta-

bolic features and enhanced maturation in microglial cells from

GF animals, under steady state it suppressed cellular phagocy-

tosis, ultimately leading to an increased Ab burden in 5xFAD an-

imals. Concomitantly, acetate induced a proinflammatory

phenotype of microglia with elevated cytokine expression, which

is in turn described to attenuate microglial phagocytosis (Koe-

nigsknecht-Talboo and Landreth, 2005). Notably, in freshly iso-

lated Abphagocytosingmicroglia from 5xFADmicewe observed

a metabolic shift with elevated mitochondrial and total ROS as

well as oxidative phosphorylation and Dcm. Further, we did

not detect dysfunction of CII as observed under healthy condi-

tions in GF housed animals. We speculate that in activated mi-

croglial cells the endogenous CII inhibitor OAA might be less

abundant since OAA might likely be used for the generation of

glucose and other metabolites (Wallace et al., 1998). In contrast,

we observed in Ab phagocytosing microglia from SPF 5xFAD

mice increased uptake of glucose compared to GF 5xFAD con-

trols, indicating that glycolysis as the main source for ATP gen-

eration is potentially attenuated in phagocytic microglia from

GF 5xFAD causing a less pronounced proinflammatory pheno-

type. In another study, a mixture of SCFAs was reported to be

capable of modulating alpha synuclein pathology in a mouse

model of PD, and it was suggested that this effectmight bemedi-

ated by microglia through secretion of proinflammatory cyto-

kines such as IL6 and TNF (Sampson et al., 2016). Therefore,

future therapeutic inventions on SCFAs during neurodegenera-

tion should aim to reduce acetate levels in order to ameliorate

the course of neurodegeneration. It remains to be shown

whether acetate supplementation to older GF 5xFAD affects

memory functions as well since we focused in our study on an

earlier state of the disease. Moreover, it is currently unclear

whether more matured microglial cells might also have a better

capacity to deal with any kind of infections that would be vital

to keep the relative immune privilege of the brain. Therefore,

future experiments are necessary to elucidate the complex roles

of acetate for the CNS immune system during health and

perturbation.

Limitations of study
Here, we have described an acetate-dependent metabolic state

of microglia whereby our data have been generated by using ro-

dent models. Future investigations are necessary to address

these findings in human subjects. Indeed, even if the first reports
Cell Metabolism 33, 2260–2276, November 2, 2021 2273
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have already described human microbiome alterations in AD

(Cattaneo et al., 2017; Vogt et al., 2017), analysis of this micro-

biome alteration with a focus on acetate and microglia remains

to be performed. In addition, the description of microglial meta-

bolic functions can appear limited here, and more in-depth

approaches should be applied to dissect how microglia are inte-

grated into a global metabolic regulation of the organism.
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Mezö, C., Dokalis, N., Mossad, O., Staszewski, O., Neuber, J., Yilmaz, B.,

Schnepf, D., de Ag€uero, M.G., Ganal-Vonarburg, S.C., Macpherson, A.J.,

et al. (2020). Different effects of constitutive and induced microbiota modula-

tion on microglia in a mouse model of Alzheimer’s disease. Acta Neuropathol.

Commun. 8, 119.

Mildner, A., Schlevogt, B., Kierdorf, K., Böttcher, C., Erny, D., Kummer, M.P.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Iba-1 Wako Cat# 01919741; RRID: AB_839504

Rabbit anti-Tomm20 Abcam Cat# ab186734; RRID: AB_2716623

Guinea pig anti-Iba1 Synaptic Systems Cat# 234004; RRID: AB_2493179

Alexa Flour 488-conjugated Donkey anti-Rat Thermo Fisher Scientific Cat# A21208; RRID: AB_2535794

Alexa Fluor 488-Donkey anti-Goat Thermo Fisher Scientific Cat# A11055; RRID: AB_2534102

Alexa Flour 568-conjugated Donkey anti-Mouse Thermo Fisher Scientific Cat# A10037; RRID: AB_2534013

Alexa Fluor 568 goat anti Guinea pig Thermo Fisher Scientific Cat# A11075; RRID: AB_2534119

Alexa Fluor 647-conjugated Donkey anti-Rabbit Thermo Fisher Scientific Cat# A31573; RRID: AB_2536183

Rat anti-mouse CD11b APC conjugated Thermo Fisher Scientific Cat# 17-0112-83; RRID: AB_469344

Rat anti-mouse CD19 PE-Cy7 conjugated Biolegend Cat# 115520; RRID: AB_313655

Rat anti-mouse CD3 PE-Cy7 conjugated Biolegend Cat# 100219; RRID: AB_1732068

Rat anti-mouse CD45 PE conjugated Thermo Fisher Scientific Cat# 12-0451-83; RRID: AB_465669

Rat anti-mouse CD45 PE-Cy7 conjugated Thermo Fisher Scientific Cat# 25-0451-82; RRID: AB_2734986

