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N E U R O S C I E N C E

Ketogenic diet uncovers differential metabolic 
plasticity of brain cells
Tim Düking1†, Lena Spieth1†, Stefan A. Berghoff1†‡, Lars Piepkorn2,3, Annika M. Schmidke1, 
Miso Mitkovski4, Nirmal Kannaiyan5, Leon Hosang6, Patricia Scholz7, Ali H. Shaib8,9,  
Lennart V. Schneider1§, Dörte Hesse1,2, Torben Ruhwedel1,10, Ting Sun1, Lisa Linhoff11,12, 
Andrea Trevisiol1||, Susanne Köhler13, Adrian Marti Pastor14, Thomas Misgeld14, 
Michael Sereda11,12, Imam Hassouna1, Moritz J. Rossner5, Francesca Odoardi6, Till Ischebeck7,15, 
Livia de Hoz1,16, Johannes Hirrlinger1,13, Olaf Jahn2,3, Gesine Saher1*

To maintain homeostasis, the body, including the brain, reprograms its metabolism in response to altered nutri-
tion or disease. However, the consequences of these challenges for the energy metabolism of the different brain 
cell types remain unknown. Here, we generated a proteome atlas of the major central nervous system (CNS) cell 
types from young and adult mice, after feeding the therapeutically relevant low-carbohydrate, high-fat ketogenic 
diet (KD) and during neuroinflammation. Under steady-state conditions, CNS cell types prefer distinct modes of 
energy metabolism. Unexpectedly, the comparison with KD revealed distinct cell type–specific strategies to man-
age the altered availability of energy metabolites. Astrocytes and neurons but not oligodendrocytes demonstrated 
metabolic plasticity. Moreover, inflammatory demyelinating disease changed the neuronal metabolic signature in a 
similar direction as KD. Together, these findings highlight the importance of the metabolic cross-talk between 
CNS cells and between the periphery and the brain to manage altered nutrition and neurological disease.

INTRODUCTION
In the brain, neurons use the majority of imported energy substrates 
for signal processing and propagation—energetically expensive pro-
cesses. To meet this high energy demand, the brain predominantly 
uses glucose as energy substrate (1, 2), which is partly replaced by 
ketone bodies when consuming a low-carbohydrate, high-fat keto-
genic diet (3, 4). According to the current view, not neurons but 

rather glial cells use imported glucose; they produce energy via the 
relatively inefficient glycolysis pathway and release glycolytic prod-
ucts such as lactate (5, 6). Neurons then benefit from this pool of ex-
tracellular monocarboxylates and fuel them into the mitochondrial 
respiratory chain/oxidative phosphorylation (OXPHOS) that pro-
duces energy with a high yield (7, 8). Accordingly, genetic studies 
showed that an intact OXPHOS is indispensable for neurons but 
not for astrocytes or oligodendrocytes (7, 9, 10), implying that glial 
cells follow an obligatory glycolytic energy metabolism. However, 
several fundamental questions remain unaddressed. The absence of 
pathology in glial OXPHOS mutants can also result from metabolic 
flexibility, which is supported by the fact that every cell in the mam-
malian central nervous system (CNS) is equipped with almost the 
entire set of metabolic pathways. Moreover, brain metabolism re-
acts to altered availability of energy substrates, which occur during 
normal postnatal development or after dietary changes, but the 
mechanisms in each of the CNS cell types through which nutritional 
changes induce the metabolic adaptation in the brain are unknown. 
Here, we dissect these questions by integrating proteomic and tran-
scriptomic screens of acutely isolated brain cells in addition to tis-
sue metabolomics and expression analyses from young and adult 
mice that were challenged by feeding a ketogenic diet (KD) or by 
neuroinflammatory disease. Together, our results reveal key mech-
anisms of cell type–specific metabolic remodeling that lead to an advan-
tage in neuroinflammatory disease.

RESULTS
Proteome analysis of the cortical cell types reveals preferred 
pathways of energy metabolism
Glucose is the main energy substrate for the adult brain, but inferred 
from cell culture data and genetic studies, brain cell types differ in 
the relative utilization of energy substrates and pathways of energy 
metabolism (2). The capacity of a metabolic pathway is reflected in 
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the equipment with effector enzymes irrespective of the cellular 
source, as shown in mitochondria ex vivo (11, 12). Therefore, the 
relative abundance of proteins was used as a proxy for the preferred 
mode of energy metabolism in the major cell types that were acute-
ly isolated from cortices of individual adult mice followed by cell 
type–specific proteome profiling (Fig. 1A). We quantified a total of 
3541 proteins, ranging from 1506 proteins in oligodendrocytes to 
2110 proteins in endothelial cells (table S1). Pearson correlation 
and principal components analysis (PCA) validated the accuracy of 
our experimental workflow (Fig.  1,  B  and  C). Strongly increased 
protein abundance of marker genes and gene set enrichment analy-
sis (GSEA) across all five cell types using 11 custom-select gene sets 
related to cell function confirmed cellular identities (fig. S1 and table S2). 
The set related to synaptic transmission was enriched in the neuronal 
fraction, and myelin proteins were predominantly found in oligo-
dendrocytes. Astrocytes enriched the gene set “homeostatic astrocyte” 
comprising astrocyte genes derived from recent studies (13, 14). The 
gene set “homeostatic microglia” comprising known markers (e.g., 
P2ry12, CX3CR1, TMEM190, and HexB) was significantly enriched in 
microglial fractions. In contrast, the gene sets related to activated glia 
comprising proteins associated with A1-, M1-, or disease-associated 
signatures, such as glial fibrillary acidic protein (GFAP) (astrocytes) 
or colony-stimulating factor 2 (CSF2) (microglia), were only moder-
ately expressed in either cell type, indicating no obvious ex vivo ef-
fect. Thus, this dataset genuinely reflects the in vivo proteome of the 
major CNS cell types.

We next used our proteome dataset to determine the relative cell 
type–specific abundance of metabolic pathways by GSEA using 14 
custom-select gene sets of the main metabolic pathways that con-
tain the major enzymes but not regulatory or accessory proteins 
(table S3). Although this restriction could result in overlooking 
important differences between experimental groups regarding reg-
ulatory proteins, it focuses the analysis on the proteins directly 
involved in metabolic reactions. Unexpectedly, astrocytes and oli-
godendrocytes strongly enriched energy metabolism pathways, where-
as neurons, microglia, and endothelial cells showed remarkably low 
normalized enrichment scores (Fig. 1D). Astrocytes contained high 
levels of proteins related to glycolysis (Fig. 1E), as expected (1, 2). 
Moreover, proteins related to the respiratory chain/OXPHOS, to 
the tricarboxylic acid (TCA) cycle, and to fatty acid β oxidation 
were also most abundant in astrocytes (Fig. 1, D and E), in accord 
with robust oxidative metabolism in this cell type (9, 11,  12,  15). 
These pathways are all located in mitochondria, and, hence, the ma-
jority of the 274 mitochondrial proteins identified in any of the pro-
teome datasets were most abundant in astrocyte fractions (Fig. 1F). 
The magnetic-activated cell sorting (MACS) procedure preferen-
tially enriches cell bodies while losing cell processes. As neurons 
contain the most mitochondria in their neurites (16), this likely ex-
plains the low level of mitochondrial pathways in neuronal fractions. 
Accordingly, astrocyte cell bodies contained the highest densities 
of mitochondria and the highest cumulative mitochondrial volume, 
compared to all other cell types (Fig.  1,  G  and  H, and fig. S1C). 
These findings are consistent with a recent three-dimensional (3D) 
ultrastructural study that shows similar mitochondria densities in 
astrocytes and neuronal processes (17). Overrepresentation analysis 
(ORA) of the 67 mitochondrial proteins chiefly found in astrocytes 
implied active mitochondrial remodeling and transport especially 
in these glial cells (Fig.  1I). Although we did not quantify the cell 
type–specific contribution of cortical OXPHOS, our findings suggest 

a considerable contribution of astrocytic mitochondria to cortical 
energy metabolism.

Cortical cells adjust metabolic pathways preferences during 
postnatal brain maturation
The function and energy metabolism of a given cell are closely 
linked by anterograde and retrograde regulations (1). When brain 
function matures during the first postnatal weeks, neuronal circuits and 
glial cell networks develop to achieve new tasks. Oligodendrocytes 
accomplish myelination and microglia clear surplus material from 
synapses and myelin. To interrogate whether brain cells adapt their 
metabolism in the process of postnatal brain maturation, we compared 
the cellular proteomes from postnatal day 42 (P42) mice with equivalent 
datasets obtained from mice at P14 (Fig. 2, A and B, and table S1).

