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In recent years, microglia have been extensively studied in physio-
logical and pathological brain aging1. During normal brain aging, 
microglia display a distinct transcriptional profile that, in many 

ways, strides toward neurodegeneration2. At the same time, microg-
lia in the aged human brain have been defined as dystrophic; this 
is characterized by morphological changes and reduced tissue sup-
port3. Age-related changes in microglia homeostasis are not solely 
intrinsic but are also mediated through bidirectional interaction 
between the CNS and the peripheral environment. The importance 
of such a link is increasingly recognized and seems to be mediated 
by various systemic factors, such as the gut microbiota, which sig-
nals along the microbiota–gut–brain axis4. The gut microbiota is a 
key mediator in the communication between the gut and the brain 
by regulating microglial function and maturation5–7. A dysregula-
tion of this communication may be critical in mediating age-related 
decline in microglial physiology8,9. An important point in this con-
text is the substantial change in the composition of the intestinal 
microbiota with aging in humans10,11 and mice12. These age-related 
changes might shift the microbial metabolome or alter intestinal 
permeability, which would increase the blood concentrations of 
gut-derived metabolites. Indeed, heterochronic microbiota trans-
plantation in mice has been shown to reverse age-related cognitive 
decline13,14, with alterations in expression of microglial genes in the 

hippocampus13. While metabolites from the gut are known to reach 
the brain15, their specific influence on microglial aging is elusive.

In this study, we describe a cross-sectional framework for 
the communication between the gut microbiota and the brain in 
young-adult and aged mice. Specific transcriptional profiles provide 
new insights into how the gut microbiota influences the homeosta-
sis of microglia in the aging brain. Molecular phenotyping at the 
metabolite level identified CML, a major advanced glycation end 
product (AGE), as a key compound responsible for age-related 
microglial dysfunction.

Results
The gut microbiota alters the microglial transcriptomic profile 
in aging. A higher microglial cell density was reported with aging 
in the brain cortex16. We confirmed the increased microglial cell 
density in the cortex of specific pathogen-free (SPF) and germ-free 
(GF) animals between young-adult and aged mice (Extended 
Data Fig. 1a,b) but found no difference between aged SPF and 
GF mice (Extended Data Fig. 1a,b). One of the most prominent 
and first identified features of aging microglia is their change in 
morphology3. These morphological alterations include cytoplas-
mic beading formation and shortened processes. To determine 
the potential morphological changes in microglia of SPF and 
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GF mice, we performed quantitative morphometric reconstruc-
tion. The microglia of SPF mice displayed a notable reduction in 
total branch area, total branch length and the number of branch 
points, together with an increase in cell body volume (Extended 
Data Fig. 1c–g). Cell body sphericity was not altered between the 
groups (Extended Data Fig. 1h). From these data, it was evident 
that age had a profound effect on microglial morphology in SPF 
mice while microglia were unaltered and hyper-ramified under 
GF conditions.

To further evaluate the microbiota-dependent alterations of 
microglial physiology in the aging brain, we performed RNA 
sequencing (RNA-seq) on fluorescence-activated cell sort-
ing (FACS)-purified microglia (Extended Data Figs. 2a and 3a) 
from the whole brains of young-adult (6–10-week-old) and aged 
(96–104-week-old) male and female mice, housed under GF or 
SPF conditions (Fig. 1a, Extended Data Fig. 3b and Supplementary 
Tables 1–3). Principal component analysis (PCA) highlighted dis-
tinct gene expression profiles of microglia in GF and SPF mice across 
both age groups (Fig. 1b). Interestingly, the transcriptomic differ-
ences between microglia isolated from GF and SPF mice were more 
prominent at older ages (Fig. 1c). Remarkably, when compared to 
microglia from SPF mice, an age-independent gene expression pat-
tern emerged in the microglia of GF mice (microglial GF signature), 
which included genes related to the cytoskeleton (for example, Sdc3, 
Sult1a1 and Tuba4a) and immune function (for example, Ctse, 
Ero1lb, Htra3, Kcnma1, Notch4, Nr1d2, Rab4a and Wdfy1) (Fig. 1d 
and Supplementary Table 4). Moreover, the microglial GF signature 
contained genes associated with the regulation of mitochondrial 
function (for example, B4galnt1, Gpr137b, Gstm1, Mcur1, Mtfp1, 
Nnt and Plcd3), which suggests a capacity of the microbiota to regu-
late the metabolic profile of microglia (Fig. 1d and Supplementary 
Table 4). Next, we characterized the functional changes in gene 
expression in microglia with regard to age and microbiota using 
a weighted gene coexpression network analysis (WGCNA)17  
(Fig. 1e,f and Extended Data Fig. 3c). Genes that significantly (Wald 
Padj < 0.05) explained more than 50% of the variance were binned 
into module eigengenes (MEs) based on their coexpression pat-
tern. In line with previous reports18, on comparing the young-adult 
groups under SPF or GF housing, we observed minor differences in 
the gene networks associated with immune function and epigenetic 
regulation—ME1, ME5, ME6 and ME7, respectively. Two modules 
stood out in each age group. ME1 and ME4 in the aged SPF group 
included genes related to processes like mitochondrial metabolism 
and lipid localization, while ME2 and ME6 in the aged GF group 
included genes that regulate the immune response, histone lysine 
methylation and cell morphogenesis (Extended Data Fig. 3d).

We next examined the microbiota’s contribution to the 
age-related MEs. WGCNA revealed that microglia from aged GF 
mice followed the general aging trend in SPF mice, but with lower 
magnitude (Fig. 1e,f), and clustered closer to the young-adult 
groups (Extended Data Fig. 3b). For example, genes in ME1 and 
ME8 associated with immune response (for example, Axl, Crlf2, 
Tnfsf8, Tnfsf10, Ccl12, Fgr, Il1b, Il6st, Spp1 and Tlr2), interferon sig-
naling (for example, Cxcl10/8, Ifi207, Ifit2/8 and Stat1), inflamma-
tory response (for example, Cd180, Ldlr, S100a8 and S100a9) and 
microglial cell migration (for example, Ccl12 and Cxcl10) showed a 
specific upregulation in the microglia of aged SPF mice, while hav-
ing negative or low correlation in both young-adult groups and aged 
GF mice (Fig. 2a and Extended Data Fig. 3c,d). Microglia showed 
evident alterations in their transcriptomic profile with aging, with 
striking microbiota-dependent divergences.

Reduced oxidative stress in the microglia of aged GF mice. 
A key feature of cellular aging in microglia is increased oxida-
tive stress, which refers to elevated intracellular levels of reac-
tive oxygen species (ROS)19. In fact, on inspecting the pathways 

in the age-related modules, we found several connections to the 
regulation of oxidative stress in microglia that were dependent 
on the microbiota. Notably, ME1 and ME8 showed a strong cor-
relation in the aged SPF group, including mitochondrial meta-
bolic processes, hydrogen peroxide metabolic processes and ROS 
metabolic processes. ME2, which was highly enriched in aged GF 
mice, was associated with response to oxygen-containing com-
pounds (Figs. 1e,f and 2a). To confirm that the expression levels 
of microglial ROS-related genes were regulated by the age of the 
mice and housing condition, we selectively analyzed ROS-related 
genes in the age-related ME1, ME2 and ME8 (Fig. 2b). As hypoth-
esized, we found a specific upregulation of several immune acti-
vation and ROS-promoting genes, such as Cdkn1a, Cyba, Cybb, 
Duoxa1, Il1b, Tgfbr2, Tlr2, Tlr4 and Tlr5, and ROS response 
genes, such as Axl, Hif1a, Lcn2, Mmp2, Rela, Trex1, S100a8 and 
S100a9, only in the microglia of aged SPF mice (Fig. 2b). Genes in 
ME2, which included genes that regulate cellular ROS levels, such 
as Foxp1, Nrf1 and Trp53, and genes implicated in the regula-
tion of mitochondrial ROS, such as G6pdx, Pdk2, Stat3 and Ucp2, 
were less expressed in the microglia of aged SPF mice compared 
to age-matched GF mice (Fig. 2b). In addition to addressing the 
expression of ROS-related genes, we monitored ROS production 
in the microglia isolated from young-adult and aged SPF mice 
using the CellROX flow cytometry assay and found a significant 
elevation of ROS with increasing age, which was greatly reduced 
in aged GF mice (Fig. 2c). Activation of inducible nitric oxide 
synthase (iNOS) is directly linked to the generation of exces-
sive ROS20,21. Using immunohistochemistry (IHC), we observed 
an age-dependent increase in microglial iNOS expression  
under SPF conditions, but this increase was less pronounced in 
GF mice (Fig. 2d,e).