Rat anti-mouse CD45R PE-Cy7 conjugated Biolegend Cat# 103222; RRID: AB_313005

Rat anti-mouse Ly6C PE-Cy7 conjugated BD Bioscience Cat# 560593; RRID: AB_1727557

Rat anti-mouse Ly6G PE-Cy7 conjugated BD Bioscience Cat# 560601; RRID: AB_1727562

FC receptor blocking antibody CD16/CD32 BD Bioscience Cat# 564219; RRID: AB_2728082

HRP Anti-beta Actin Abcam Cat# 20272

Mitochondrial Marker Antibody Sampler Kit Cell Signaling Cat# 8674T

Chemicals, peptides, and recombinant proteins

2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4- yl)Amino)-2-Desoxyglucose)

ThermoFisher Scientific Cat# N13195

CellROX Deep Red Reagent ThermoFisher Scientific Cat# C10422

DAPI (4’,6-Diamidino-2-Phenylindole) Carl Roth Cat# 6335.2

eBioscience Fixable Viabitity Dye eFluor 780 ThermoFisher Scientific Cat# 65-0865-14

Methoxy-XO4 Tocris Cat# 4920

MitoSOX Red Reagent ThermoFisher Scientific Cat# M36008

MitoTracker Green FM ThermoFisher Scientific Cat# M7514

Thiazine Red Sigma-Aldrich Cat# S570435-1G

TMRM (tetramethyl-rhodamine methyl ester) ThermoFisher Scientific Cat# T668

BODIPY 493/503 (4,4-Difluoro-1,3,5,7,8-

Pentamethyl4-Bora-3a,4a-Diaza-s-Indacen)

ThermoFisher Scientific Cat# D3922

LysoTracker Deep Red ThermoFisher Scientific Cat# L12492

Seahorse XF Plasma Membrane Permeabilizer Agilent Cat# 102504-100

Sodium Acetate (1-13C, 99%) Cambridge Isotome Laboratories Cat# 23424-28-4

Beta-Amyloid Anaspec Cat# AS-20276

RapiGest SF Surfactant Waters Cat# 186002122

HQ SILVER Nanoprobes Cat# 2012

SuperSignal Western Blot ThermoFisher Scientific Cat# A43841

Sodium acetate (1,2-13C2, 99%) Cambridge Isotope Laboratories Cat# CLM-440-1

Critical commercial assays

Acetate V2 Bio Roche Cat# 07395442001

PicoPure RNA Isolation Kit ThermoFisher Scientific Cat# KIT0204

SMARTer v4 Ultra Low Input

RNA Kit for Sequencing

Clontech Laboratories Cat# 634893
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Illumina TruSeq SR Cluster Kit v3 Illumina Cat# GD-401-3001

KAPA Library Quantification Kit Roche Cat# 07960140001

TruSeq SBS Kit v3-HS Illumina Cat# FC-401-3001

Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-1024

High-Capacity RNA-to-cDNA Kit ThermoFisher Scientific Cat# 4387406

True MicroChIP-seq Kit Diagenode Cat# C01010132

Deproteinizing Sample Preparation Kit – TCA Abcam Cat# ab204708

Oxaloacetate Assay Kit Abcam Cat# ab83428

Deposited data

RNA- and ChIP-sequencing data This paper GEO: GSE184881

Proteome data This paper MassIVE (PXD028459)

Experimental models: Organisms/strains

Mouse: C57BL/6J GF University Hospital

Bern, Switzerland

N/A

Mouse: C57BL/6J SPF Janvier labs, France N/A

5xFAD inhouse breeding

(CEMT, Freiburg, Germany)

N/A

Software and algorithms

FlowJo software TreeStar https://www.flowjo.com/

IMARIS software Bitplane https://imaris.oxinst.com

BZII-Analyzer Keyence N/A

GraphPad Prism 5 GraphPad N/A

Image Lab Software Version 5.0 Bio-Rad N/A

Ingenuity Pathway Analysis QIAGEN N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Marco

Prinz, marco.prinz@uniklinik-freiburg.de.

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-, ChIP-seq and proteomics data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table. Any additional information required to reanalyze the data reported in this paper is avail-

able from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Conventional SPF housed wildtype (WT) mice on C57BL/6 background were purchased from Janvier labs (Saint Berthevin, France).

Germ-free WTmice were obtained from the Clean Mouse Facility (Bern, Switzerland). WTmice (mixed sex) were used at 6–12 weeks

of age. 5xFAD mice were housed under SPF conditions at CEMT (Freiburg, Germany) and under GF conditions at Clean Mouse Fa-

cility (Bern, Switzerland). Male 5xFAD mice on C57BL/6 background and negative litters were used at an age of 16 weeks. For treat-

ment with short-chain fatty acids (SCFA), either sodium acetate (150mM), sodium propionate (150mM), sodium butyrate (100mM) or

a SCFAmix (67.5 mM acetate, 40mMButyrate, 25.9 mMPropionate) (Sigma-Aldrich, Taufkirchen, Germany) were added to drinking