As determined by GSEA of datasets at P42 versus P14, astrocytes 
and oligodendrocytes significantly increased gene sets related to 
carbohydrate metabolism such as glycolysis (Fig. 2, C to E). Astro-
cytes also increased enzymes related to glycogen synthesis and deg-
radation in accordance with the increased “homeostatic astrocyte” 
cell function gene set (Fig.  2D). Oligodendrocytes also increased 
gene sets of the TCA cycle, OXPHOS, and amino acid metabolism 
but decreased sterol synthesis, together reflecting the still high ana-
bolic demand during the advanced-state myelination at P42. In en-
dothelial cells, the postnatal period was associated with increased 
abundance of endothelial glucose transporter GLUT1 in addition to 
unchanged glycolysis enzymes, suggestive of enhanced CNS import 
of glucose (Fig. 2E). Microglia that contained rather low levels of 
metabolic proteins showed only minor changes between P14 and 
P42 metabolism (reduced “proteasome” gene set) that suggested at-
tenuating turnover of phagocytosed material, in accordance with a 
recent RNA-profiling resource (18). Neurons significantly increased the 
OXPHOS gene set, together with enhanced functional changes re-
lated to synaptic transmission (“synaptic cycle”). The gene set synaptic 
cycle was also increased in astrocytes and oligodendrocytes, likely re-
flecting cellular adaptations to active neuronal impulse propagation.

During this critical phase of postnatal brain development be-
tween P14 and P42, mice are weaned. Before weaning, the main en-
ergy metabolites in the periphery and also in the CNS are ketone 
bodies, predominantly -hydroxybutyrate (3HB) and acetoacetate, 
which derive from consuming lipid-rich breast milk (19). Upon 
weaning and the switch to carbohydrate-based chow, ketone bodies 
are replaced by glucose as main energy substrate (20). This was par-
alleled by reduced levels of monocarboxylate transporter 1 (MCT1), 
which transports monocarboxylates, including ketone bodies, and 
down-regulation of the gene set “ketolysis” in almost all cell types 
with the strongest decreases in astrocytes and oligodendrocytes 
(Fig. 2, C and F). These findings show that all cell types undergo 
considerable metabolic adaptations during postnatal development 
and imply preponderant utilization of ketone bodies by astrocytes 
and oligodendrocytes before weaning.

Weaning mice to KD induces cortical ketolysis and maintains 
brain maturation
We next asked whether postweaning brain maturation is triggered 
by, counteracted by, or independent of the metabolic adaptation of 
brain cells to the altered nutritional input (ketone bodies to glu-
cose). To uncouple brain maturation from the nutritional switch at 
weaning, we used a paradigm of prolonged breastfeeding by wean-
ing mice to a classical low-carbohydrate, high-fat KD or to regular 
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Fig. 1. Preferred metabolic pathways in cortical cell types. (A) Scheme of the experimental approach. Cell types were isolated from the cortex (Ctx) of individual P42 mice 
(n = 4) using magnetic beads and analyzed by proteomic profiling. m/z, mass/charge ratio. (B) Pearson correlation of cell type–specific proteome datasets as in (A). (C) PCA 
of cell type–specific proteomes calculated from 722 complete cases of a total of 3541 proteins. (D) Normalized enrichment score (NES) of the gene sets “metabolic pathways” 
by gene set enrichment analysis (GSEA), comparing z scores of cell type–specific proteomes from P42 mice (AA, amino acid; FA, fatty acid; FDR, false discovery rate; OXPHOS, 
oxidative phosphorylation; PPP, pentose phosphate pathway; TCA, tricarboxylic acid cycle). (E) Heatmaps showing the mean cell type–specific abundance of proteins related 
to metabolic pathways (n = 4). (F) Cell type–specific abundance of mitochondrial proteins plotted as the relative abundance of each of the 274 identified mitochondrial 
proteins. (G) Violin plot of the density of mitochondria per cell soma volume, by quantification of SCOT+ mitochondria colabeled with cellular markers [n = 10 to 20 visual 
fields with 20 to 28 cells from four animals; one-way analysis of variance (ANOVA) with Tukey’s posttest showing significant differences to astrocytes, **P < 0.01 and 
***P < 0.001]. (H) Violin plot of the relative mitochondrial volume (calculated from genetically labeled GFP fluorescence in the outer mitochondrial membrane) per cell soma 
volume in astrocytes (GFAP-Cre*MitoTag) and neurons (Rbp4-Cre*MitoTag) colabeled with cellular markers (n = 18 to 34 visual fields with 27 to 52 cells from three animals; 
Mann-Whitney test, ***P < 0.001). (I) Top five GO term processes of the 67 mitochondrial proteins found exclusively in astrocytes by overrepresentation analysis.
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chow (standard diet, SD) (Fig. 3A). In agreement with reinforced 
ketosis, blood levels of 3HB significantly increased and glucose 
levels decreased in KD- compared to SD-fed offspring without 
causing liver or brain toxicity (Fig.  3B and fig. S2, A to E). Liver 
transcripts reflected the altered lipid metabolism, e.g., by strongly 
up-regulating Fgf21 expression in KD-fed mice (table S4). Despite 
the expected slower body weight gain of KD-fed animals (21), the 
brain weight was comparable in both dietary conditions (fig. S2, F 
and G), showing that brain growth was not delayed in KD-fed ani-
mals. In a longitudinal analysis from P21 to P42, we monitored cor-
tical mRNA expression of genes related to brain development, 
testing growth factors (e.g., Bdnf), synapses (e.g., Nr2a), and myelin 
(e.g., Mbp). All transcript levels in KD-fed mice were similar to lit-
termate SD-fed controls (fig. S2, H to M, and table S5). When we 
evaluated neurocognitive abilities using an auditory discrimination 
task in the Audiobox (22), mice of both treatment groups showed 
equivalent performance (Fig. 3C). These findings show normal 
brain development irrespective of nutritional paradigm.

To investigate whether brain metabolism attuned to the nutri-
tional paradigm, we analyzed key metabolic enzymes and metabo-
lite transporters in the cortex of KD- versus SD-fed mice. Transcripts 
and protein levels of the glucose transporter GLUT1 (Slc2a1 gene) 
were similar in both dietary regimes (fig. S2, N and O). Consistent 
with the reduced blood glucose in KD-fed mice, cortical glucose 
levels were strongly reduced as determined by metabolic profiling 
(Fig. 3D and table S6). In contrast, cortical levels of glycolysis inter-
mediates and mRNA expression of glycolysis enzymes, including 
the rate-limiting enzyme phosphofructokinase (Pfkm) remained 
unchanged in KD-fed mice (Fig. 3D and fig. S2, P and Q), potential-
ly reflecting cortical glycolysis in the presence of reduced substrate 
levels. MCT1 (Slc16a1) mRNA expression almost doubled in KD-
fed mice, causing an approximately 1.5-fold increased MCT1 pro-
tein abundance at P42 (fig. S2R and Fig. 3E). This was particularly 
obvious in blood vessels (Fig. 3F), reflecting sustained ketone body 
uptake into the brain. In contrast, expression of the monocarboxyl-
ate transporters MCT2 and MCT4 remained unchanged (fig. S2S). 
Transcript levels of the rate-limiting enzyme of ketolysis, SCOT 
[Oxct1 gene, succinyl–coenzyme A (CoA):3-ketoacid-CoA trans-
ferase], were not influenced by age or diet (fig. S2T), consistent with 
the nontranscriptional regulation of ketolysis (23). In SD-fed mice, 
SCOT protein abundance progressively decreased with age (Fig. 3G). 
In contrast, SCOT persisted at high levels, resulting in an almost four-
fold increased SCOT level at P42 in KD-fed mice compared to SD-fed 
controls (Fig. 3G). Transcript and protein abundance of other en-
zymes of ketolysis were similar in both dietary groups throughout 
the time course (fig. S2, U to X). Together with the ~40-fold increase 
of cortical 3HB levels (Fig. 3H), these data show robust ketolysis in 
the cortex of KD-fed mice at P42. Of note, the KD formulation was 
validated in a long-term feeding paradigm that induced chronic ke-
tosis in the brain without causing brain damage (fig. S3).