Next, we aimed to investigate how the increase in ROS might 
affect microglial function. Despite the lack of agreement on cause 
and effect, the accumulation of ROS in the aging brain is associ-
ated with mitochondrial damage and mitochondrial dysfunction22. 
Indeed, in ME3, ME5 and ME9, we found prominent changes in 
genes related to mitochondrial assembly, carbohydrate metabo-
lism and oxidative phosphorylation (Fig. 2f). Electron microscopy 
examination of microglial mitochondria revealed a substantially 
higher percentage of damaged mitochondria with less well-defined 
or even destroyed cristae in aged SPF mice relative to aged GF mice, 
with no change in mitochondrial mass or number per microglia 
(Fig. 2g,h and Extended Data Fig. 4a–c). Furthermore, the accu-
mulation of cellular ROS, which peaked in the microglia of aged 
SPF mice, can induce the expression of hypoxia inducible factor 1 
subunit Alpha (Hif1a). HIF1a is linked to ROS in pseudo-hypoxic 
states in the brain and can directly alter mitochondrial metabo-
lism23. Mitochondrial dysfunction in the aged brain leads to a meta-
bolic shift, which is associated with the exaggerated activation of 
microglia. Indeed, while young-adult mice showed similar Hif1a 
expression, RNA-seq and quantitative PCR with reverse transcrip-
tion (RT–qPCR) indicated higher Hif1a expression in the microglia 
from aged SPF mice than GF mice (Extended Data Fig. 4d,e). The 
efficiency of oxidative phosphorylation declines in cells of aged ani-
mals and leads to reduced ATP production24. The transmembrane 
potential (Δψm) of mitochondria is the major driver of ATP pro-
duction. To account for an increase in mitochondrial mass with age 
(Extended Data Fig. 4f,g), we plotted mitochondrial activity as the 
transmembrane potential of mitochondria relative to the mitochon-
drial mass. The mitochondrial activity showed an age-associated 
drop and a reduction in the intracellular ATP reservoir in SPF 
mice, both of which were less pronounced in the microglia of GF 
mice (Fig. 2i and Extended Data Figs. 2b and 4h). Our data indicate 
that the microbiota contributes to increased oxidative stress in the 
microglia of the aged brain, which is associated with direct damage 
to the mitochondria.
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Microbiota-dependent accumulation of CML with age. 
Considering the age-related changes in the microbiota, we sought 
to identify the metabolites involved in microglial aging by examin-
ing metabolites whose presence in serum and brain tissue is mod-
ulated with age. Short-chain fatty acids (SCFAs) are an important 

group of metabolites that modulate microglial function in adult 
mice5,25. We determined the concentrations of SCFAs in the serum 
samples of young-adult and aged SPF mice using targeted liquid 
chromatography–mass spectrometry (LC–MS) metabolite analysis  
(Fig. 3a). Elevated concentrations of acetate and propionate were 
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Fig. 1 | Microbiota orchestrates microglial transcriptome in young and aged mice. a, Schematic diagram of the experimental setting: RNA-seq of 
FACS-isolated microglia from the whole brain of young-adult (6–10-week-old) and aged (96–104-week-old) SPF and GF mice. b, PCA on transcriptome 
(normalized gene counts) of microglia isolated from young-adult and aged SPF (n = 6, 16) and GF (n = 6, 8) mice. c, Number of upregulated and 
downregulated DEGs in GF versus SPF mice across the age groups. d, Microglial GF signature: heatmap of a subset of DEGs in GF versus SPF mice 
independent of age. The list of genes with symbols (left) indicates their functional annotation (bottom left). Each column is a biological replicate and 
each row is a gene. DEGs (Wald Padj < 0.05 and absolute fold change ≥ 1.5). z-scores were calculated from normalized gene counts (upregulation in red, 
downregulation in blue). e, Module-trait correlation across ages. Each subplot represents a different group with the depiction of all MEs extracted by 
WGCNA (color: correlation coefficient; radius: scaled −log10(Padj)). f, Significant Gene Ontology (GO) terms enriched in modules with the respective 
−log10(Padj). The number of genes per module (ME1–ME10) are shown. e,f, Two-sided P values were obtained by Wald test and corrected for multiple 
testing using the Benjamini–hochberg method.
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found in the sera of aged mice compared to young-adult mice. 
Butyrate/isobutyrate and valerate/isovalerate were not changed  
(Fig. 3a). To apply a more unbiased screening, we reexamined a non-
targeted metabolomics dataset from our recent study14 and focused 
on blood serum and brain samples from young-adult and aged mice 
housed under SPF conditions (Fig. 3b,c and Supplementary Table 5). 
Pathway enrichment analysis revealed several tissue-specific path-
way alterations. For example, pyrimidine, inositol, carnitine and 
several pathways related to amino acid metabolism (for example, 
lysine, polyamine and tyrosine) were more affected in the serum of 
aged mice (Extended Data Fig. 5a). Vitamin A, tocopherol, purine 
metabolism, ceramide-related pathways and the pentose phos-
phate pathway were specifically altered in the brains of aged mice 
(Extended Data Fig. 5b). Pathways of fatty acid metabolism and 
advanced glycation end products (AGEs) were commonly altered 
in both serum and brain samples of aged mice (Extended Data  
Fig. 5a,b). Since we sought to identify metabolites that were poten-
tially regulated by the gut and reached the brain via the bloodstream, 
we focused on metabolites that were significantly upregulated in 
both the serum and brain tissue of aged mice. These metabolites 
included palmitoleate (16:1n7), trimethylamine N-oxide (TMAO), 
1-oleoyl-2-docosahexaenoyl-glycerophosphorylcholine (18:1/22:6), 
CML and stachydrine (Fig. 3d). Some of the age-related concentra-
tion changes seen in mice were confirmed in human blood samples 
(Supplementary Table 6). Nontargeted metabolomics on serum/
plasma from a human aging cohort (TwinsUK data bank) recapitu-
lated the age-related concentration changes of CML (Fig. 3e) and 
TMAO (Fig. 3f) as seen in mice. Targeted metabolomics from the 
brain tissue of young and aged SPF and GF mice indicated that a 
functional gut microbiota (SPF) was necessary for the increase in 
CML and TMAO in aged mouse brain tissue. Aged GF mice dis-
played only minor changes compared to young GF mice (Fig. 3g).

CML enhances age-related microglial dysfunction. The next step 
was to investigate the functional effects of these metabolites on 
microglia in vivo. Based on the most striking changes found in sam-
ples from mice and humans but absent in aged GF mice, we selected 
the following candidate metabolites for further evaluation: CML, 
TMAO, acetate and propionate. CML and TMAO were previously 
shown to increase in aging brains26,27, while SCFAs, like acetate, 
have a key role in microbiota–gut–brain cross talk5,28–30. To iden-
tify the metabolite(s) responsible for the increased ROS production 
in aged microglia, we administered each metabolite separately to 
young-adult mice. To avoid potential artifacts related to different 
gut-to-circulation absorption profiles, we injected young-adult 
mice intraperitoneally once per day for two weeks with CML, 
TMAO, sodium acetate or sodium propionate (Fig. 4a). TMAO, 
sodium acetate and sodium propionate had no effect on intracel-
lular ROS production or on the metabolic function of microglia. 
However, CML treatment could partially recapitulate the changes 
found in the microglia of aged mice.

CML increased oxidative stress, decreased metabolic activity and 
reduced cellular ATP stores (Fig. 4b–d). Moreover, CML caused 
mitochondrial dysfunction by directly inflicting damage to mito-
chondrial structures in the microglia (Extended Data Fig. 5c). The 
impact of CML treatment was not only restricted to microglia but 
seemed to be detrimental for macrophages in general. Indeed, bone 
marrow-derived macrophages (BMDMs) showed a dose-dependent 
increase in oxidative stress and decreased metabolic activity in vitro 
(Extended Data Fig. 5d,e). Circulating CML can be derived from an 
endogenous Maillard reaction, food or the conversion of AGEs by 
the gut microbiota31. Although brain CML levels increased in aged 
SPF mice but not in aged GF mice (Fig. 4e), CML was still detectable 
in the brain tissue of young-adult and aged GF mice to a similar level 
to that of young-adult SPF mice. This suggests that the gut micro-
biota is required for increased CML levels in the aged brain but not 
for the baseline levels found in young-adult mice. Therefore, these 
results suggest that the deregulation of mitochondrial function in 
microglia seen after intraperitoneal injection of CML resulted from 
increased brain CML concentrations, recapitulating the settings in 
aged brains (Fig. 4f). RNA-seq analysis of microglia indicated that 
intraperitoneal injection of CML upregulated the expression of 
the ROS-related genes S100a9 and S100A8 and other microbiota- 
and aging-related genes, such as A430033K04Rik, Chic1, Ltf, Ngp, 
Pglyrp1, Scai and Zkscan2 (Fig. 4g,h, Extended Data Fig. 5f and 
Supplementary Table 7).