water as described previously (Erny et al., 2015; Smith et al., 2013). Under steady-state conditions, mice were treated with SCFA for

four weeks prior to analysis. 5xFAD mice and WT controls were treated for 8 weeks with acetate prior to analysis. Sodium matched

water was applied to control mice. Water solutions were prepared and changed weekly. In order to deplete gut microbiota, C57BL/6

mice were treated orally via drinking water with a mixture of antibiotics (ABX), containing 1 mg/mL vancomycin (Hexal), 1 mg/mL
e2 Cell Metabolism 33, 2260–2276.e1–e7, November 2, 2021

mailto:marco.prinz@uniklinik-freiburg.de
https://www.flowjo.com/
https://imaris.oxinst.com


ll
Article
cefoxitin (Santa Cruz Biotechnology), 1mg/mL gentamicin (Sigma-Aldrich) and 1mg/mLmetronidazol (Sigma-Aldrich) for 4 weeks as

described previously (Erny et al., 2015). To study the impact of postnatal recolonization, GF mice were cohoused with adult female

SPF-donors upon birth in individually ventilated cages (IVC) cages. Mice with a stable defined moderately diverse mouse microbiota

(sDMDMm2) (Uchimura et al., 2016), also known as Oligo-MM12 (Garzetti et al., 2017) were obtained from Andrew Macpherson and

Mercedes Gomez de Aguero (DBMR, Bern, Switzerland). All animal experiments were approved by the Ministry for Nature, Environ-

ment and Consumers‘ Protection of the state of Baden-W€urttemberg and were performed in accordance to the respective national,

federal and institutional regulations (G19–02, G19-148 and X16-04A).

METHOD DETAILS

Histology
Histology was performed as described recently (Erny et al., 2015). Brains were removed and fixed in 4% phosphate-buffered

formalin. Brain tissue was dissected and parasagittal sections were embedded in paraffin before staining with Iba1 (Wako, Osaka,

Japan) for microglia. At least 3-4 parasagittal brain sections per mouse were evaluated using Bresser MikroCamLabII (Bresser,

Rhede, Germany).

For immunofluorescence labeling 25 mm coronal cryo sections from adult brain tissue were prepared and incubated free-floating

first with anti-Iba1 antibody (Wako, Osaka, Japan) for 24 h (dilution 1:500 at 4�C).Subsequently Alexa Fluor-488-conjugated second-

ary antibody (Life technologies, Darmstadt, Germany) was added at a dilution of 1:500 for 24 h at 4�C. Nuclei were counterstained

with 4,6-diamidino-2-phenylindole (DAPI). 2 mM Thiazine red was applied for 5min at room temperature. Every tenth sections from

ventral to dorsal hippocampus per individual mouse were examined. Images were taken with BZ-9000 Biorevo microscope (Key-

ence, Neu-Isenburg, Germany) and the number of Iba1-positive cells and TR-positive plaques were determined using BZ-II Analyzer

(Keyence, Neu-Isenburg, Germany).

3-D reconstruction of microglia
30 mm parasagittal cryo sections from adult brain tissue were stained with anti-Iba1 (Wako, Osaka, Japan) for 48 h (dilution 1:500 at

4�C), followed by Alexa Fluor 568–conjugated secondary antibody (Life technologies, Darmstadt, Germany) staining, which was

added at a dilution of 1:500 overnight at 4�C. Nuclei were counterstained with DAPI. Imaging was performed on anOlympus Fluoview

1000 confocal laser scanning microscope (Olympus, Hamburg, Germany) using a 20 3 0.95 NA objective. Z stacks were done with

1.14-mm steps in z direction, 1,024 3 1,024 pixel resolution were recorded and analyzed using IMARIS software (Bitplane, Zurich,

Switzerland). At least three cortical cells were reconstructed per mouse.

For the 3-D reconstruction of microglial mitochondria 25 mm coronal cryo sections from adult brain tissue were stained with anti-

Iba1 (Synaptic systems, Göttingen, Germany) at a dilution of 1:500 and anti-Tomm20 antibody (Abcam, Cambridge, UK) at a dilution

of 1:100 for 48 h at 4�C followed by Alexa Fluor 568- and 647-conjugated secondary antibody (Life technologies, Darmstadt,

Germany) staining, which was added at a dilution of 1:500 overnight at 4�C. Nuclei were counterstained with DAPI. Imaging was per-

formed on an Leica SP8 confocal laser scanningmicroscope (Leica,Wetzlar, Germany) using a 633 0.95NA objective. Z stackswere

done with system optimized steps in z direction, 1,0243 1,024 pixel resolution were recorded and analyzed using IMARIS software

(Bitplane, Zurich, Switzerland). At least three cortical cells were reconstructed per mouse.