Cortical cell types follow specific strategies to adapt their 
metabolism to ketosis
To investigate cellular adaptations to the sustained cortical ketolytic 
metabolism, we compared proteomes of cell types isolated from the 
cortex of KD- versus SD-fed mice at P42 (Fig. 4A). PCA, Pearson 
correlation, and volcano plots (Fig. 4B and fig. S4, A and B) showed 
that KD strongly altered the proteome profile of astrocytes, neurons, 
and microglia compared to SD. In contrast, KD and SD samples 

from oligodendrocytes and endothelial cells largely overlapped, im-
plying that the degree of diet-induced adaptations was minor in 
these cell types. In accordance with our findings in tissue of KD-fed 
mice, endothelial cells strongly increased expression of MCT1 and 
its interaction partner basigin but not of ketolytic enzymes (Fig. 4C 
and fig. S4C), and the density of SCOT+ mitochondria in endothe-
lial cells was similar in both dietary paradigms (fig. S4D). These 
data implicate that cerebral vessels supported cortical ketolysis in 
KD-fed mice by importing ketone bodies into the CNS.

Microglia that expressed only low levels of proteins related to 
ketolysis in SD-fed animals further down-regulated these enzymes 
in KD-fed mice (Fig. 4C). The increased proteasome gene set sug-
gested enhanced tissue remodeling, but the lipid-rich diet did not 
reprogram the microglial metabolism and microglia remained in a 
homeostatic state (fig. S4, C and E).

In oligodendrocytes of KD-fed compared to SD-fed mice, pro-
teins of ketone body transport but not utilization were significantly 
enhanced (Fig.  4C), and the density of SCOT+ mitochondria did 
not change (fig. S4D), suggesting that ketolysis remained active in 
oligodendrocytes of KD-fed mice, as these cells were already adapted 
to the utilization of ketone bodies. We originally expected that en-
hanced peripheral lipid metabolism in KD-fed mice could support 
myelination by CNS import of precursors for lipid synthesis as cho-
lesterol is essential for myelination (24, 25). However, GSEA revealed 
that feeding KD did not significantly alter any of the metabolic path-
ways in oligodendrocytes, including fatty acid and cholesterol syn-
thesis (fig. S4C). By gas chromatography–mass spectrometry (GC-MS), 
cortical levels of cholesterol and sterol synthesis intermediates, whose 
levels reflect ongoing sterol synthesis, remained unchanged (table 
S6), and myelination was similar in both dietary conditions (fig. S5, 
A to C). Accordingly, proteomic profiling of oligodendrocytes revealed 
only a slight, but nonsignificant increase in the “myelination” gene 
set (fig. S4E). Of note, oligodendrocytes of KD-fed mice increased 
the gene set “ion/vesicular transport” (figs. S4E and S5D). This was 
confirmed by enhanced transcript levels related to transport and 
ion transport processes identified by gene ontology (GO) analysis of 
oligodendrocyte transcriptomes from KD- versus SD-fed animals 
(fig. S5, E and F, and table S7), pointing to enhanced membrane traffic 
in oligodendrocytes and myelin remodeling. These findings show that 
oligodendrocytes follow their intrinsic postnatal metabolic trans-
formation irrespective of the altered CNS metabolism.

Consistent with increased fatty acid import into the brain of KD-
fed mice (26), GSEA of astrocytes revealed enrichment of proteins 
related to  oxidation of fatty acids (fig. S4C). Moreover, these 
glial cells strongly elevated the ketolytic pathway in KD- versus SD-
fed mice (Fig. 4C and fig. S4C). The density and fluorescence inten-
sity of SCOT+ mitochondria strongly increased in astrocyte cell 
bodies, and even more so in astrocyte processes, compared to SD-
fed mice (Fig. 4D and movie S1). In agreement with the conversion 
of ketone bodies to acetyl-CoA for oxidative degradation, astrocytes 
strongly increased the TCA and OXPHOS gene sets (fig. S4C). 
While the rate-limiting enzyme of the pentose phosphate pathway 
(PPP) was increased, the other enzymes of this pathway were de-
creased (fig. S4, C and F), potentially reflecting reinforced utilization 
of the PPP. In contrast, astrocytes strongly down-regulated glyco-
gen metabolism and glycolysis (Fig. 4E and fig. S4, C and F). More-
over, when we accustomed astrocytes in vitro to energy metabolite 
levels mimicking conditions in SD [control (Ctrl)] and KD (Keto) 
brains, intracellular baseline lactate levels and the rate of lactate 
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production were reduced in the Keto group (Fig. 4F). Next, we mea-
sured adenosine triphosphate (ATP) levels in acutely isolated astro-
cytes from KD- compared to SD-fed animals treated with inhibitors 
of glycolysis (2-deoxyglucose) and OXPHOS (Oligo). Regardless of 
the nutrition, astrocytes depended on both glycolysis and OXPHOS 
(Fig. 4G). The reduced glycolytic ATP and increased ATP from mi-
tochondrial OXPHOS in astrocytes from KD-fed animals suggest 
attenuated glycolysis and a significant shift to OXPHOS for ATP 
production, in agreement with the proteome data. These alterations 
demonstrate increased mitochondrial fatty acid/ketone body me-
tabolism and reduced cytosolic glycolysis in astrocytes of KD-fed 
mice. In combination with the increased abundance of astrocytic 
GLUT1, this could lead to increased intracellular glucose feeding 
into the PPP. Although not shown directly, this scenario is also 
compatible with the concept of glucose transit to other brain cells in 
ketotic mice.

As a consequence of attenuated glucose degradation in astrocytes, 
TCA anaplerosis has to be enhanced to maintaining intermediary 
metabolism. TCA anaplerosis can derive from amino acids involving 
mitochondrial glutamate dehydrogenase generating α-ketoglutarate 
and transaminases, such as alanine aminotransferase (GPT2) gener-
ating pyruvate followed by pyruvate carboxylase, in line with in-
creased pyruvate consumption in 3HB-treated astrocyte cultures (27). 
In addition, oxidation of odd chain fatty acids followed by mitochon-
drial propionyl-​CoA carboxylase (PCCA and PCCB subunits), meth-
ylmalonyl-CoA epimerase, and methylmalonyl-CoA mutase can give 
rise to TCA intermediates. Notably, all mitochondrial enzymes in-
volved in these processes and mitochondrial transporters such as 
the oxoglutarate-​malate carrier SLC25A11 were strongly increased 
in astrocytes of KD- versus SD-fed mice (Fig. 4H and table S9). In 
contrast, the cytoplasmic counterparts of amino acid intermediary 
metabolism such as GOT1 were markedly reduced (Fig. 4H). To-
gether, these findings are compatible with the concept that astrocytes 
in KD-fed mice degrade proteins/amino acids, lipids, and ketone 
bodies and maintain the TCA cycle for subsequent oxidative energy 
generation, thereby sparing glucose for neurons. In contrast to 
these marked metabolic alterations, KD did not affect cell function 
pathways in astrocytes, as determined by GSEA (fig. S4E). In a cor-
responding transcriptome analysis, GO analysis revealed attenuated 
inflammatory processes in isolated astrocytes of KD- versus SD-fed 
mice (fig. S5, G and H, and table S8). These findings demonstrate that 
predominantly astrocytes sense the composition of imported energy 
substrates and adapt their metabolism accordingly.

Cortical neurons of KD-fed mice increase energy 
metabolism pathways
Similar to astrocytes, neurons from KD-fed mice strongly elevated 
protein levels related to ketone body utilization and increased the 
density of SCOT+ mitochondria (Figs. 4C and 5A, and fig. S4C), sug-
gesting that neurons and astrocytes were the chief consumers of 
ketone bodies in KD-fed mice. Gene sets related to the catabolism of 
ketone bodies, TCA cycle and OXPHOS, were robustly enriched in 
neurons from KD-fed mice, which are also reflected by significantly 
increased TCA cycle enzymes and intermediates in cortical tissue 
(Fig. 5, B and C, and fig. S4C), in agreement with increased TCA 
cycle activity in the brain of rats fed a KD (28). Notably, neurons 
slightly reduced the PPP but strongly up-regulated glycolytic en-
zymes (Fig. 5D and fig. S4, C and G), likely reinforced by glucose 
uptake via the high-affinity GLUT3 glucose transporter (29).