We then investigated whether microglia are directly targeted by 
CML. Immunofluorescence staining of CML in the cortical microg-
lia of mice that were housed under SPF and GF conditions showed 
an increase in the percentage of CML+ microglia with age. While 
approximately 30% of microglia in aged SPF mice was CML+, the 
microglia of aged GF mice showed less age-dependent accumu-
lation of CML (Fig. 4i,j). Furthermore, we verified whether the 
age-dependent increase in CML+ microglia seen in the mouse cor-
tex was also present in the human cortex. We obtained human brain 
tissues (total n = 43; males = 23, females = 20) from individuals 
between the ages of 1 and 88 years. We observed a positive correla-
tion (r = 0.5793, R2 = 0.3356, P < 0.001) between age and the per-
centage of CML+ microglia in the human cortex (Fig. 4k,l). These 
findings suggest that the age-related accumulation of CML induces 
microglial metabolic dysfunction in a direct fashion, including 
increased ROS, and may gradually disrupt brain homeostasis and 
brain function.

Aged microbiota fuels CML levels by disrupting the gut–blood 
barrier. Since we observed differences in CML levels and microg-
lial function especially at an old age, which were dependent on 
the presence or absence of the microbiota, we opted to charac-
terize the age-dependent gut microbiota alterations by 16S ribo-
somal RNA-seq. The distinctiveness of the microbiota profile of 
young-adult and aged mice was confirmed by Beta diversity analy-
sis using the Bray–Curtis dissimilarity metric and the Shannon and 

Fig. 2 | Microbiota contributes to age-related oxidative stress and mitochondrial dysfunction in microglia. a, ROS-associated MEs (top to bottom: ME1, 
ME2, ME8) (color: correlation coefficient; diameter: scaled −log10(Padj)). b, heatmap of ROS-related genes in MEs (1, 2, 8) in the microglia of young-adult 
and aged SPF and GF mice. Each column is a biological replicate. c, Quantification of cellular ROS relative to young-adult SPF mice. Data are presented 
as mean values + s.e.m. from 3 independent experiments including SPF (n = 18, 14) and GF (n = 13, 10). d, Quantification of iNOS+ Iba-1+ area in microglia 
relative to young-adult SPF mice. Data are presented as mean values + s.e.m. from two experiments and include SPF (n = 14, 9) and GF (n = 10, 9).  
e, Immunofluorescence of Iba-1 (red), iNOS (green) and DAPI (blue) in the cortex of aging SPF and GF mice. Scale bar, 40 μm. f, Metabolism-associated 
ME10 (color: correlation coefficient; diameter: scaled log10(Padj)). g, Percentage of healthy versus abnormal mitochondria in the cortical microglia of 
aged SPF and GF mice. Each dot represents an average of 30–35 cells from 1 mouse. Data are presented as mean values + s.e.m. from two independent 
experiments including aged SPF and GF mice (n = 8 each). h, Electron micrographs of microglia from aged SPF and GF mice. Blue arrowheads, healthy;  
red arrowheads: abnormal. Scale bar, 2 µm. Magnified micrographs of mitochondrial morphologies. Scale bar, 500 nm. i, Mitochondrial activity in microglia 
relative to young-adult SPF mice. Data are presented as mean values + s.e.m. from 3 experiments including SPF (n = 17, 14) and GF (n = 9, 13). Each dot 
represents one mouse. c,d,i, Two-way ANOVA followed by Tukey’s post-hoc test. g, Two-way ANOVA followed by Sidak’s multiple comparisons test 
(*P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant). Exact P values are reported in the source data.
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Simpson Alpha diversity metrics (Extended Data Fig. 6a,b). The 
gut microbiota in both age groups was dominated by two phyla 
(Extended Data Fig. 6c), namely Firmicutes and Bacteroidetes. The 

relative abundance ratio of Firmicutes to Bacteroidetes is altered with 
advanced age in humans and can be linked to overall changes in 
bacterial profiles at different age stages32. We observed a significant 
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age-dependent reduction in the Firmicutes to Bacteroidetes ratio, 
where the phylum Firmicutes, family Lachnospiraceae was signifi-
cantly diminished in aged mice (Extended Data Fig. 6d,e). When we 
had a closer look at bacterial genera, we found an increased abun-
dance of Turibacter, Alloprevotella, Parasutterella, Bifidobacterium, 
Macellibacteroides, Alistipes sensu stricto 1, Peptostreptococcaceae 
incertae sedis and Parabacteroides in aged mice. This was in contrast 
to the abundance of Pantoea, Anoxybacillus, Lachnospiraceae incer-
tae sedis, Cutrobacterium and Acetatifactor, which declined in aged 
mice (Extended Data Fig. 6f and Supplementary Table 8). Thus, we 
can infer that profiling microbiota in young-adult and aged mice 
indicated alterations at several taxonomic levels. Since CML levels 
were more elevated in the brains of aged SPF mice than aged GF 

mice, we expected a microbiota-dependent production of CML. 
Targeted metabolomics (LC–MS) measurements of CML in fecal 
pellets revealed the exact reverse: fecal pellets of aged GF mice had 
higher CML levels than those from aged SPF mice, suggesting an 
indirect role of the microbiota in the age-related accumulation of 
CML in the brain (Fig. 5a).

Aged mice showed increased intestinal permeability compared 
to young-adult mice33, a phenomenon that is dependent on the pres-
ence of the microbiota34. Increased permeability allows metabolites 
to pass from inside the gastrointestinal tract through the intestinal 
epithelium more freely and enter the bloodstream, which could 
explain the discrepancy between CML levels in the brain and feces. 
To test this hypothesis, we first measured intestinal permeability by 
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Fig. 3 | Microbiota- and age-associated regulation of serum and brain metabolites. a, SCFA concentration in serum samples. Each dot represents one 
mouse. Data presented as mean values + s.e.m. from 1 experiment including young-adult and aged SPF mice (n = 5, 6). b, Volcano plots of differentially 
abundant metabolites from nontargeted metabolomics analysis of serum (top: n = 5, 6) and brain tissue (bottom: n = 5, 5) samples of young-adult and aged 
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targeted metabolomics on the brain of young-adult and aged SPF and GF mice (young-adult mice, n = 5; aged mice, n = 8 each). Each column represents 
data from one animal and each row represents a metabolite. a, Two-sided Mann–Whitney U-test. e,f, Two-sided Pearson correlation analysis (*P < 0.05, 
**P < 0.01). Exact P values are reported in the source data.
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quantifying the translocation of FITC-dextran (4 kDa) to the cir-
culation after oral gavage. We observed high gut permeability in 
aged SPF mice but the barrier function in aged GF mice appeared 
to be equivalent to that of young-adult SPF and GF mice (Fig. 5b).  
Colonization of young-adult GF mice with aged microbiota induced 
a microbiota-dependent increase in intestinal permeability com-
pared to the permeability found after young-adult GF mice had 
received young gut microbiota (Fig. 5c). This aligned with the 
observation that the translocation of CML into the circulation after 
oral gavage was highest in aged SPF mice (Fig. 5d and Extended 
Data Fig. 7a). We next sought to assess whether different routes 
of CML application would influence the accumulation of CML 
in microglia. Young-adult mice that had received CML intraperi-
toneally, rather than by oral gavage administration, showed more 
CML+ microglia in the cortex (Extended Data Fig. 7b,c). In aged 
mice, the route of CML administration had no notable effect on the 
percentage of CML+ microglia (Extended Data Fig. 7b,c). However, 
CML application by both intraperitoneal and oral gavage routes 
significantly exacerbated the age-related increase in cellular ROS 
and diminished metabolic function in microglia from aged mice. In 
young-adult mice, such an effect was only detectable after intraperi-
toneal administration of CML (Extended Data Fig. 7d,e). Finally, to 
verify the key role of the gut barrier to the age-related accumulation 
of CML in microglia, we treated aged SPF mice (18 months old) 
every 3 d for 10 weeks orally with ellagic acid (EA), which prevents 
accumulation of CML35, or intestinal alkaline phosphatase (IAP), 
an endogenous enhancer of the gut barrier function, by reducing 
the age-related microbiota dysbiosis and inducing autophagy in the 
gut epithelium36,37 (Fig. 5e). While EA had no effect on gut perme-
ability, IAP-treated aged mice showed lower gut leakiness (Fig. 5f). 
However, both EA and IAP reduced CML accumulation in the brain 
(Fig. 5g). The microglia of EA- and IAP-treated aged mice showed 
a significant reduction in cellular ROS and increased ATP levels 
compared to vehicle-treated aged mice (Fig. 5h,i). These findings 
underline the impact of age-induced microbiota alterations, which 
disrupt the integrity of the gut barrier and facilitate the accumula-
tion of CML in the brains of aged mice and humans (Fig. 5j).