Microglia isolation and flow cytometry
Adult microglia were harvested using density gradient separation and were prepared as described before with slight modifications

(Erny et al., 2015). In short, cells were stained with primary antibodies directed against CD11b, CD45, and F4/80 (eBioscience, San

Diego, USA) at 4�C for 15 min. Viable single microglia cells were washed and analyzed using a BD FACS Canto or LSRFortessa

(Becton Dickinson, Heidelberg, Germany) were sorted with a MoFlo Astrios (Beckman Coulter, Krefeld, Germany) or BD

FACSAria III (Becton Dickinson, Heidelberg, Germany) and further processed. Data were acquired with FACSdiva software (Becton

Dickinson, Heidelberg, Germany) and were analyzed by using FlowJo software (Tree Star, Ashland, USA).

Metabolic assays
Mitochondrial mass, mitochondrial membrane potential (Dcm) and cellular ROS were measured by incubating at 37�C for 30 min in

FACS buffer with 20 nM MitoTracker Green FM (ThermoFisher), 50 nM Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM)

(ThermoFisher) and 5 mM CellROX Deep Red (ThermoFisher), respectively. Mitochondria ROS was determined by incubating at

37�Cwith 5 mMMitoSox (ThermoFisher) for 10min in HBSS. Lipid accumulation and lysosomal content were evaluated by incubating

in 37�C with 1 mM Bodipy 493/503 (ThermoFisher) for 5 min in PBS and 50 nM LysoTracker DeepRed for 30min in FACS buffer.

Glucose uptake was measured by incubating at 37�C with 100 mM 2NBDG (ThermoFisher) for 30 min.

Real timemeasurement of electron transport chain (ETC) complex activity of microglia was performed as described previously (Sa-

nin et al., 2018) with minor modifications. In brief, cells were stained with the Fixable Viability Dye eFluor 780 (eBioscience), CD11b

and CD45 followed by an incubation at 37�C with 20 nM MitoTracker Green FM and 50 nM TMRM for 30 min. Prior to recording the

cells were resuspended in MAS-BSA buffer (220 mM mannitol, 70 mM sucrose, 10mM KH2PO4, 5mM MgCl2, 2mM HEPES, 1mM

EDTA and 0.2% (w/v) bovine serum albumin) as described before (Salabei et al., 2014) with the addition of 50 nM TMRM, 1 nMAgilent

Seahorse XF Plasma Membrane Permeabilizer (Agilent) and 1 mM adenosine diphosphate (Sigma-Aldrich). The samples
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were measured using a BD FACS Canto and a custom-made sample holder to maintain the temperature at 37�C. The TMRM

intensity was recorded while the cells were sequentially treated with 1 mM rotenone (Sigma), 10 mM sodium succinate (Sigma),

20 mM antimycin A (Sigma) or with 5 mM pyruvate/ 2.5mMmalate (Sigma), 1 mM carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-

zone (FCCP) or with 1 mM rotenone, oxaloacetatic acid (OAA) (concentration as indicated, pH corrected) (Sigma), 10 mM sodium

succinate. The data were analyzed using FlowJo software (FlowJo).

Real-time ECAR and OCR measurements were made with an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience). 3 3 105

sorted microglia, or 1.5 3 105 sorted peritoneal macrophages, were plated into each well of Seahorse X96 cell culture microplates

(coated with poly-L-lysine) and preincubated at 37 �C for a minimum of 45 min in the absence of CO2 in unbuffered RPMI with 1 mM

pyruvate, 2 mM L-glutamine and 25 mM glucose for the mitochondrial stress test, with pH adjusted to 7.4. OCR and ECAR were

measured under basal conditions and after the addition of the following compounds: 1 mM oligomycin (Sigma), 1.5 mM FCCP,

100 nM rotenone /1 mM antimycin as indicated. For the glycolysis stress test, the ECAR and OCR were measured under basal

conditions and after the sequential treatment with: 10 mM glucose, 1 mM oligomycin, 50 mM 2-deoxyglucose (2-DG) as indicated.

Results were collected with Wave software version 2.4 (Agilent).

Short chain fatty acid (SCFA) quantification
To measure the amount of SCFA in the tissue, 200 mg of snap frozen tissue or 50 mL of serum was homogenized in 500 mL of cold

(4�C) MS grade H2O and centrifuged at 10.000 G for 5 min. The supernatant was collected, aliquoted in 100 mL aliquots and stored in

�80 freezer. 100 mL of supernatant was used for SCFAmeasurements by LC-MS using the Agilent 6495 Triple QuadQQQ-MSwith 3-

nitrophenylhydrazine derivatization as described previously (Jin et al., 2018), with minor modifications. Peak areas were identified

based on standards for each SCFA and calculated using MassHunter (Agilent).

In order to quantify the concentration acetate (C2, 59), propionate (C3, 73), and butyrate (and isobutyrate, C4, 87), in SPF, GF and

sDMDMm2 mice 10 mL of each mouse blood serum sample was transferred to four eppis. Afterward 90 mL of ACN was added with

serial dilution (4 levels) of standards.
L1 L2 L3 L4

C2/(mg/mL) 0 0.002 0.004 0.006

C3/(mg/mL) 0 0.0002 0.0004 0.0006

C4/(mg/mL) 0 0.0005 0.001 0.0015

C5/% 0 0.000025% 0.00005% 0.000075%
The samples were centrifuged at 20000 g for 10min at 4�C. 50 mL of each sample was transferred for HPLC-QTOF analysis. 2 mL of

each sample was injected. Each sample was analyzed two times and average value was used to build the regression line and calcu-

late the concentration.