Next, we investigated whether the increased equipment with 
proteins related to energy metabolism affects synapses, as the most 
energy-consuming process in neurons is the restoration of resting 
potentials after impulse generation. Neurons strongly increased the 
synaptic cycle gene set in KD-fed mice (fig. S4E). Although gene 
transcription of synaptic proteins including Vglut1 was similar in 
both dietary regimens (table S5), many synaptic proteins were two-
fold or more increased in neuronal fractions (Fig.  5E). Increased 
VGluT1 immunolabeling of brain sections from KD-fed mice cor-
roborated the proteome data. However, colabeling of pre- and postsyn-
aptic markers and counting synaptic boutons on electron micrographs 
revealed equivalent density of synaptic junctions in KD- and SD-fed 
mice (Fig. 5, F and G), implying normal synapse density but poten-
tially with higher turnover of their components. Unexpectedly, the 
steady-state levels of neurotransmitters, both the excitatory gluta-
mate and the inhibitory -aminobutyric acid, were reduced in KD-
fed mice (Fig. 5H and table S6). Adenosine levels, which are known 
to dampen synaptic activity (30), were elevated 4.9-fold. Of note, 
the increased adenosine in the KD-fed mice was possibly in part 
achieved by attenuated abundance of the adenosine-metabolizing 
adenosine kinase that was reduced to ~30% of levels in astrocytes of 
SD-fed mice (table S1). When we determined neuronal steady-state 
energy levels in optic nerve axons using Thy1-ATeam sensor mice 
(31), unchanged ATP sensor signals and fluorescence lifetime sug-
gested similar ATP levels in both dietary paradigms (Fig.  5I). To 
address whether the alterations of neurotransmitter levels and syn-
aptic proteins in mice fed KD influenced behavior, we performed 
open field tests. Mice fed KD showed increased locomotor activity 
but lacked any signs of anxiety (Fig. 5J). These findings show complex 
adaptations of physical activity, neuronal signal transmission, and 
brain metabolism in KD-fed mice that could influence each other.

Feeding KD provides the required energy substrate 
for the disease-adapted neuronal metabolism in EAE mice
Next, we explored whether the increased equipment with proteins 
related to energy metabolism in neurons of KD-fed mice could also 
invigorate neurons in the context of neurodegenerative disease. Per-
manent disabilities in demyelinating disease such as multiple scle-
rosis (MS) are caused by progressive neuron damage. Together with 
adverse effects of the proinflammatory environment, neurons are at 
risk of suffering energy deficits. This is because of the strongly in-
creased energy cost of impulse conduction when axons are demye-
linated (32). In addition, several entities of neurodegenerative disease 
are associated with perturbed brain import of energy metabolites 
such as glucose (33, 34). To investigate the relationship between de-
myelinating disease and the peripheral nutrient status, we induced 
experimental autoimmune encephalomyelitis (EAE) in mice and 
monitored blood glucose values. At 7 days after induction, before 
the onset of clinical symptoms, glucose levels dropped to about 55% 
of control values and remained at low levels throughout the peak of 
EAE clinical scores (fig. S6A).

In EAE, immune cell infiltration and demyelination manifest in 
the spinal cord and to a lesser extent in the cortex (fig. S6, B and C). 
To explore, how EAE affects cortical neurons, we compared pro-
teomes of isolated neurons from EAE mice and controls (fig. S6D). 
Ongoing EAE disease was reflected in increased levels of disease 
markers such as nuclear factor B2 and scavenging systems for re-
active oxygen species (ROS) such as superoxide dismutase 1 (SOD1), 
proteins of the glutathione family and catalase (fig. S6E), also 
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Fig. 5. Feeding KD alters synapse remodeling. (A) Maximum intensity projection (1 m) of SCOT (red) and NeuN (green) colabeling with quantification of the density 
and relative fluorescence intensity of SCOT+ mitochondria per soma volume (Mann-Whitney test, ***P < 0.001; scale bar, 5 m). (B) Mean TCA intermediates by GC-MS 
(n = 6; Cit, citrate; aKG, -ketoglutarate; Succ, succinate; Fum, fumarate; Mal, malate). (C) LFC of neuronal TCA proteins (n = 4). (D) LFC of proteins related to neuronal 
glycolysis (n = 4). (E) Heatmap of proteins related to synaptic transmission in neurons (n = 4 mice). (F) Maximum intensity projection of Shank2 (magenta) and VGluT1 
(yellow) colabeling (scale bars, 5 m) with fluorescence intensity scan of the dashed line. Global or synaptic (colocalized with the postsynaptic marker Shank2) VGluT1 
immunofluorescence with median and interquartile ranges (n = 20 images of four mice; Mann Whitney test, *P > 0.05). (G) Representative image and quantification of 
synapse density on electron microscopic images (n = 3 mice; scale bars, 100 nm). (H) Mean cortical neurotransmitter levels measured by GC-MS (n = 5 to 6 mice). (I) Steady-
state axonal ATP levels in optic nerves from Thy1-ATeam ATP sensor mice fed KD or SD, showing the F/C intensity ratio, the sensor lifetime, and the mean normalized 
fluorescence decay time ± SEM [n = 6 (KD) and n = 8 (SD) nerves from three to four mice]. (J) Open-field test. Representative traces of P42 mice fed SD and KD with quan-
tification shown as mean with individual values (n = 12 to 15 mice; two-way ANOVA with Sidak’s posttest, ***P < 0.001). (C to E) Moderated t statistics with FDR-based 
correction for multiple comparisons (*q mod < 0.05, **q mod < 0.005, and ***q mod < 0.001). (B and H) T statistics with Benjamini-Hochberg correction; *Padj < 0.05, **Padj < 
0.01, and ***Padj < 0.001. ns, not significant. n.d., not detected.
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confirmed by immunolabeling of cortical sections (fig. S6F). In con-
trast, markers of neuronal health, such as transforming growth 
factor–1 or glycogen synthase kinase 3, were markedly reduced 
(fig. S6E). GSEA revealed increased expression related to glycolysis 
and OXPHOS in neurons from EAE mice (fig. S6, G and H). More-
over, abundance of ketolysis enzymes, including the rate-limiting 
enzyme SCOT, was also strongly enhanced (fig. S6H). These findings 
show that EAE leads to increased equipping of cortical neurons, 
unlike spinal cord neurons (35), with enzymes involved in energy 
metabolism pathways, reminiscent of feeding KD (fig. S4C).

Potentially, EAE could lead to the induction of ketosis in the 
brain, provoked by lipolysis of degenerating myelin, and in the pe-
riphery, provoked by lipolysis of adipose tissue mass (36). However, 
liver abundance of HMGCS2 (3-hydroxy-3-methylglutaryl-CoA syn-
thase 2), the rate-limiting enzyme of ketogenesis, and MCT1, in-
volved in releasing ketone bodies into the circulation, was similar in 
EAE mice and non-EAE controls (fig. S7A). Liver transcripts relat-
ed to lipid metabolism and ketosis, such as Fgf21, were unchanged 
or even decreased compared to non-EAE control mice (table S10). 
Moreover, at the peak of EAE, blood 3HB levels were reduced to 
~60% of control levels (fig. S7B). These findings demonstrate that 
EAE itself does not boost peripheral ketosis, potentially restricted 
by the limited adipose fat stores. However, irrespective of the scar-
city of corresponding energy substrates, EAE appears to interfere with 
the neuronal energy metabolism and induces neuronal ketolysis.

We next explored whether the induction of peripheral ketosis 
could rescue the shortage of circulating nutrients (due to depletion 
of adipose tissue) in EAE mice. When we fed KD to EAE mice ther-
apeutically, commencing with the onset of symptoms, blood ketone 
body levels strongly increased at the peak of EAE disease, whereas 
blood glucose remained at levels found in SD-fed EAE mice (Fig. 6A). 
Liver transcripts of Fgf21 strongly increased, reflecting metabolic 
adaptations to the lipid-rich ketogenic nutrition (table S10). Periph-
eral ketosis was also evident by the increased protein abundance of 
HMGCS2 and MCT1 in the liver of KD compared to SD-fed EAE 
mice (fig. S7A). We then compared the proteomes of cortical neu-
rons from EAE and control mice fed KD or SD (figs. S6D and S7C). 
KD-fed EAE mice had only slight increases in the energy metabo-
lism pathways (fig. S7D). This included glycolysis and ketolysis 
(Fig. 6B), also confirmed by SCOT immunolabeling (Fig. 6C). Con-
sistent with counterbalancing of peripheral ketotic with neuronal 
ketolytic metabolism, feeding KD to EAE mice mitigated clinical 
symptoms, attenuated densities of inflammatory cells, and reduced 
the mean lesion size (Fig. 6, D to F, and fig. S7E). In accord with 
reduced disease expression, protein expression of ROS scavengers 
such as catalase was attenuated in neurons from KD-fed versus SD-
fed EAE mice (Fig. 6G). These findings demonstrate that EAE alters 
the neuronal metabolism in a similar direction as feeding KD with-
out raising peripheral ketosis. Feeding KD to EAE mice provides 
the required energy substrate for neuronal ketolysis, which contrib-
uted to disease amelioration.

DISCUSSION
Detailed knowledge of the metabolic cross-talk between CNS cell 
types as well as between the periphery and the brain has key impli-
cations for the understanding of the mechanisms through which 
functional homeostasis is maintained; this becomes especially relevant 
during development, altered nutrition, and even disease pathogenesis. 