Discussion
In this study, we examined the contribution of the host microbiota to 
the age-related physiology of microglia by comparing young-adult 
and aged mice housed under SPF and GF conditions. By combin-
ing nontargeted metabolomics analyses on serum and brain tissue 
with IHC, we found an age-dependent accumulation of CML in 
the microglia of mice and humans. Increased levels of CML with 
age were caused by the microbiota-dependent increase in intestinal 
permeability. Thus, heightened oxidative stress and mitochondrial 
dysfunction were detectable.

Our findings in SPF mice confirmed that aged microglia dis-
play morphological changes3, while the microglia of aged GF mice 
retained their hyper-ramified morphology seen in young-adult GF 
mice5. This morphological phenotype could be possibly linked to 
the cytoskeletal genes, annotated in the microglial GF signature, 
and genes in ME2 that regulate cell morphogenesis. Moreover, we 
found substantial differences in the microglial transcriptional pro-
file between aged and young-adult mice, summarized in the gene 
modules ME1 and ME8, which confirms previous research38,39. The 
enhanced expression of genes in the age-related MEs was absent 
in aged GF animals, indicating that the microbiota determines 
microglial activation and is crucial for regulating processes like 
the immune response, cytokine production and Toll-like receptor 
signaling in microglia of the aged brain. This observation clearly 
shows that microglial aging depends on the presence of a complex 
gut microbiota.

One aspect of the age-related changes in microglia is the induc-
tion of oxidative stress by the overproduction of ROS40. We observed 

a microbiota-dependent differential regulation of ROS-related genes 
in aged mice. Detailed analyses confirmed the increase in ROS lev-
els in microglia even in the absence of a microbiota; however, the 
microglia of GF mice had consistently lower levels of ROS relative to 
SPF controls. Oxidative stress may not only contribute to cognitive 
decline and early onset of chronic neurodegenerative diseases19,41 
but can also disrupt the physiology of microglia themselves. ROS 
can damage the mitochondria by inducing mitochondrial DNA 
mutations, altering mitochondrial membrane permeability, disrupt-
ing Ca2+ homeostasis and damaging the respiratory chain leading 
to mitochondrial and cellular dysfunction42. For this reason, mito-
chondria are thought to be the primary target of oxidative damage, 
which occurs already in middle-aged mice43,44. We did not find dif-
ferences in mitochondrial density or mass between the microglia 
of aged SPF and GF mice. However, we observed a disruption of 
mitochondrial integrity in microglia from aged SPF mice, a process 
that was far less pronounced in aged GF mice, as indicated by fewer 
damaged mitochondria and increased cellular ATP levels compared 
to aged SPF mice. In addition, only in microglia from aged SPF 
mice, the increased cellular ROS was coupled to the transcriptional 
activation of Hif1a, a known regulator of cellular energy metabo-
lism that can drive shifts toward glycolysis45. Our findings clearly 
point toward the contribution of the microbiota to the regulation of 
microglial energy homeostasis in aged mice.

Therefore, we sought a more comprehensive mechanistic 
understanding of the relationship between the gut microbiota and 
microglial aging. Nontargeted metabolomics revealed metabolites 
related to AGE products, amino acid and nucleotide metabolism, 
and long-chain fatty acid metabolism to be differentially changed 
in both the sera and brains of aged mice. The concentration of only 
a few metabolites from the serum and brain samples was signifi-
cantly altered in the same directions. In many cases, metabolites 
were regulated in opposite directions in blood serum and brain 
tissue. Most metabolites were regulated in opposite directions in 
blood serum and brain tissue, with brain tissue having higher con-
centrations than serum. Most lipid-insoluble compounds from the 
bloodstream are substantially slowed by the presence of the blood–
brain barrier in the brain. However, the various transport systems 
and receptors expressed on endothelial cells accelerate the blood–
brain barrier penetration of a number of different metabolites and 
are sufficient to build up and maintain a concentration gradient 
between the blood serum and the brain. Out of the four metabolites 
tested, TMAO, CML, acetate and propionate, only CML replicated 
the age-associated oxidative stress and metabolic dysfunction in 
microglia. SCFAs, such as acetate and propionate, represent estab-
lished mechanisms by which the intestinal microbiota regulates the 
maturation and function of microglia5. It is therefore surprising that 
acetate and propionate had no effect on intracellular ROS produc-
tion or on the mitochondrial function of microglia. If at all, then 
only specific SCFAs seemed to affect ROS production as seen in 
microglia-like HL-60 cells, where formate, but not valerate, reduced 
the production of ROS46. CML is a major AGE found in different tis-
sues and blood serum in multiple age-related diseases and has been 
shown to be a ligand of receptor for advanced glycation end prod-
ucts (RAGE)47–50. However, only CML bound to a peptidic structure 
is capable of binding to RAGE51. Our quantification methods did 
not differentiate peptide-bound from free CML.

The intestines host a diverse microbial community that modifies 
and shapes the composition of the metabolites and chemical sig-
nals within the gut. It was previously described that aged humans11 
and mice12,52 have a different gut microbiota composition com-
pared to younger adults. We observed a drop in the Firmicutes to 
Bacteroidetes ratio in aged mice and a similar scenario was reported 
in humans53. In particular, bacteria of the Lachnospiraceae family 
were reduced in aged mice and have been found to maintain gut 
barrier integrity, which correlates with intestinal permeability54. 
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Considering that age-related changes in gut microbiota are associ-
ated with increased gut permeability at older ages, it is conceivable 
that metabolites and other factors of the gut microbiota may alter 
microglial function, particularly in the aged brain.

Higher CML blood levels during aging are not necessarily the 
result of augmented production of CML by the gut microbiota or 
an increased intake through food. Instead, our findings strongly 
support the idea that CML might more easily pass the intesti-
nal mucosal barrier in aged animals as a result of the increased 
gut permeability present in aged mice33,34. Indeed, when CML 
was administered intraperitoneally, thus bypassing uptake by 

the intestinal wall, it elicited microglial activation and metabolic 
dysfunction in both young-adult and aged mice. When CML was 
administered by oral gavage, the microglia in young-adult mice 
were unaffected but the microglia in aged mice were adversely 
impacted. Moreover, aged mice raised under GF conditions 
showed less accumulation of CML in microglia compared to SPF 
housed mice, despite higher amounts of CML present in their 
feces. As shown in our gut–blood translocation experiments, the 
intact gut epithelium in aged GF mice prevented excessive uptake 
of CML from the intestine into the bloodstream and subsequent 
microglial dysfunction.
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Fig. 5 | Disruption of gut–blood barrier in aging instigates CML surge. a, Quantification of CML by targeted metabolomics (LC–MS) in fecal pellets freshly 
obtained from aged SPF and GF mice (n = 5). b,c, Intestinal permeability measured by the percentage of fluorescent FITC-dextran (4 kDa) translocation to 
the circulation after oral gavage in young-adult and aged mice housed under SPF (n = 5, 5) or GF (n = 9, 4) conditions (b) and young-adult GF mice that 
received young or aged fecal microbiota transplantation (FMT) (n = 8) (c). d, Difference in CML translocated into the circulation 4 h post-oral gavage in 
young-adult and aged mice housed under SPF or GF (n = 5) conditions. e, Schematic diagram: (e–i) 18-month-old SPF mice were treated orally every third 
day for 10 weeks with vehicle (20% hydroxypropyl-β-cyclodextrin in 1× PBS), EA or IAP (n = 4). f, Intestinal permeability measured by the percentage of 
fluorescent FITC-dextran (4 kDa) translocation to the circulation after oral gavage. g, Quantification of CML by targeted metabolomics (LC–MS) in the 
brain. h, Quantification of relative mean fluorescence intensity of the CellROX probe signal. i, Quantification of relative cellular ATP. a,c, Two-sided Mann–
Whitney U-test. f–i, One-way ANOVA followed by Dunnett’s post-hoc test. b,d, Two-way ANOVA followed by Tukey’s post-hoc test (*P < 0.05, **P < 0.01, 
***P < 0.001). Exact P values are reported in the source data. Data are presented as mean values + s.e.m. j, Schematic of gut microbiota-mediated CML 
accumulation in the aged brain. CML induces aging features in microglia, specifically oxidative stress and mitochondrial damage. Rejuvenating the gut–
blood barrier integrity limits CML accumulation and its detrimental effects on microglia.
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In conclusion, we identified and verified the critical involvement 
of CML in oxidative stress and mitochondrial dysfunction in the 
microglia of aged mice. Oral administration of CML to young-adult 
mice had virtually no negative impact on microglial homeostasis. 
The facilitated egress of CML from the gut into the circulation is 
required for CML to manifest its harmful impact. The gut micro-
biota, which changes in composition with age, introduces elevated 
intestinal permeability at older ages and plays a key role in this pro-
cess. All of these mechanisms play an important part in microglial 
aging and are expected to have a role in the overall aging of the 
murine but also human CNS.
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Methods
Human tissue. Formalin-fixed paraffin-embedded (FFPE) cortical tissue from 
healthy brains was examined by a fully trained neuropathologist (control tissue  
or Braak stages I and II) from 43 individuals (20 females and 23 males aged  
1–88 years; 8 temporal, 25 frontal lobe) at the Institute of Neuropathology, 
University Hospital Freiburg, Germany.