Standard addition method: (one point calculation)

CðunknownÞ
CðunknownÞ+CðstandardÞ =

SignalðunknownÞ
Signalðunknown+ standardÞ

Regression: (using more points)

y = ax+b
C(unknown) = b/a

In vivo and in vitro 13C-acetate tracing
0.1 g 13C-acetate (Cambridge Isotope Laboratories) diluted in 200 ml 0,9%NaCl was applied via oral gavage, as previously described

(Kindt et al., 2018). After an incubation time of 6 or 12 h. 13C incorporation in the metabolites of the different tissues and serum were

measured by GS-MS (Qiu et al., 2019). The tissue samples were weighted before further processing. The samples were extracted

with pre-cooled (�80�C) GC-MS extraction solution (80:20 Methanol: Milli-Q H2O, 1 mg/mL norvaline, 1 mg/mL adipic acid) and

the extracts were dried in a speed-vac (Genevac EZ-2 Plus). The 13C-labeled metabolites were detected by GC-MS. For the serum

samples, 50 ml were used to extract the metabolites with the same protocol.

Primary glial cultured were generated as described previously with slight modifications (Raasch et al., 2011). For each sample,

primary astrocytes, neurons and microglia were seeded in duplicates at cells density of 5x105 cell density and incubated with

5 mM 13C-acetate and/or 2 mMamyloid beta (Anaspac, Fremont, USA) for 6 h. respectively. Acetate concentration in the supernatant

was measured using the Acetate V2 Bio kit (Roche) and recorded by a Cedex Bio Analyzer (Roche). Metabolites from 1x106 13C-ac-

etate treated cells per sample (pooled duplicates) were extracted with pre-cooled (�80�C) GCMS extraction solution (80:20
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Methanol:Milli-Q H2O, 1 mg/mL norvaline, 1 mg/mL adipic acid) and the extracts were dried in a speed-vac (Genevac EZ-2 Plus). The
13C-labeled metabolites were detected using gas chromatography-mass spectrometry (GC-MS) (Agilent 5977). Correction for nat-

ural isotope abundance and calculation of fractional contribution was performed as described elsewhere (Buescher et al., 2015).

RNA-sequencing
Total RNA was extracted from FACS sorted viable CD11b+CD45lowDUMP- microglia cells using The ARCTURUS PicoPure RNA

Isolation Kit (ThermoFisher) according to manufacturer’s protocol. The SMARTer Ultra Low Input RNA Kit for Sequencing v4 (Clon-

tech Laboratories, Mountain View, CA, USA) was used to generate first strand cDNA from 500 to 750 pg total-RNA. Double stranded

cDNA was amplified by LD PCR (11 cycles) and purified via magnetic bead clean-up. Library preparation was carried out as

described in the Illumina Nextera XT Sample Preparation Guide (Illumina, San Diego, CA, USA). One-hundered and fifty pg of input

cDNA were tagmented (tagged and fragmented) by the Nextera XT transposome. The products were purified and amplified via a

limited-cycle PCR program to generate multiplexed sequencing libraries. For the PCR step 1:5 dilutions of index 1 (i7) and index

2 (i5) primers were used. The libraries were quantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit (Kapa

Biosystems, Woburn, MA, USA). Equimolar amounts of each library were pooled, and the pools were used for cluster generation

on the cBot with the Illumina TruSeq SR Cluster Kit v3. The sequencing run was performed on a HiSeq 1000 instrument using the

indexed, 50 cycles single-read (SR) protocol and the TruSeq SBS v3 Reagents according to the Illumina HiSeq 1000 System User

Guide. Image analysis and base calling resulted in BCL files, which were converted into FATSQ files with the CASAVA1.8.2 software.

Library preparation and RNaseq were performed at the Genomics Core Facility ‘‘KFB - Center of Excellence for Fluorescent

Bioanalytics’’ (University of Regensburg, Regensburg, Germany).

Fastq files were quality controlled using FastQC (Andrews, 2019) and reads were mapped to the GRCm38 mouse genome using

the Star aligner (Dobin et al., 2013). Read counts were obtained using the featureCounts program (Liao et al., 2014) in conjunctionwith

theGencode transcriptome versionM21 (Frankish et al., 2019). Differential gene expression analysis was performed using the limma/

voomWithQualityWeights pipeline in R (Law et al., 2014; Liu et al., 2015). Venn diagram was generated by using previously published

tools (Heberle et al., 2015). Heatmaps were generated using the package pheatmap (Raivo, 2019). Pathway analysis was performed

using Ingenuity Pathway Analysis (IPA, QIAGEN).