Here, we generated a comprehensive atlas of the proteome of the 
major cell types acutely isolated from the cortex of young and adult 
mice. Our study used cell type–specific protein abundances as a 
proxy for the activity of metabolic pathways. The quantification of 
effectors of metabolic pathways unravels substantial differences be-
tween cell type–specific preferences of energy metabolism, in line 
with the concept of metabolic coupling (2, 37). In vitro and ex vivo 
functional assays support this methodical approach.

We confirm high glycolytic rates in astrocytes (9). Previous studies 
established a nonessential role of OXPHOS in astrocytes (9, 11, 12, 15) 
and, in culture, lower oxygen consumption rates compared to neu-
rons (12). In agreement with a transcriptomic study (38), we show 
that astrocyte fractions, but not neuronal fractions, contain highest lev-
els of proteins related to mitochondrial oxidative energy–generating 
pathways, particularly OXPHOS. Our functional assays demonstrate 
ATP generation not only by glycolysis but also by OXPHOS in astro-
cytes, which is reflected in the astroglial sensitivity to changes in the 
partial pressure of oxygen (39, 40). Accordingly, astrocyte cell bodies 
contain a higher density and volume fraction of mitochondria com-
pared to neurons, as reported in a 3D ultrastructural study (17).

Approximately 5% of the energy expenditure in the brain derives 
from ketone bodies in healthy adults, which can reach ~20% after 
starvation, dietary intervention, or preweaning (41). Our study im-
plies ketone body utilization in all cell types before weaning and 
shows that postnatal brain development is accompanied by meta-
bolic remodeling in all cell types. A prolonged breastfeeding para-
digm by weaning mice to KD showed that altered brain metabolism 
is not achieved through equivalent regulations in all CNS cells. Rather, 
distinct cell type–specific strategies mediate the metabolic adapta-
tion of the cortex to brain maturation and the altered nutritional 
input. Oligodendrocytes show lowest metabolic flexibility, as these 
glial cells followed their intrinsic metabolic reprogramming during 
postnatal maturation irrespective of the nutritional paradigm. In 
contrast, astrocytes show the highest metabolic plasticity in re-
sponse to the altered nutritional input. KD increased the levels of 
ketone bodies and enhanced ketone body oxidation and subsequent 
OXPHOS in astrocytes. The reduced availability of carbohydrates 
resulted in diminished astrocyte glycolysis, decreasing the produc-
tion and, presumably, the release of the glycolytic product lactate. 
Glial synthesis is a major physiological source of CNS lactate, which 
fuels energy production in neuronal mitochondria (5). In addition 
to local synthesis, lactate is also imported into the brain via endo-
thelial MCT1 transporters (42) and there partially replaces glucose 
as energy metabolite during ketosis (3). Circulating lactate remains 
at control levels in human subjects following a KD (43). In mice, 
KD increased MCT1 abundance in brain vessels and, despite reduced 
astrocyte synthesis, maintained cortical lactate levels, contributing 
to the sustained mitochondrial OXPHOS in cortical neurons of 
KD-fed mice. Notably, KD increased not only neuronal OXPHOS 
but also the other major energy metabolism pathways, although it is 
unlikely that all pathways increased in every neuron simultaneously. 
It is well known that breastfeeding improves many aspects of post-
natal development in children including cognitive abilities (44, 45). 
Mimicking prolonged breastfeeding duration by weaning mice to 
KD, privileged brain growth over body weight gain, and reinforced 
energy metabolism in neurons, suggesting that mammalian breast-
feeding serves to support brain development.

Our study shows that inflammatory demyelinating disease af-
fects peripheral glucose metabolism. Peripheral and cerebral glucose 
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metabolism is often perturbed in individuals with MS (46–48). Des-
ignated as “brain energy gap,” this is also a recognized feature of 
other neurodegenerative diseases (33, 34). It is possible that proin-
flammatory cytokines such as the tumor necrosis factor that rise 
during presymptomatic EAE (49, 50) trigger lipolysis from fat stores 
with concomitant increase in serum leptin via hypothalamic dysreg-
ulation, as observed in mouse models and patients with MS (34, 51–53). 
Increased leptin attenuates food intake, thereby diminishing blood 
glucose, which is further aggravated by the enhanced glucose demand 
of proliferating immune cells (33). Despite increased adipose tissue 
lipolysis, blood triglyceride levels drop in EAE mice (36), suggesting their 
utilization by hepatic fatty acid  oxidation and ketogenesis. It is 

conceivable that this triggered ketolysis in the brain and in other or-
gans, causing the depletion of circulating ketone bodies at the peak 
of EAE. Together, these findings demonstrate that inflammatory 
disease decreases blood nutrient levels that probably do not suffice 
to meet the energy demand of CNS neurons. This could lead to mi-
tochondrial abnormalities in axons (54) and induce a vicious cycle 
of cachexia, neuronal starvation, and damage. Filling the nutrient 
gap by increased glucose intake as, e.g., in Western diets, however, 
even aggravates clinical symptoms in EAE mice and patients with 
MS by promoting inflammatory processes (55–57).

An unexpected finding of our study was that EAE induced simi-
lar changes in neuronal energy metabolism as feeding KD. Cortical 
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EAE mice (n = 6 to 8 mice; unpaired two-sided Student’s t test). (F) Mean density of inflammatory cells ± SEM in spinal cord of EAE mice fed KD or SD analyzed by flow 
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*P < 0.05, **P < 0.01, and ***P < 0.001.
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neurons of EAE mice increased ketolysis, consistent with elevated 
SCOT abundance in lesions of patients with MS (58), despite the 
low levels of circulating ketone bodies. We hypothesize that match-
ing ketone body supply to the neuronal metabolism contributed to 
the rapid amelioration of disease severity in KD-fed mice. Notably, 
we previously showed that feeding KD to other models of demyelin-
ating disease normalized mitochondrial pathomorphology in axons 
(54). Increasing circulating levels of ketone bodies by a variety of 
approaches has beneficial effects in a variety of disease conditions, 
including inflammatory demyelinating disease in animal models 
and in human patients (54, 59–65). The underlying mechanisms are 
multifactorial involving effects on neurotransmission, epigenetic 
gene regulation, gut microbiota, and antioxidative as well as anti-​
inflammatory activities (66–68). Our data show that KD rebalances 
CNS and peripheral metabolism in EAE. Although potentially ef-
fective, strict dietary regimens often lack the compliance of patients. 
Future studies will identify alternative treatments to raise steady-
state levels of circulating ketone bodies, their CNS import, and uti-
lization, which could have implications for the management of a 
variety of neurodegenerative diseases.

There are some limitations to our study. It is possible that bioen-
ergetic efficiencies differ between cell types beyond the abundance 
of effector enzymes of the metabolic pathways (12). We did not de-
termine metabolic fluxes and substrate preferences in vivo, in favor 
of obtaining cell type–specific information from acutely isolated 
cells. Analyses of metabolic pathways in vitro reveal the activity of 
metabolic pathways but come with the drawback of lacking the local 
microenvironment and the complexity of the natural interplay be-
tween cell types. Our experimental paradigm does not allow dis-
criminating between subpopulations of the different cell types but 
reflects the sum of the isolated cellular fractions. It is possible that 
some of the observed effects were even stronger in individual cells. 
Future studies applying spatial single-cell analysis will define neu-
roenergetic processes at the cellular level and reveal the local cross-
talk and metabolic coupling.

In summary, our study provides a map of the protein equipment 
of the five major CNS cell classes acutely isolated from young and 
adult mouse cortex. This study provides a powerful resource for 
analyzing protein profiles under physiological conditions during 
development, in response to ketosis and challenged with neuroin-
flammatory disease.

MATERIALS AND METHODS
Ethical compliance
All animal experiments were performed in compliance with the 
ARRIVE and Institutional Animal Care and Use Committee guide-
lines and animal policies of the Max Planck Institute of Experimen-
tal Medicine and were approved by the German Federal State of 
Lower Saxony (Lower Saxony State Office for Consumer Protection 
and Food Safety). Animals were group-housed (three to five mice) 
in individually ventilated cages with 12-hour dark/light cycle and 
had access to food and water ad libitum. Male mice were used in this 
study. Animals were randomly assigned to the different treatment 
groups. Wild-type (WT) C57BL/6, Aldh1l1–enhanced green fluores-
cent protein (RRID:MMRRC_011015-UCD), ThyAT (MGI:5882597), 
MitoTag-floxed (RRID:IMSR_JAX:032675), GFAP-Cre (RRID:IMSR_​
JAX:024098), and Rpb4-Cre (RRID:MMRRC_037128-UCD) mouse 
strains were used in this study.