Mice. SPF and GF housed C57BL/6 mice were analyzed at 6–10 (young-adult) 
and 96–104 (aged) weeks of age. Mice of the aged group in the nontargeted 
metabolomics analysis were 17–18 months old. Except for nontargeted 
metabolomics and microbiota profiling, where male mice were used, all groups 
included mice from both sexes. Mice were housed under a 12-h light/12-h dark 
cycle and temperatures of 18–23 °C with 40–60% humidity, with food and water 
given ad libitum. To avoid cage effects, mice from at least three different cages 
per experimental group were analyzed. For the metabolite treatment, young-adult 
mice (8 weeks old) were injected intraperitoneally or by oral gavage with CML 
(0.735 mg kg−1; Iris Biotech), TMAO (3.95 mg kg−1; Sigma-Aldrich), sodium acetate 
(59 mg kg−1; Sigma-Aldrich) and sodium propionate (4.61 mg kg−1; Sigma-Aldrich) 
daily for 14 d. For modulation of CML in aged animals, 18-month-old SPF housed 
C57BL/6 mice were treated orally every third day for 10 weeks with vehicle 
(20% hydroxypropyl-β-cyclodextrin in 1× PBS), 10 mg kg−1 EA or 3,000 U kg−1 
IAP. To assess in vivo intestinal permeability, tracer fluorescein isothiocyanate 
(FITC)-labeled dextran (4 kDa; Sigma-Aldrich) was used as previously34. Briefly, 
mice were deprived of food 4 h before and both food and water 4 h after oral gavage 
using 200 μl of 80 mg ml−1 FITC-dextran. Blood was collected retro-orbitally 
after 4 h and fluorescence intensity was measured on fluorescence plates using 
an excitation wavelength of 493 nm and an emission wavelength of 518 nm. To 
assess in vivo intestinal permeability to CML, mice were treated with 200 µl 
CML (0.36 mM). Blood was collected retro-orbitally immediately before and 4 h 
after treatment. CML translocated into the circulation was measured by LC–MS. 
All animal experiments were approved by the local administration in Germany 
(Regierungspräsidium Freiburg) and were performed in accordance with the 
respective national, federal and institutional regulations and the guidelines of the 
Federation of European Laboratory Animal Science Associations.

Preparation of mouse tissue samples. Mice were lethally anesthetized with 
ketamine (100 mg kg−1 body weight) and xylazine (10 mg kg−1 body weight) 
followed by perfusion with 1× PBS through the left heart chamber. For histology, 
brains were kept overnight in 4% paraformaldehyde (PFA). For flow cytometry and 
magnetic-activated cell sorting (MACS) beads cell sorting, brains were dissected, 
homogenized and filtered through a 70-µm mesh. After centrifugation (220 g for 
5 min at 4 °C), pellets were resuspended in 37% Percoll followed by centrifugation 
for 30 min, 800 g at 4 °C. Myelin was removed from the top layer and the cell pellet 
was washed once with 1× PBS followed by antibody staining.

IHC. Brains were fixed in 4% PFA overnight and embedded in paraffin. Three 
micrometer-thick parasagittal sections were stained with anti-Iba-1 antibody 
(1:500 dilution, catalog no. 019-19741; WAKO) to assess microglial cell density. 
For IHC, epitopes were unmasked by heat-induced antigen retrieval at pH 6. 
The primary antibody was incubated overnight (4 °C) followed by incubation 
with biotin-labeled goat anti-rabbit secondary antibodies (1:1,000 dilution; 
SouthernBiotech) for 45 min at room temperature. Streptavidin-horseradish 
peroxidase (SouthernBiotech) was then added for 45 min at room temperature. 
3,3′-Diaminobenzidine brown chromogen (Dako) was used to resolve the 
antibody’s signal. Nuclei were counterstained with hematoxylin. Images were 
acquired with the BZ-9000 Biorevo microscope (Keyence) and analyzed with the 
ImageJ v. 1.53f (National Institutes of Health) software.

Immunofluorescence. Brains were fixed in 4% PFA, dehydrated in 30% sucrose 
and embedded in Tissue-Tek OCT compound (Sakura Finetek). Fourteen 
micrometer-thick cryosections were obtained using a cryostat (SM2000R; Leica 
Biosystems). FFPE tissue from mouse and human brains was sectioned by a 
microtome to obtain 5-µm sections. Epitopes were unmasked by heat-induced 
antigen retrieval at pH 6. Sections were blocked with PBS containing 5% BSA 
and permeabilized with 0.5% Triton X-100 in blocking solution. The following 
primary antibodies were incubated overnight at 4 °C: rabbit anti-Iba-1 (1:500 
dilution; WAKO); guinea pig anti-Iba-1 (1:1,000 dilution; Synaptic Systems); 
anti-iNOS (1:500 dilution; Thermo Fisher Scientific) or anti-CML (1:500; 
Abcam). Secondary antibodies (Alexa Fluor 488-, 568- or 647-conjugated, 1:500 
dilution) were incubated for 2 h at room temperature. For three dimensional 
(3D)-reconstruction of microglia, free-floating 30-μm cryosections from brain 
tissue were labeled for 48 h with anti-Iba-1 (1:500 dilution) at 4 °C, followed by 
Alexa Fluor 647-conjugated secondary antibody at a dilution of 1:500 overnight at 
4 °C. Slides were treated with TrueBlack Lipofuscin Autofluorescence Quencher to 
eliminate autofluorescence in tissue from aged mice and human individuals. Nuclei 
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Coverslips were 
mounted with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific). 
Images were acquired using a BZ-9000 Biorevo microscope using a 20×/0.75 
numerical aperture (NA) objective, an Olympus Fluoview 1000 confocal laser 

scanning microscope or with a TCS SP8 X (Leica Microsystems) using a 20×/0.75 
NA objective (HC PL APO 20×/0.75 NA IMM CORR CS2). For 3D-reconstruction 
of microglia, images were analyzed using Imaris v.8.02 (Bitplane) with at least five 
cells per mouse. All other images were processed and analyzed with Photoshop CC 
2015 (Adobe) or ImageJ v. 1.53f (National Institutes of Health).

Electron microscopy. Brain specimens from the cortex 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. Next, samples were dehydrated 
by a graded series of ethanol (30–100%) followed by 100% propylene oxide, resin/
propylene oxide (1:2 (v/v)) and resin/propylene oxide (2:1 (v/v)). Samples were 
embedded in resin via polymerization for 24 h at 75 °C. Then, 700-nm semithin 
sections were cut and stained with 2% toluidine blue to define the region of interest 
for further preparation of 70-nm ultrathin sections using an ultramicrotome 
(Leica Reichert Ultracut S) after contrasting the sections with uranyl acetate and 
lead citrate (Leica Reichert Ultrastainer). To assess the mitochondrial phenotype 
in microglia, images were acquired with a ×7,900 or ×46,000 magnification using 
a CM100 electron microscope (Philips). Images of 30–35 cells per mouse were 
processed and analyzed with the iTEM software 2012 (Olympus).

BMDM cell culture. Cells were cultured at 37 °C and 5% CO2 in a humidified 
incubator. Murine BMDMs were differentiated from tibial and femoral bone 
marrow aspirates. Recombinant murine macrophage colony-stimulating factor 
(Immunotools) was used at 20 ng ml−1. After 7 d of differentiation, BMDMs were 
seeded in 24-well plates with 5 × 105 cells per well in triplicates. The medium was 
switched to serum-free medium 6 h before the experiment. Cells were incubated 
with increasing concentrations of CML (untreated, 0.1 µM, 1 µM, 10 µM, 100 µM, 
1 mM) for 48 h, then collected for measurements.

Flow cytometry. Cell sorting for RT–qPCR and RNA-seq was performed on a 
MoFlo Astrios (Beckman Coulter; Extended Data Fig. 2a). Before surface staining, 
dead cells were excluded by using the Fixable Viability Dye eFluor 780 (1:1,000 
dilution; Thermo Fisher Scientific) followed by incubation with Fc receptor 
blocking antibody CD16/CD32 (1:200 dilution, clone 2.4G2; BD Bioscience). The 
following antibodies were used for surface staining: anti-CD45 (1:200 dilution, 
clone 30-F11; Thermo Fisher Scientific); anti-CD11b (1:200 dilution, clone M1/70; 
Thermo Fisher Scientific). The following lineage antibodies were used (all at 1:300 
dilution): anti-CD3 (clone 17A2; BioLegend); anti-CD19 (clone 6D5; BioLegend); 
anti-CD45R (clone RA3-6B2; BD Biosciences); Ly6C (clone AL-21; BD 
Biosciences); Ly6G (clone 1A8; BD Biosciences). To assess microglial cellular ROS, 
we used the CellROX DeepRed Reagent (5 µM; Thermo Fisher Scientific). To assess 
mitochondrial activity, we used Tetramethylrhodamine, Methyl Ester, Perchlorate 
(50 nM; Thermo Fisher Scientific) and MitoTracker Green FM (20 nM; Thermo 
Fisher Scientific). Dead cells were excluded by short incubation with DAPI before 
flow cytometry analysis with the FACSCanto II (BD Biosciences). Data were 
acquired with the FACSDiva v.6 software (Becton Dickinson). Postacquisition 
analysis was performed with FlowJo v.10 (FlowJo LLC).