Gene expression analysis
FACS-sorted microglial cell populations or cultured primary microglia were collected directly in cell lysis buffer and subsequently

RNA was isolated with the Arcturus Pico Pure RNA Isolation Kit (Life Technologies, Darmstadt, Germany) according to the manufac-

turer’s protocol. Reverse transcription and real-time PCR analysis were performed using high capacity RNA-to-cDNA-Kit and Gene

ExpressionMasterMix reagents (Applied Biosystems, Darmstadt, Germany) according to themanufacturer’s recommendations. RT-

PCRs were analyzed with a LightCycler 480 (Roche, Darmstadt, Germany). For gene expression analysis, we used the following

TaqMan Gene Expression Assays: b-Actin (Mm01205647_g1), Ddit4 (Mm00512504_g1), Cxcl10 (Mm 99999072_m1), Ccl5 (Mm

01302427_m1) and Relb (Mm 00485664_m1).

ChIP sequencing and qPCR
ChIP-sequencing was performed as described before (Datta et al., 2018). In brief, microglia were isolated as described above, how-

ever prior to antibody labeling for FACS isolation, cells were fixed in 1% formaldehyde in PBS for 10 min at room temperature, fol-

lowed by incubation with 125 mM Tris buffer at pH 7.5 for 10 min at room temperature. FACS-isolated cells were resuspended in cell

lysis buffer (10 mM Tris pH 8.0, 10 mM NaCl, 0.2% NP40, 1x complete protease inhibitor (Sigma Aldrich)), nuclei were pelleted

through centrifugation and resuspended in nuclei lysis buffer (50 mM Tris pH 8.1, 10 mM EDTA, 1% SDS, 1x complete protease in-

hibitor). Chromatin was sheared using aCovarisM220System. Further chromatin IPwas using the TrueMicroChIP Kit (Diagenode) as

per the manufacturer’s protocol. Sequencing library preparation was performed using the KAPA Library Preparation Kit with Real-

time PCR Library Amplification for Illumina Platforms Kit (Kapa Biosystems) as per the manufacturer’s protocol. The Sequencing

runs were performed on an Illumina HiSeq 2000 System as 50 bp paired end runs. Fastq files were quality controlled using FastQC

and mapped to the GRCm38 mouse genome using the Star aligner. Duplicate reads were removed using Picard tools (http://

broadinstitute.github.io/picard). Peak calling for replicate experiments was subsequently carried out using diffReps (Shen et al.,

2013). Visualization was performed on Bigwig files generated using the DeepTools BAM Coverage script (Ramı́rez et al., 2014)

and the Integrative Genome Viewer (IGV) (Robinson et al., 2011).

For ChIP-qPCR microglia were isolated and antibody labeled as described above. Prior chromatin IP, an aliquot of �10% of each

sample was preserved as input DNA sample. Consecutively, qPCR forCxcl10, P2ry12, Isg15, Apoe, Pgam, Pgk1, Echs1, Eno3, Actb,

Gapdh and Des1was performed to IP and input DNA samples. Percentage of histone modified DNAwas calculated using input DNA

values as reference.

Primers:

PGK1-f TGCCAAAATGTCGCTTTCCA

PGK1-r AGCCTTAACCTCCAAACCCA

PGAM1-f CTAAAGAGGAAGCGCGGC

PGAM1-r ATCTTTCCACTCGCTCGACA
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ENO3-f GGGTGGCTTGGAGATAAATGC

ENO3-r TCCTGCACACCATGTAACCT

P2RY12-f TTACCTTGCACTGTGACCCT

P2RY12-r AGCTGCAAATTGGACTGGTG

APOE-f TGTCTTACCAGCTCCTTCCG

APOE-r ACTCCACCTCTTTCCTCTGC

ISG15-f TGAAACCCATCTGCCTCTGT

ISG15-r TCTTCACACCCACAGCTCAT

CXCL10-f CAGAAAATGACGGCAGCACT

CXCL10-r CAATGCCCTCGGTTTACAGG

GAPDH-f CTCCTGGCTTCTGTCTTTGG

GAPDH-r TGGCGTAGCAATCTCCTTTT

ACTB-f ACTGCCCCATTCAATGTCTC

ACTB-r GATGCTGACCCTCATCCACT

Des1-f TGTTCTGACCCTTACACCAGTC

Des1-r TGTGTGTGCTGACCTTTAGC
Metabolic profiling
Non-targeted and targeted metabolic profiling was performed by Daniel Stößel at Metabolic Discoveries, Potsdam, Germany as pre-

viously described with slight modifications (Stoessel et al., 2018). Microglia from two individual brains were pooled to one sample.