Mouse treatments
Each foster mother received five male C57BL/6N mice. To maintain 
normal lactogenesis in dams, commencing at the age of P10 of pups, 
dams received liquefied standard chow (65% ssniff V1124 and 35% 
ssniff E15712-10) on a shelf inaccessible for pubs. At P14, ketogenic 
(KD; ssniff E15149-30) or normal chow (SD; ssniff V1124) was pro-
vided in boxes with small holes, making it only accessible for pups. 
Mice were weaned at P17 and kept on the respective diet. Measure-
ment of blood glucose, ketone bodies, and bodyweight was per-
formed between 10:00 and 12:00 a.m. Blood was taken from tail tip 
and measured using the FreeStyle Precision System with respective 
strips for glucose or 3HB (Abbott Diabetes Care). Serum was pre-
pared after clotting by centrifugation. Quantification of liver enzyme 
activities was done using the Architect II system (Abbott Diagnos-
tics). Analyses were done at indicated ages.

Magnetic-activated cell sorting
Cells were isolated from cortex according to the adult brain dissoci-
ation protocol (Miltenyi Biotec, catalog no. 130-107-677). Antibody 
labeling was done according to the Microbead kit protocols using 
the antibodies specific to markers for the following cell types: oligo-
dendrocytes (O4 1:40; 130-096-670), astrocytes (ACSA-2 1:10; 
130-​097-679), microglia (CD11b 1:10; 130-093-636), and endothelial 
cells (CD31 1:10; 130-091-935). Neurons were isolated by negative 
selection. The purity of cell populations was routinely determined 
by quantitative polymerase chain reaction (qPCR) on extracted and 
reverse-transcribed RNA.

Proteome analysis
Isolated cell fractions from adult mouse cortex (n = 4 per condition) 
were lysed in 200 l of lysis buffer [2% CHAPS, 7  M urea, 2  M 
thiourea, 10 mM dithiothreitol (DTT), and 0.1 M tris (pH 8.5)] with 
a teflon pestle fitting into a 1.5-ml microvial. Samples were incubated 
in a cooled ultrasonic bath for 3 min, followed by a freeze (−20°C)/
thaw cycle. This treatment was performed three times in total. After 
the final thaw, samples were incubated in a cooled ultrasonic bath 
for 10 min and centrifuged (16,100g, 4°C) to remove insoluble par-
ticles. Supernatant fractions were subjected to automated in-solution 
digestion by filter-aided sample preparation as previously described 
in detail for synaptic protein fractions (69). Briefly, samples were 
loaded on centrifugal filter units (30 kDa molecular weight cutoff, 
Merck Millipore), detergents were removed with wash buffer [8 M 
urea, 10 mM DTT, and 0.1 M tris (pH 8.5)], proteins were alkylated 
with 50 mM iodoacetamide in 8 M urea and 0.1 M tris (pH 8.5), and 
excess reagent was removed with wash buffer. After buffer exchange 
with 50 mM ammonium bicarbonate (ABC) containing 10% aceto-
nitrile, proteins were digested overnight at 37°C with 400  ng of 
trypsin in 40 l of the same buffer. Tryptic peptides were recovered 
by centrifugation and extracted with 40 l of 50 mM ABC and 40 l 
of 1% trifluoroacetic acid (TFA), respectively. For quantification 
according to the TOP3 approach (70), aliquots of combined flow-
throughs were spiked with Hi3 EColi standard (10 fmol/l; Waters 
Corporation), containing a set of quantified synthetic peptides de-
rived from the Escherichia coli chaperone protein ClpB. Samples 
were directly subjected to liquid chromatography mass spectrometry 
(LC-MS) analysis using nanoscale reversed-phase ultraperformance 
LC separation (nanoAcquity system, Waters Corporation) coupled 
to quadrupole time-of-flight MS with ion mobility option (Synapt 
G2-S, Waters Corporation). Peptides were trapped for 4 min at a 
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flow rate of 8 l/min 0.1% TFA on Symmetry C18 5 m, 180 m by 
20 mm trap column and then separated at 45°C on an HSS T3 C18 
1.8 m, 75 m by 250 mm analytical column over 180 min at a flow 
rate of 300 nl/min, with a gradient comprising two linear steps of 3 
to 35% mobile phase B in 165 min and 35 to 60% mobile phase B in 
15 min (A, water/0.1% formic acid; B, acetonitrile/0.1% formic acid). 
Mass spectrometry analysis was performed in the ion mobility–
enhanced data-independent acquisition mode with drift time-specific 
collision energies (referred to as ultradefinition mass spectrometry, 
UDMSE) as introduced by Distler and colleagues (71) and adapted by us 
to synaptic protein fractions (69). Continuum LC-MS data were pro-
cessed using Waters ProteinLynx Global Server (PLGS) and searched 
against a custom database compiled by adding the sequence infor-
mation for E. coli chaperone protein ClpB and porcine trypsin to the 
UniProtKB/​Swiss-Prot mouse proteome and by appending the re-
versed sequence of each entry to enable the determination of false 
discovery rate (FDR). Precursor and fragment ion mass tolerances 
were automatically determined by PLGS and were typically below 
5  parts per million (ppm) for precursor ions and below 10 ppm 
(root mean square) for fragment ions. Carbamidomethylation of 
cysteine was specified as fixed and oxidation of methionine as vari-
able modification. One missed trypsin cleavage was allowed. Mini-
mal ion matching requirements were two fragments per peptide, 
five fragments per protein, and one peptide per protein. The FDR 
for protein identification was set to 1% threshold.

Four animals each for the different age/diet conditions (P14, 
P42_SD, and P42_KD) were processed as biological replicates with 
a technical replicate at data acquisition level (double injection), re-
sulting in a total of 24 LC-MS runs per cell type. EAE neurons were 
from two animals each at two different diets (P42_SD and P42_
KD), resulting in a total of eight LC-MS runs per condition. The 
mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (72) partner repository 
with the identifier PXD000000.

Expression analysis
Expression analyses were done as described (54, 73). RNA was ex-
tracted from dissected tissue or isolated cells using QIAshredder 
and RNeasy protocols (Qiagen). Concentration and quality of RNA 
were evaluated using a NanoDrop spectrophotometer and RNA 
Nano (Agilent). cDNA was synthesized with Superscript III (Invit-
rogen), and qPCRs were done in triplicates using the GoTaq qPCR 
Master Mix (Promega) on a 7500 Fast Real-Time PCR System (Ap-
plied Biosystems) or a LightCycler 480 (Roche Diagnostics). Expres-
sion values are normalized to the mean of two housekeeping genes: 
Rps13 (40S ribosomal protein S13) and Rplp0 (60S acidic ribosomal 
protein P). Quantification was done by applying the Ct method, 
normalized to age matched untreated controls (set to 1). All primers 
are intron-spanning. All primer sequences are listed in table S11.

Antibodies
The following antibodies were used in this study: 3PGDH (Frontier In-
stitute, catalog no. 3PGDH-GP, RRID:AB_2571654), ACAT1 (Proteintech, 
catalog no.16215-1-AP, RRID:AB_2220210), ACO2 (Sigma-Aldrich, 
catalog no. HPA001097, RRID:AB_1078092), BDH1 (Proteintech, cat-
alog no. 15417-1-AP, RRID:AB_2274683), Actin (Sigma-Aldrich, cat-
alog no. A3853, RRID:AB_262137), carbonic anhydrase II (M.S. Ghandour, 
RRID:AB_2314062), CD31 (Dianova, catalog no. DIA-310, RRID:AB_​
2631039), CNP (Atlas Antibodies, catalog no. AMAb91072, RRID:AB_​

2665789), GFAP (Chemicon, catalog no. MAB3402; RRID:AB_94844), 
GFP (Rockland, catalog no.600-101-215, RRID:AB_218182), GLUT1 
(87), HMGCS2 (Abcam, catalog no. ab137043, RRID:AB_2749817), 
Iba1 (Wako, catalog no. 019-19741; RRID:AB_839504), myelin basic 
protein (88), MCT1 (54), NeuN (Chemicon, catalog no. MAB377B, 
RRID:AB_177621; Millipore, catalog no. ABN91, RRID:AB_11205760), 
SCOT (Proteintech, catalog no.12175-1-AP, RRID:AB_2157444), S100b 
(Abcam, catalog no. ab52642, RRID:AB_882426), SHANK2 (Synaptic 
systems, catalog no. 162204; RRID:AB_2619861), VGLUT1 (Synaptic 
systems, catalog no. 135511; RRID:AB_887879), Vinculin (Sigma-Aldrich, 
catalog no. V9131, RRID:AB_477629), CD3 (Abcam, catalog no. ab11089, 
RRID:AB_2889189), CD3e (BioLegend, catalog no. 100312, clone 
145-2C11; RRID:AB_312677), CD4 (Becton Dickinson, catalog no. 
553730, clone GK 1.5; RRID:AB_395014), CD8 (Becton Dickinson, 
catalog no. 550281; RRID:AB_2275792), CD11b (BioLegend, catalog 
no. 101201; RRID:AB_312784), CD45.2 (BioLegend, catalog no. 109805; 
RRID:AB_313442), ACSA-2 (Miltenyi Biotec, catalog no. 130–​097-
678), O4 (Miltenyi Biotec catalog no. 130–096-670; RRID:AB_2847907), 
CD11b/c (Miltenyi Biotec, catalog no. 130-105-634, RRID:AB_2783886), 
and CD31 (Miltenyi Biotec, catalog no.130-097-418, RRID:AB_2814657).