Cellular ATP measurement. To avoid the cellular stress of FACS sorting, 
microglial cells were isolated using the MACS cell separation system (Miltenyi 
Biotec; Extended Data Fig. 2b). The cell suspension was incubated with Fc 
receptor blocking antibody CD16/CD32 (clone 2.4G2; BD Biosciences) and with 
biotinylated anti-CD11b antibody (clone M1/70; Thermo Fisher Scientific). 
Anti-biotin microbeads (Miltenyi Biotec) were then added to the cell suspension 
and positive selection was carried out according to the manufacturer’s instructions. 
From each sample, 10,000 cells per well were plated in 96-well plates in triplicates. 
Cellular ATP was measured using the CellTiter-Glo assay (Promega Corporation) 
according to the manufacturer’s instructions.

RNA-seq. Total RNA was extracted from FACS-sorted CD11b+CD45intLin− 
microglia (10,000 cells per sample) using the Arcturus PicoPure RNA Isolation 
Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. The 
SMARTer v4 Ultra Low Input RNA Kit for Sequencing (Clontech) was used 
to generate first-stranded complementary DNA. Double-stranded cDNA was 
amplified by long-distance PCR (11 cycles) and purified via magnetic bead 
cleanup. Library preparation was carried out as described in the Illumina Nextera 
XT sample preparation guide (Illumina). The sequencing run was performed on a 
HiSeq 1000 instrument (Illumina) using the indexed, 50-cycle single-read protocol 
and the TruSeq SBS v3 Reagents according to the HiSeq 1000 system user guide. 
BCL files were converted into FASTQ files with the CASAVA1.8.2 software. Library 
preparation and RNA-seq were performed at the Genomics Core Facility ‘Center of 
Excellence for Fluorescent Bioanalytics’, University of Regensburg, Germany.

The quality of sequencing reads stored in the FASTQ files was assessed with 
FastQC v.0.67 and trimmed with Trim Galore! v.0.4.3. Reads were mapped on 
the mouse genome version mm10 (University of California Santa Cruz) using 
STAR aligner v.2.5.2 with RefGene annotation. The number of reads mapped 
to each gene (counts) was extracted from the BAM files using FeatureCount 
v.1.5.3. The process to extract the gene counts from FASTQ files was run on the 
Galaxy platform56. Three samples with a low mapping rate (<75%) were removed. 
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Differential expression analysis was performed with DESeq2 v.1.32.0. Normalized 
counts generated by DESeq2 were assessed for artifacts or contamination by 
other cell types. The list of genes used was based on single-cell RNA-seq data 
previously obtained by our group57. R v.4.1.0 was used to perform the Ward error 
sum of squares hierarchical clustering method and PCA. Using the DESeq2 
model, differentially expressed genes (DEGs) with adjusted P < 0.05 (Wald test) 
and absolute fold change >1.5 were identified. Heatmaps were plotted using the R 
package pheatmap v.1.0.8 calculated from scaled (z-scores) normalized read counts 
of DEGs with a hierarchical clustering of the rows (complete method). A WGCNA 
was performed on normalized expression data using the R package WGCNA v.1.69 
(ref. 17). For computational efficiency, genes were filtered to keep only genes that 
explained more than 50% of the variance (10,848 kept genes and 7,265 removed). A 
module-trait correlation analysis was performed between the ME and the different 
traits (combination of microbiota and age) by computing the Pearson correlation 
between each pair of variables and Student asymptotic P values for the correlations 
using the WGCNA package. A Gene Ontology (GO) enrichment analysis of the 
genes in the different MEs was made using goseq v.1.44.0, with the genome-wide 
annotation for Mouse (org.Mm.eg.db v.3.13.0) and Wallenius approximation. 
The overenriched GO categories were extracted using a 0.05 false discovery rate 
(FDR) cutoff. The lists of ROS-related genes were extracted from GO:0000302, 
GO:2000377 and oxidative stress (WikiPathways).

RT–qPCR. Hif1a gene expression was measured using the TaqMan assay 
(Mm00468869_m1). Data were normalized to the value obtained from the 
microglia of the young-adult SPF male group at homeostasis and relative gene 
expression levels were determined by the ΔΔCT method. Gene expression was 
considered undetectable if the CT values were >35 cycles.

Microbiome profiling. As described previously58, total DNA was isolated from 
fecal samples using the QIAamp DNA stool kit (QIAGEN) according to the 
modified manufacturer’s instructions. Briefly, 100–200 mg were homogenized in 
500 μl ASL buffer by the bead-beating step using TissueLyser for 3 min at 30 Hz 
followed by two additional lysis steps at 95 °C. Afterwards, samples were incubated 
with 200 μl lysis buffer for Gram+ bacteria (20 mg ml−1 lysozyme, 20 mM Tris-HCl, 
pH 8.0, 2 mM EDTA, 1.2% Triton; Sigma-Aldrich). DNA was purified and pooled 
at a concentration of 26 pM and the pooled library was sequenced for the  
V5/V6 region of 16S rRNA genes in an IonTorrent PGM system according to the 
manufacturer’s instructions (Thermo Fisher Scientific).

An average of 38,209 high-quality reads per sample were used for microbiome 
profiling. Reads were clustered in operational taxonomic units (OTUs) at 97% 
of similarity. Data were further analyzed using the QIIME v.1.9.1 pipeline after 
filtering out low-quality (accuracy of base calling; q < 25) samples; samples 
with ≥4,500 reads were retained for further analysis59. OTUs were chosen 
using UCLUST with a 97% sequence identity threshold followed by taxonomy 
assignment using the SILVA database release 119 (www.arb-silva.de). Alpha and 
Beta diversity were calculated using the phyloseq pipeline in R v.3.4 (refs. 60,61). 
We used the nonparametric Mann–Whitney U-tests to compare Alpha diversity 
between samples and Adonis from the vegan R package v2.5-7 to assess the effects 
of groups for Beta diversity via phyloseq60,61. Taxonomic differences at the phylum 
and genus levels between tested groups were identified using the ‘multivariate 
analysis by linear models’ R package v0.0.4. Plots were generated with ggplot2 
v.3.3.5 using a phyloseq object. Only taxa present in at least 30% of samples and 
OTUs comprising more than 0.0001% of total counts were considered. A P < 0.05 
and an FDR of q < 0.05 (with Benjamini–Hochberg correction) were used as cutoff 
values for significance.

Nontargeted metabolomics. Raw data on serum and brain of young-adult and 
aged mice groups were mined from Mossad et al14. Nontargeted MS analysis was 
performed at Metabolon62. Peaks were quantified using the area under the curve. 
Raw area counts for each metabolite in each sample were normalized to correct 
for variation resulting from instrument interday tuning differences by the median 
value for each run day, thus setting the medians to 1.0 for each run. This preserved 
variation between samples but allowed metabolites of widely different raw peak 
areas to be compared on a similar graphical scale. Missing values were imputed 
with the observed minimum after normalization.

Targeted metabolomics by LC–MS. Samples were extracted with precooled 
(−80 °C) extraction solution (80:20 methanol LC–MS grade: Milli-Q H2O). 
Targeted metabolite quantification by LC–MS was carried out using an 
Agilent 1290 Infinity II UHPLC system in line with an Agilent 6495 QQQ-MS 
operating in multiple reaction monitoring (MRM) mode. MRM settings were 
optimized separately for all compounds using pure standards. LC separation 
was on a Phenomenex Luna propylamine column (50 × 2 mm, 3-µm particles) 
using a solvent gradient of 100% buffer B (5 mM ammonium carbonate in 90% 
acetonitrile) to 90% buffer A (10 mM NH4 in water). Flow rate was from 1,000 to 
750 µl min−1. The autosampler temperature was 5 degrees and the injection volume 
was 2 µl. Peak areas were identified based on standards for each metabolite and 
calculated using MassHunter v.B.08.02 (Agilent). For SCFAs, namely acetate (C2, 
59.04 g mol−1), propionate (C3, 73.07 g mol−1), butyrate (and isobutyrate, C4, 87), 

valerate (and isovalerate, 101), were quantified in mouse serum. To extract the 
metabolites, 10 µl of each sample were added to 4 tubes, 90 µl of acetonitrile were 
added with serial dilution (4 levels) of standards. C2 (mg ml−1) (L1:0; L2:0.002; 
L3:0.004; L4:0.006), C3 (mg ml−1) (L1:0; L2:0.0002; L3:0.0004; L4:0.0006), C4 
(mg ml−1) (L1:0; L2:0.0005; L3:0.001; L4:0.0015) and C5 (%) (L1:0; L2:0.0002; 
L3:0.0004; L4:0.0006), C4 (mg ml−1) (L1:0; L2: 0.000025%; L3: 0.00005%; L4: 
0.000075%). Samples were centrifuged at 20,000 g for 10 min at 4 °C and 50 µl of 
the supernatant were transferred to a new tube. For analysis by high-performance 
LC–quadrupole time of flight, 2 µl of each sample were injected. Peaks of butyrate 
and isobutyrate, and valerate and isovalerate, could not be robustly differentiated; 
therefore, for each pair, concentration values correspond to both moieties. Each 
sample was analyzed twice and the average value was used to build the regression 
line; the concentration was calculated using the standard addition method63.