Non-targeted Metabolite Profiling: Non-targeted Metabolite Profiling comprises analyses by LC-QTOF/MS and GC/MS. Using these

methodologies metabolites can be analyzed in the range of 50 - 1700 Da with an accuracy up to 1-2 ppm and a resolution of mass/

Dmass = 40.000. Metabolites measured in the LC are annotated according to their accurate mass, retention time and sum formula

prediction/matching. Metabolite profiles were further explored by the bioinformatics platform. Unknown features are reported by

their neutral mass and retention time (mass@RT). TargetedMetabolite analysis: The optimizedmethod allows the unambiguous char-

acterization and relative quantification of the requested metabolites by comparison with authentic standards. Metabolite analysis by

LC–tandem mass spectrometry was performed using a LCMS-8050 by Shimadzu triple quadrupole mass spectrometer equipped

with an electrospray ionization (ESI) source and operated in multiple reaction mode (MRM). Principal Component analysis (PCA)

and clustering methods: PCA was calculated to illustrate the biggest variances between the different sample groups. Heatmap

and fold change plot: Heatmaps are used to visualize differences between sample groups where each individual scaled value is con-

tained in a matrix and represented by a specific value dependent color. Metabolites depicted in a Heatmap are listed by hierarchical

clustering. Fold change plots visualize the degree of difference between the analyzed sample groups for each single metabolite. The

degree of change is also be presented by value dependent color schemes. Statistical Significance Analysis: All normalized values of

the peak intensities for all identified masses are listed in the Tables S12 and S13 including results of the significance test which was

determined by using a unpairedWelsch‘s t test with a p value% 0.01 after p value correction by using false discovery rate adjustment

(Benjamini and Hochberg, 1995).

Oxaloacetic acid measurement
Oxaloacetic acid assay was performed using Oxaloacetate Assay Kit (Abcam, ab83428) following the manufacturer’s recommenda-

tions. FACS-isolated microglia were pooled from 5 individual mice to obtain �1,4 million cells per sample. Prior the assay samples

were deproteinized using Deproteinizing Sample Preparation Kit - TCA (Abcam, ab204708).

Proteomics
Four replicates of isolated microglia from SPF mice were compared to five replicates of isolated microglia of GF mice in a labelfree

proteome comparison. Each replicate consisted of 800000microglia isolated from fourmice (200000 cells / mouse). The pooledmicro-

glia were lysed in 0.1% RapiGest (Waters, Milford, MA), 0.1 M HEPES pH 8.0 (AppliChem, Darmstadt, Germany) and protease inhib-

itors: 10 mM trans-epoxysuccinyl-l-leucylamido (4-guanidino)butane (E-64), 10 mM E64d, 10 mM phenylmethanesulfonyl fluoride

(PMSF), 5 mM ethylenediaminetetraacetic acid (EDTA). Briefly, samples were sonicated using a Bioruptor device (Diagenode, Liège,

Belgium), proteins were reduced using 5 mM dithiothreitol (DTT) (AppliChem, Darmstadt, Germany), alkylated using 15 mM 2-iodoa-

cetamide and digested using sequencing grade trypsin (Worthington, 1:25 enzyme:protein ratio). After removal of RapiGest, samples

were desalted by C18 solid phase extraction (HyperSep, Thermo). One ug of peptides were analyzed on a Q-Exactive Plusmass spec-

trometer (ThermoScientific, San Jose,CA) coupled to anEASY-nLCTM1000UHPLCsystem (ThermoScientific). The analytical column

was self-packed with silica beads coated with C18 (Reprosil Pur C18-AQ, d = 3 Â) (Dr. Maisch HPLC GmbH, Ammerbusch, Germany).

For peptide separation, a linear gradient of increasing buffer B (0.1% formic acid in 80%acetonitrile, Fluka) was applied, ranging from 5

to 40% buffer B over the first 90 min and from 40 to 100% buffer B in the subsequent 30 min (120 min separating gradient length).

Peptides were analyzed in data dependent acquisition mode (DDA). Survey scans were performed at 70,000 resolution, an AGC target

of 3e6 and a maximum injection time of 50 ms followed by targeting the top 10 precursor ions for fragmentation scans at 17,500 res-

olution with 1.6 m/z isolation windows, an NCE of 30 and an dynamic exclusion time of 35 s. For all MS2 scans the intensity threshold
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was set to 1.3e5, the AGC to 1e4 and themaximum injection time to 80ms. Datawere analyzedwithMaxQuant (v 1.6.14.0) allowing two

missed cleavage sites, no variable modifications, carbamidomethylation of cysteines as fixedmodification, using label free quantifica-

tion (LFQ), and match between runs (MBR) set to activated. The Mouse-EBI-reference database was downloaded from https://www.

ebi.ac.uk/ on Feb 4th 2020. Only unique peptides were used for quantification. Data were normalized with MSstats.