Pathway analysis
For GSEA and ORA on the biological process category of GO pro-
cesses (GO term), we used WebGestalt, a WEB-based gene set anal-
ysis toolkit (74). GSEA was done with calculated z scores of cell 
type–specific proteins found in ≥four biological replicates from 
P42 mice or log2 fold change (LFC) of cellular proteomes. For ORA 
analysis, mitochondrial candidates exclusively found in astrocytes 
(67 proteins) were used against the background (all 3821 identified 
proteins). Standard parameters for the enrichment analysis were 
used with the following settings: 5, minimum number of gene IDs 
in the category; 2000, maximum number of gene IDs in the category; 
Benjamini-Hochberg correction as multiple test adjustment; and 
top 20 significance level.

For pathway analysis of transcriptome data, the functional anno-
tation tool DAVID was used (75). The predefined Affymetrix back-
ground from DAVID was used as background to achieve more reliable 
P value results. The threshold for target genes was set to >0.5 LFC 
and adjusted P value (Padj) < 0.05. Analysis was performed on the 
basis of GO_BP direct terms. Only distinct pathways with a minimum 
count of five genes were considered significant. Pathways are displayed 
using VANTED (76) with LFCs of individual sample values.

Histochemistry
Mice were sacrificed by cervical dislocation and immersion-fixed, 
fresh-frozen, or perfused with 4% formaldehyde as described (54, 73). 
Tissue blocks were either embedded in paraffin and cut on a micro-
tome (HMP 110, Microm) or cryoconserved and cut on a cryostat 
(Leica Jung Cryocut CM3000). Paraffin sections were deparaffin-
ized followed by antigen retrieval in sodium citrate buffer [0.01 M 
(pH 6.0)]. For immunohistological staining, blocking was performed 
with 20% goat serum in phosphate-buffered saline (PBS)/bovine serum 
albumin (BSA) (paraffin sections) or 4% horse serum, 0.2% Triton 
X-100 in PBS (cryosections). Primary antibodies were diluted in 2% 
BSA/PBS and incubated for 24 to 48 hours. Detection was done by 
fluorophor coupled secondary antibodies. Specimens were analyzed 
on an Axio Imager.Z1 (Zeiss) equipped with an AxioCam MRc3, 
0.63× camera adapter and the ZEN 2012 blue edition software using 
10× objective (Plan Apochromat 10×/0.45 M27) or 20× objective 

D
ow

nloaded from
 https://w

w
w

.science.org at D
eutsches Z

entrum
 fr N

eurodegenerative E
rkrankungen on O

ctober 12, 2022



Düking et al., Sci. Adv. 8, eabo7639 (2022)     16 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 19

(Plan-Apochromat 20×/0.8) and evaluated with ImageJ software. 
Confocal images were obtained using an SP5 or SP8 microscope 
(Leica). Cellular mitochondria were quantified on 10 images from 
two animals (endothelia) to 21 images from four animals (astrocytes, 
neurons, oligodendrocytes, and microglia) per condition. Neuronal 
catalase area of five randomly chosen visual fields per animal were 
measured by automated threshold with Fiji software (NeuN, Otsu; 
catalase, Yen). Electron microscopic analysis was done as previous-
ly described (25). Briefly, tissue was fixed in 4% formaldehyde, 2.5% 
glutaraldehyde, and 0.1  M phosphate buffer. Tissue blocks were 
embedded in Epon (LynxII, EMS). Of each of the three mice per 
treatment group, at least 15 digital pictures using an on-axis 2048 × 
2048 charge-coupled device camera (×12,000 magnification, TRS, 
Moorenweis) of uranyl acetate contrasted ultrathin sections were 
taken with the LEO912 electron microscope (Zeiss, Oberkochen).

For evaluation of synapses, tissue sections were postfixed with 
methanol for 5 min; blocked/permeabilized with 10% normal goat 
serum, 3% BSA, and 0.3% Triton X-100 in PBS for 1 hour; and stained 
against VGluT1, Shank2, and DAPI. Leica SP8 Lightning confocal 
z-stack images were acquired using white light laser at 488 and 
561 nm. VGluT1 and Shank2 structures were modeled using Imaris. 
Synaptic VGluT1 fluorescence intensity was measured from VGluT1 
puncta colocalizing with Shank2 puncta.

Mitochondria morphometry
Mitochondrial morphometry and intensities were measured in dif-
ferent cell types, on the basis of the respective cell type–specific an-
tibody fluorescence stain. First, low magnification overviews of the 
respective microscope slide were acquired with a Zeiss laser scan-
ning confocal microscope 880 (Carl Zeiss Microscopy GmbH, Jena, 
Germany) equipped with a 5× objective to identify the tissue section 
locations and specific regions for subsequent high-resolution acqui-
sitions. Then, a 40× [numerical aperture (NA) = 1.4] oil immersion 
objective was used to record oversampled (x/y/z = 26/26/100 nm), 
multichannel z-stacks, which were then deconvolved with Huygens 
Professional 21.04 (Scientific Volume Imaging B.V., Hilversum, 
Netherlands) to recover fluorescence signal, resolution, and sample 
geometry. In case of MitoTag samples, complete datasets were ac-
quired with a Leica SP8 laser scanning confocal microscope (Leica 
Microsystems GmbH, Wetzlar, Germany) with the above workflow 
using a 2.5× air and a 63× (NA =1.4) oil immersion objective, re-
sulting in final images oversampled at 30/30/130 nm (x/y/z). Ilastik 
1.3.3 (77) was used segment the respective cell body and cell processes, 
allowing for later differentiation of mitochondrial morphometry in 
those cellular subcompartments. Cell type–specific creation parame-
ters were implemented in Imaris 9.9.1 batch processes (Bitplane 
AG, Zurich, Switzerland) to automatically generate 3D surfaces of 
processes and cell bodies, within which the mitochondrial signal 
was quantified. Customized scripts automating file conversion and 
multichannel image assembly were written with the Fiji image pro-
cessing package (78). The resulting data were exported as comma-​
separated values and automatically assembled and analyzed with 
custom-built Konstanz Information Miner pipelines (79).

Immunoblot
Tissue samples were lysed in sucrose buffer [320 mM sucrose, 10 mM 
tris-HCl (pH 7.4), 1 mM sodium hydrogen carbonate, 1 mM mag-
nesium chloride, 1% Triton X-100, 2% lithium dodecyl sulphate, 
and 1% sodium deoxycholate] with protease inhibition (Roche) using 

a Precellys 24 homogenizer (Bertin Technologies) or an Ultra Turrax 
T8 homogenizer (Kinematika) as described (54). SDS gel electro-
phoresis, semidry blotting on polyvinylidene difluoride membranes 
(Hybond P, Biosciences), and antibody incubations were done using 
standard procedures. Detection of immunolabeled proteins was per-
formed with Western Lightning Plus-ECL Reagent (PerkinElmer) 
or WesternBright Chemiluminescence Substrate (Biozym) using 
ChemoCam Imager (Intas).