Human metabolomics data. The TwinsUK adult twin registry includes about 
14,000 individuals, predominantly females, with disease and lifestyle characteristic 
similar to the general UK population. The St. Thomas’ Hospital Research Ethics 
Committee approved the studies and all twins provided informed written consent. 
We mined data for CML and TMAO from a blood metabolome study55 that 
encompassed aging cohorts and was run on the Metabolon platforms. Briefly, 
metabolite ratios were measured in blood samples by Metabolon using an 
untargeted ultra-performance LC–MS/MS platform. Metabolites were scaled by 
run day medians and log-transformed.

Statistics. No statistical methods were used to predetermine sample sizes but 
our sample sizes are similar to those reported in previous publications7,13,29. Data 
distribution was assumed to be normal but this was not formally tested. Wherever 
applicable, animals were randomly assigned to the different experimental groups. 
The experimenters were blind regarding group assignments. The exact number (n) 
of replicates used in each experiment are reported in the respective figure legends. 
Statistical analyses, other than those of RNA-seq, nontargeted metabolomics and 
microbial profiling, were performed with Prism 9.0 (GraphPad Software).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data on TwinsUK twin participants are available to bona fide researchers under 
managed access due to governance and ethical constraints. Raw data should be 
requested (http://twinsuk.ac.uk/resources-for-researchers/access-our-data/) and 
requests are going to be reviewed by the TwinsUK Resource Executive Committee 
regularly. Microglia RNA-seq data are available at the Gene Expression Omnibus 
under accession no. GSE182719. The mouse genome version mm10 (University 
of California Santa Cruz) can be viewed at https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001635.20/. For microbiome profiling, the FASTA files of two 
runs with their corresponding mappings are available at https://doi.org/10.6084/
m9.figshare.15179775.v1 (ref. 64). Other data that support the findings of this study 
are available from the corresponding author upon reasonable request. Source data 
are provided with this paper.
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Extended Data Fig. 1 | Microglial transcriptional profile from GF and SPF mice of both sexes. (a) heatmap of genes (normalized gene counts) specific to 
different types of immune cells in order to show purity of sorted cells. (b) heatmap showing sample−to-sample Ward clustering. (c) heatmap of all genes 
in the modules eigengenes. Each row is a biological replicate (d) heatmap of genes in metabolism-associated module eigengene ME10. Z-scores were 
calculated from normalized counts. Each row is a gene, and each column is a biological replicate; microglia isolated from young-adult and aged SPF (n = 6, 
16) and GF (n = 6, 8) mice.
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Extended Data Fig. 2 | Gating strategy for flow cytometry and purity of MACS separation. (a) Cell sorting strategy for RT-qPCR and RNA-seq. (1) 
Myeloid cells were gated by size and granularity then (2 and 3) only single cells were included. (4) Live and Lineage- cells were gated negative for Fixable 
Viability Dye eFluor® 780 and CD3, CD19, CD45R, Ly6C, and Ly6G to exclude T cells, B cells, monocytes and granulocytes, respectively. Microglia were 
gated on CD45Int and CD11b+. (b) Purity of cells used for for cellular ATP assay. Microglial cells were enriched using the CD11b MACS cell separation 
system (Miltenyi Biotec, USA). (b, left panel) Each dot represents one mouse. Data are presented as mean values + /- SEM.
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Extended Data Fig. 3 | Microbiota drives age-related differences in microglial morphology but not in cell density. (a) Immunohistological detection of 
Iba-1+ microglia in the cortex of young-adult and aged SPF and GF mice. Scale bar, 20 μm. (b) Diagram summarizing microglia densities in the cortex. SPF 
(n = 9, 8) and GF (n = 9, 8). (c) Representative three-dimensional reconstruction of cortical microglia of all groups. Scale bar, 10 µm. (d-h) Imaris-based 
semi-automatic quantification of cell morphology. (d) Total branch length (µm), (e) total branch area (µm2), (f) number of branch points, (g) cell body 
volume (µm3) and (h) cell body sphericity. Each symbol represents an average of at least four cells measured per mouse. Data represent two independent 
experiments including young-adult and aged mice. SPF (n = 8, 8) and GF (n = 8, 8). Statistical analysis (b-h) two-way ANOVA followed by Tukey’s post-hoc 
test (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant). Data are presented as mean values + SEM. Exact p-values are reported in the source data.
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Extended Data Fig. 4 | Age-related mitochondrial physiology in microglia of male and female SPF and GF mice. (a) Representative electron micrographs 
of abnormal vs healthy mitochondria in cortical microglia. Scale bar, 600 nm. (b) Quantification of mitochondrial area per microglia. (c) Number of 
mitochondria per microglia. (b and c) Data were generated from aged SPF and GF mice (n = 8). (d) Hif1a mRNA expression in microglia based on RNA-seq 
analysis (normalized gene counts). (e) Hif1a mRNA expression by RT-qPCR in microglia of young-adult and aged SPF (n = 8, 8) and GF (n = 7, 10) mice. (f) 
Mitochondrial mass (MitoTracker Green MFI). (g) Mitochondrial membrane potential (Δψm) (TMRM dye MFI). (h) Quantification of cellular ATP relative 
to young-adult SPF males. Data were generated from young-adult and aged mice. (f and g) SPF (n = 17, 14) and GF (n = 9, 13). (h) SPF (n = 23, 17) and GF 
(n = 14, 11). (b-h) Data are presented as mean values + SEM. Statistical analysis (b and c) Mann−Whitney U test (two-sided), and (e-h) two-way ANOVA 
followed by Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant). Exact p-values are reported in the source data.
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Extended Data Fig. 5 | CML modulates macrophage metabolism. (a, b) Pathway enrichment analysis for significantly abundant metabolites in serum 
and brain of aged mice (plotted are the top 15 enriched pathways). Color scale (blue to red), ratio between the number of significant metabolites to the 
total number of metabolites detected in each pathway. Dot size reflects number of significant metabolites in each pathway. Pathway enrichment analysis 
was performed automatically using the Metabolon’s client portal. (c) Percentage of healthy vs abnormal mitochondria from total mitochondrial number 
in cortical microglia of young-adult mice treated with vehicle or CML i.p. (n = 5). (d and e) Bone marrow derived macrophages (BMDMs) were cultured in 
serum-free medium 6 h before the experiment. Cells were incubated with increasing concentrations of CML for 48 h, before harvesting for measurements. 
Each dot is a biological replicate (n = 3). (d) Quantification of relative MFI of CellROX probe signals. (e) Mitochondrial activity depicted as mitochondrial 
membrane potential (Δψm) (TMRM dye MFI) normalized to mitochondrial mass (MitoTracker Green MFI). (f) PCA on transcriptome (normalized gene 
counts) of microglia isolated from young-adult mice treated with vehicle or CML i.p.. (c-f) Data are presented as mean values + SEM. Each dot represents 
one mouse. Statistical analysis (c) two-way ANOVA followed by Sidak’s multiple comparisons test, (d and e) one-way ANOVA followed by Dunnett’s 
post-hoc test (***p < 0.001, ns = not significant). Exact p-values are reported in the source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Age-dependent shift in gut microbiota composition. (a) PCA plot (beta-diversity) and (b) Shannon and Simpson alpha-diversity 
indices of gut microbiota. Non-parametric Mann-Whitney U-tests (two-sided) to compare alpha diversity between samples and Adonis from vegan package 
to assess the effects of groups for beta diversity. (c) Relative abundance of gut microbiota composition profiles at the phylum level in male mice at different 
ages (each color represents one bacterial phylum). (d) The average Firmicutes/Bacteroidetes ratio (F/R) in the cecal samples. (e) Relative abundance of 
the family Lachnospiraceae. (a-f) Data from young-adult and aged male mice, housed under SPF conditions (n = 5, 10). Each dot represents data from one 
animal. (d and e) Data are presented as mean values + SEM. (b and f) Box plots; centre = median, upper and lower “hinges” correspond to the first and 
third quartiles (the 25th and 75th percentiles), upper whisker extends from the hinge to the highest value that is within 1.5 * IQR of the hinge, and lower 
whisker extends from the hinge to the lowest value within 1.5 * IQR of the hinge, where IQR is the inter-quartile range, or distance between the first and 
third quartiles. (d and e) Statistics with Mann-Whitney U test (two-sided) (f) Relative abundance of differentially abundant genera in aging. Taxonomic 
differences at phylum and genus levels between tested groups were identified using the “multivariate analysis by linear models” (MaAsLin) R package.
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Extended Data Fig. 7 | Age-related microglial CML accumulation is gut-mediated. (a) Targeted metabolomics (LC/MS) on CML translocated into the 
circulation 4 h post oral gavage in young-adult and aged mice housed under SPF or GF (n = 5). Light purple; before gavage, green; 4 h post gavage. Each 
dot represents an individual measurement for one mouse. (b-e) Data from young-adult and aged SPF mice injected with vehicle or CML (i.p. or o.g.) 
(n = 4 each). Each dot represents one mouse. (b) Percentage of CML+ Iba-1+ cells quantified in the cortex. (c) Immunofluorescent labelling of CML (Red), 
Iba-1 (green) and DAPI (blue) in mouse cortex. Scale bars, 50 µm (overview) and 10 µm (inset). (d) Quantification of relative CellROX probe signal by 
determining MFI and (e) quantification of relative cellular ATP. (a, b, d and e) Each dot represents one mouse. Data are presented as mean values + SEM. 
Statistical analysis (b, d and e) two-way ANOVA followed by Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant). Exact p-values 
are reported in the source data.
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Data collection - Brightfield and flourescence microscopy: Images were acquired using BZ-9000 Biorevo microscope (Keyence) using 20x 0.75 NA objective, 