Electron microscopy
Following standard EM protocols, samples were first fixed overnight in 3% glutaraldehyde at 4�C, washed with Sörensen buffer and

then transferred to 1%osmium tetroxide for 2 h. at room temperature. After washing samples with aqua bidest, theywere dehydrated

by a graded series of ethanol (30%–100%) followed by 100%propylene oxide (PO), resin/PO [1:2 (v/v)], and resin/PO [2:1 (v/v)]. Sam-

ples were embedded in resin via polymerization for 24 h at 75�C. 700 nm semi-thin sections were cut and stained with 2% toluidine

blue to define the region of interest for further preparation of 70 nm ultra-thin sections using an ultramicrotome (Leica Reichert Ultra-

chut S). After contrasting the sections with uranyl acetate and lead citrate (Leica Reichert Ultrostainer) following standard protocols,

images for were taken at 79003 or 46000x magnifications using CM100 Electron Microscope (Philips). Images were analyzed using

Photoshop (Adobe) and iTEM Software (Olympus). For immunogold labeling of Iba1 and PU.1 samples were fixed in 0.1% glutaral-

dehyde and 4%PFA (in phosphate buffer, 0.1M) for at least 3 h. 50 mmsections were prepared using a Leica VT1000S vibratome and

sections were consecutively incubated with rabbit anti-Iba1 (1:50) or rabbit anti-PU.1 (1:50) in 2% NGS (v/v) containing TBS (Tris-

buffered saline; 50 mM)) at 4�C overnight. Sections were washed for 1 h in TBS (50 mM) and incubated with secondary goat anti-

rabbit antibodies (Nanoprobes, #2004; 1.4 nMgold coupled, 1:100 dilution in 2%NGS (v/v) containing TBS (50mM)) at 4�Covernight.

After washing for 30 min in TBS (50 mM), sections were postfixed in 1% (w/v) glutaraldehyde containing PBS (25 mM) for 10 min.

Sections were washed again and a silver intensification (HQ Silver Enhancement Kit, Nanoprobes, #2012) was performed according

to the manufacturer’s instruction. Slices were incubated with 0.5% osmium tetroxide for 40 min, washed in graded ethanol (up to

60% (v/v)) for 10 min each and incubated with uranylacetate (1% (w/v) in 70% (v/v) ethanol) for 35 min. Slices were then dehydrated

in graded ethanol (80%, 90%, 95%, 2x 100% for 10 min). Two washing steps in propylenoxide for 5 min each were performed before

incubation with durcupan/propylenoxide (1:1 for 1 h) and consecutive transfer to durcupan overnight at room temperature. Slices

were embedded in durcupan and ultrathin sectioning (60 nm) was performed using a Leica UC6 Ultracut. Images were taken with

a TEM LEO 906 (Zeiss) equipped with a Sharp-Exe 2k camera and processed with Image SP (Tröndle, Germany). Up to 50 cells

per individual mouse were analyzed.

Western blot
Adult microglia were isolated from the entire brain by performing fluorescent-activated cell sorting (FACS). Total protein from 200.000

FACS-sorted cells were extracted in RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,

0.1% SDS, pH 7.5). Samples were separated by using Novex system. Immunoblots were blocked in 5% milk in 1xTBST for 1 h at

room temperature, followed by incubation with primary antibodies directed against SDHA and VDAC (1:1000 in 2.5%BSA in 1xTBST,

Cell Signaling) overnight at 4�C. Blots were washed 3x in 1xTBST and subsequently incubated with HRP-linked secondary antibody

for 1 h at RT (1:2000, Cell Signaling). HRP-linked b-ACTIN (1:5000, Abcam) was used as loading control. SuperSignal West Femto

Maximum Sensitivity Substrate ECL (ThermoFisher) was used for protein detection and immunoblots were imaged in a Gel Imaging

Systems ChemiDoc XRS (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad Software, Version 5.0, La Jolla, USA). All data were tested for

normality applying the Shapiro-Wilk normality test. If normality was given, an unpaired t test, one-way ANOVA followed by Tukey’s

post hoc comparison test or two-way ANOVA followed by Tukey’s post hoc comparison test was applied respectively. Differences

were considered significant when p value < 0.05 and marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Each symbol repre-

sents one mouse. Means ± SEM are shown. To obtain unbiased data, experimental mice were all processed together and cell quan-

tifications were performed blinded by two scientists independently and separately.
Cell Metabolism 33, 2260–2276.e1–e7, November 2, 2021 e7

https://www.ebi.ac.uk/
https://www.ebi.ac.uk/

	Microbiota-derived acetate enables the metabolic fitness of the brain innate immune system during health and disease
	Introduction
	Results
	Enhanced H3K4me3 and H3K9ac of metabolic microglial genes in the absence of commensal bacteria
	Changed microglial metabolic profiles in the absence of host microbiota
	Host microbiota control functionality of complex II of the respiratory chain during homeostasis
	Bacteria-derived acetate restores diminished microglia fitness during steady state
	Acetate alone modulates microglial functions during neurodegeneration

	Discussion
	Limitations of study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice

	Method details
	Histology
	3-D reconstruction of microglia
	Microglia isolation and flow cytometry
	Metabolic assays
	Short chain fatty acid (SCFA) quantification
	In vivo and in vitro 13C-acetate tracing
	RNA-sequencing
	Gene expression analysis
	ChIP sequencing and qPCR
	Metabolic profiling
	Oxaloacetic acid measurement
	Proteomics
	Electron microscopy
	Western blot

	Quantification and statistical analysis
	Statistical analysis