Olympus Fluoview 1000 confocal laser scanning microscope, or with a TCS SP8 X (Leica) using a 20x 0.75 NA objective (HC PL APO x20/0.75 NA 

IMM CORR CS2).  

-Electron microscopy: images were acquired with a 7,900x or 46,000x magnification using CM100 Electron Microscope (Philips). 

-Cell sorting for RT-qPCR and RNA-sequencing was performed on a MoFlo Astrios (Beckman Coulter, Krefeld, Germany). 

-Flow cytometric analyses were perfomed with the FACSCanto II (BD Bioscience, Heidelberg, Germany) and acquired with FACSDiva v6 

software. 

-Non-targeted mass spectrometry (MS) analysis was performed at Metabolon, Inc., USA. 

-Targeted metabolite quantification by LC-MS was carried out using an Agilent 1290 Infinity II UHPLC in line with an Agilent 6495 QQQ-MS 

operating in MRM mode. Peak areas were identified based on standards for each metabolite and calculated using MassHunter (v B.08.02, 

Agilent). 

-16rRNA microbiome profiling was done using primers targeting the V5/V6 region of the 16S rRNA gene. Products were sequenced on an 

IonTorrent PGM system. 

Data analysis Graphpad Prism v9, ImageJ v1.53c, Photoshop CC 2019, Imaris v8.02, iTEM Software (Olympus), FlowJo v10.5.3, Microsoft Excel 2019, 

CASAVA v1.8.2, R v3.4 & v4.1.0, pheatmap v1.0.8, FastQC v0.67, Trim Galore! v0.4.3, STAR aligner v2.5.2, FeatureCount v1.5.3, Galaxy.eu, 

DESeq2 v1.32.0, WGCNA v1.69, goseq v1.44.0, ggplot2 v3.3.5, MassHunter vB.08.02.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A list of figures that have associated raw data 

- A description of any restrictions on data availability

-Mouse genome version mm10 (UCSC; https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/). 

-Lists of ROS-related genes were extracted from GO:0000302, GO:2000377, and oxidative stress; WikiPathways. 

-Microglia RNA-seq data are available at (GEO accession number, GSE182719).  

-Human metabolomics data were obtained from (https://www.nature.com/articles/ng.3809). Cohorts acquired through the TwinsUK databank (http://

twinsuk.ac.uk/resources-for-researchers/access-our-data/). Data analyzed in this study are provided in extended supplementary tables. 

-Raw data on serum and brain of young adult and aged mice groups were mined from (https://www.nature.com/articles/s43587-021-00141-4). Data analyzed in 

this study are provided in extended supplementary tables. 

-Taxonomy assignment using Silva database (release 119) (www.arb-silva.de). 

-Microbiome profiling (16S rRNA-seq) raw data are available at (https://doi.org/10.6084/m9.figshare.15179775.v1).
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Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous 

publications(doi:10.1016/j.cell.2017.11.042; doi:10.1038/s43587-021-00093-9; doi:10.1016/j.cmet.2021.10.010)

Data exclusions Three samples were excluded from the RNA-seq analysis for not meeting the read quality thresholds.

Replication All attempts at replication were successful.

Randomization Wherever applicable, animals were randomly assigned to the different experimental groups. TwinsUK human data was a longitudinal time 

course. All data was considered without group allocation.

Blinding The experimenters were blind with respect to group assignments.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used For histological analysis: 

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

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

Biotinylated goat anti-rabbit Southern biotech Cat# 4030-08; RRID: AB_2795936 
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Rabbit Anti-Carboxymethyl Lysine antibody Abcam Cat# ab27684; RRID: AB_725920 

Rabbit anti-iNOS Thermo Fisher Scientific Cat# PA3-030A; RRID: AB_2152737 

Streptavidin-horseradish peroxidase (Southern Biotech) Cat# 7100-05 

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

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 

Flow cytometry: 

Biotinylated Rat anti-CD11b Thermo Fisher Scientific Cat# 13-0112-82; RRID: AB_466359 

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

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

Rat anti-mouse CD11b BV421 conjugated Biolegend Cat# 101236; RRID: AB_11203704 

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 

Fixable viability dye eFluor 780 Thermo Fisher Scientific Cat# 65-0865-18 

CellROX DeepRed Thermo Fisher Scientific Cat# C10422 

Tetramethylrhodamine Methyl ester Perchlorate (TMRM) Thermo Fisher Scientific Cat# T668 

MitoTracker Green FM Thermo Fisher Scientific Cat# M7514

Validation Commercial antibodies were validated for the respective species by the manufactures as indicated on their websites. Choice was 

restricted to KO-validated antibodies or ones that are widely used in literature.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals SPF and GF housed C57BL/6 mice were analyzed at (young adult) 6-10, and (aged) 96-104 weeks of age. Mice of the aged group in 

the non-targeted metabolomic analysis were 17-18 months old. Except for non-targeted metabolomics and microbiota profiling, 

where male mice were used, all groups comprised mice from both sexes. Mice were housed under a 12-h light, 12-h dark cycle and 

Temperatures of 18-23°C with 40-60% humidity, with food and water ad libitum. To avoid cage effects, mice from at least three 

different cages per experimental group were analyzed. For modulation of CML in aged animals, 18 months old SPF-housed C57BL/6 

mice were used. 

Wild animals The study did not involve wild animals

Field-collected samples The study did not involve animals collected from the field

Ethics oversight All animal experiments were approved by local administration in Germany (Regierungspräsidium Freiburg) and were performed in 

accordance to the respective national, federal and institutional regulations and the guidelines of the Federation of European 

Laboratory Animal Science Associations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics The TwinsUK adult twin registry includes about 14,000 subjects, predominantly females, with disease and lifestyle 

characteristic similar to the general UK population. 

Data from (Long et al., 2017) were 96.6% female in the age range 32 to 87 years (median 58 years).

Recruitment Data were collected by the TwinsUK databank. Participants were recruited from the general UK population through national 

media campaigns. Other than the subjects being mostly females, no selection biases can be expected to impact results.

Ethics oversight St. Thomas’ Hospital Research Ethics Committee approved the studies, and all twins provided informed written consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation A detailed description of the sample preparation procedure is given in the Methods section "Flow cytometry".

Instrument Cells were analyzed using BD FACSCanto™ II Flow Cytometer (BD Biosciences)

Software Data were acquired with FACSDiva v6 (Becton Dickinson). Postacquisition analysis was performed using FlowJo v10.5.3.

Cell population abundance For RNA-seq, 10,000 microglia were sorted per sample.

Gating strategy Small debris was removed with the preliminary FSC/SSC gate. Single, living cells were obtained by doublet exclusion and  

exlusion of dead cells with Fixable Viability Dye eFluor® 780. Lineage exclusion was undergone by selecting population 

negative for CD3, CD19, Ly6C, Ly6G, CD45R. Microglia were gated on CD11b pos CD45 intermediate. for mitochondrial dyes, 

positive gatings were set using FMO controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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