Metabolome analysis
Mice were sacrificed by cervical dislocation and decapitated. After 
exactly 12 s, the head was transferred into a microwave (Biowave 
Pro, Pelco) and exposed to microwave irradiation at 750 W for 16 s. 
The cortex was dissected on ice, snap-frozen, and stored at −80°C 
until further processing. Tissue was lyophilized, and dry weight was 
measured. Cortices were ground to a fine powder using a beatmill 
(Retsch) and glass beads (5 mm, Carl Roth) and extracted with 500 l 
of methanol:chloroform:water 129:50:25 (v/v/v). Phase separation 
was induced by addition of the internal standard (250 l of 5 g/ml 
allo-inositol in water). For the analysis of small metabolites, 10 or 
100 l of the upper aqueous phase was evaporated, and metabolites 
were transformed into their methoxyimino and trimethylsilyl (TMS) 
derivatives by incubating overnight after addition of 15 l of me-
thoxyamine hydrochloride and for 1 to 8 hours after addition of 30 l 
of  N-metyl-N-(TMS) trifluoroacetamide (MSTFA). Derivatized 
samples were analyzed using a split of 1:10 to 1:50 on an Agilent 5977N 
mass selective detector connected to an Agilent 7890B gas chromato-
graph equipped with a capillary HP5-MS column (30 m by 0.25 mm, 
0.25-m coating thickness, Agilent Technologies). The inlet tem-
perature was set to 250°C, and a temperature gradient was applied 
(70°C for 2 min, 70° to 325°C at 5 K/min, 325°C for 2 min). A trans-
fer line of 280°C was used. Spectra recording was performed in the 
range of mass/charge ratio = 71 to 600. GC-MS data were analyzed 
using the Agilent MSD ChemStation data analysis software (Agilent 
Technologies). Abundance of analytes was quantified via a target 
ion; however, in case that derivatization of metabolites led to sever-
al ion peaks of interest, abundance of the total ion count of the indi-
vidual analytes was added. The abundance of identified metabolites 
was normalized to the internal standard and to the dry weight of the 
sample. Sterols were extracted from the organic phase by adding 
800 l of MTBE:MeOH (v/v), 200 l of water, and 40 l of 17:0 fatty 
acid (0.25 mg/ml in chloroform). Each sample was measured twice. 
One time, 10 l of the organic phase was used and run later with a 
1:50 split to measure cholesterol. The second time, 50 l of the or-
ganic phase was used and run later with a 1:10 split to measure oth-
er sterols. All samples were dried by nitrogen stream and redissolved 
in 15 l of pyridine. MSTFA (30 l) was added followed by an incu-
bation time of 1 to 8 hours. Sterols were measured by GC-MS using 
a similar setup as described for small metabolites except for the inlet 
temperature (280°C) and temperature gradient, which was run at 
180°C for 1 min, 180° to 320°C at 5 K/min, and 320°C for 5 min. 
Quantification of sterols was based on their target ion after normal-
ization to the internal standard and the dry weight of the sample.

Transcriptome analysis
Sequencing was performed using four to five biological replicates for 
each condition. RNA was extracted using the Qiagen Micro-​Rneasy 
Kit (Qiagen, catalog no. 74004) according to the manufacturer’s pro-
tocol. As external control, 1 l of ERCC RNA Spike-In Mix (Thermo 
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Fisher Scientific, catalog no. 4456740) diluted at 1:5000 was added 
to the isolated RNA. cDNA was synthesized with the Ovation RNA-Seq 
system v2 (NuGEN, catalog no. 7102). As input, 100 ng of cDNA 
was used for library preparation using the IonXpress plus gDNA 
and Amplicon library preparation kit (Thermo Fisher Scientific, 
catalog no. 4471269). To achieve size selection of the library, a 2% 
E-Gel was used, and the samples were barcoded and subsequently am-
plified. Further quantification for each sample library was performed 
using the KAPA Library Quantification Kit (KAPA, catalog no. KK4827). 
Of each sample, equal amounts were sequenced on an Ion Torrent Se-
quencer. On the basis of the barcodes, the raw reads (Fastq) were split 
into sample-specific reads and subsequently checked for sequence quality 
and sequence repeats. Low-quality bases and short reads were trimmed or 
excluded from further analysis. The reads were mapped to Mus musculus 
genome (mm10) using TMAP Aligner and quantified using Partek 
Flow software. Genes had to have at least five reads in at least 80% 
of the samples to be considered for further analysis.

Behavioral assessments
Audiobox
To assess learning ability of ketogenic fed mice, sound frequency 
discrimination was carried out in an Audiobox (TSE, Germany) on 
the basis of an established protocol (22). Briefly, a sterile transponder 
(ISO-compliant 11784 transponder, 12 mm long, TSE, Germany) was 
implanted subcutaneously in the back of the isoflurane-anaesthetized 
mice. The injection wound was closed using topical skin adhesive 
(Histoacryl, Braun). This enables individual identification of mice, 
and the behavior (nose-poking and licking) of each mouse can be 
detected. The Audiobox consists of the living area, where food can 
be accessed ad libitum, and water corner, where water is supplied 
and frequency discrimination is performed. Both parts were con-
nected through a corridor. Entrance into the corner (visit) was de-
tected by an antenna that reads the implanted transponder and a 
temperature sensor. The mouse can access water by nose-poking 
into one of the two ports, which can be opened or closed according 
to the demand of the experiment. For the presentation of different 
sounds, a loudspeaker was positioned behind the corner. Sounds 
were generated using MATLAB (MathWorks). Each visit to the cor-
ner was coupled to a sound that was played for its duration. During 
the whole experiment, one frequency (6.67 kHz) was considered 
“safe”: If this frequency was presented during a given visit, then mice 
could nose-poke and gain access to water. In visits in which the 
“conditioned frequency” (13.34 kHz) was played, a nose poke was fol-
lowed by an air puff and no access to water. Therefore, mice had to 
learn to avoid nose-poking during a “conditioned visit.” During the 
habituation phase, only the safe sound was presented. On days 1 and 2, 
ports were open, and mice were drinking freely. The ports were 
closed on days 3 to 5 and only opened after the mouse nose-poked 
into the port. On days 6 to 9 (conditioning phase), the conditioned 
sound was presented in a small percentage of visits, 5% (days 6 and 7) 
or 10% (days 8 and 9).
Open-field test
The open-field test was performed as previously described (80). Briefly, 
exploratory activity in a novel environment was tested in a gray are-
na (50 cm by 50 cm, surrounded by a wall of 50-cm height) at 20-lux 
light intensity. Individual animals were placed into one corner of 
periphery of the open field and allowed to explore it for 10 min. The 
exploratory behavior of the mouse was recorded using an overhead 
camera system and scored automatically using the Viewer software 

(Biobserve). The overall traveled distance was analyzed as a parameter 
of general activity. Time, distance, and visits in the center area were 
analyzed to measure anxiety behavior. Results were displayed as his-
tograms, and two-way analysis of variance (ANOVA) with Sidak’s 
posttest was used for statistical significance using GraphPad Prism.

Lactate imaging in astroglia-rich primary culture
Primary cultures of cortical astrocytes were prepared from newborn 
mice (C57BL/6 background; P0 to P1; either sex) and imaged as 
described before (81). One week before imaging, cells were cultured 
in Dulbecco’s modified Eagle medium with 5 mM glucose (Ctrl) or 
with 0.4 mM glucose and 4 mM 3HB (Keto condition). Cells were 
transfected with 2.5 g of plasmid encoding the lactate nanosensor 
Laconic (82) using Lipofectamine (Invitrogen, Carlsbad, CA, USA). 
Cells were mounted in a custom-built perfusion chamber and imaged 
using an AxioObserverZ1 microscope (Zeiss, Oberkochen, Germany), 
a Plan-Apochromat 20×/0.8 objective and an Axiocam 506 camera 
(688 × 522 pixels, 4 × 4 binning, pixel size 0.91 m by 0.91 m) with 
a time resolution of 10 s using the following filters and exposure times: 
mTFP (monomeric teal fluorescent protein): excitation at 436/25 nm, 
beam splitter at 455 nm, emission at 480/40 nm, and 90 ms; fluores-
cence resonance energy transfer: excitation at 436/20 nm, beam splitter 
at 455 nm, emission at 535/30 nm, and 70 ms; and Venus: excitation 
at 500/25 nm, beam splitter at 515 nm, emission at 535/30 nm, and 
40 ms. During imaging, cells were superfused with incubation medium 
containing 116 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 
0.8 mM Na2HPO4, 24 mM NaHCO3, 20 mM Hepes, and 2 mM glucose 
(pH 7.4). The medium was continuously bubbled with 5% CO2, 
20% O2, and 75% N2. Monocarboxylate transporters were blocked 
using AR-C155858 (10 M, MedChemExpress, Sollentuna, Sweden) to 
measure lactate production rate as a proxy for glycolytic activity (82).

ATP measurement of acutely isolated astrocytes
Astrocytes were isolated by MACS from adult male WT mice fed 
KD or SD and incubated for 2 hours in artificial CSF (124 mM NaCl, 
2 mM CaCl2, 2 mM MgSO4, 1.25 mM NaH2PO4, 23 mM NaHCO3, 2 mM 
glucose, and 8 mM sucrose) with 1.25 M oligomycin, 22.25 mM 
2-deoxy-glucose, or left untreated before quantification of intra-
cellular ATP according to the manufacturer’s instruction (Dojindo 
Laboratories, Japan).

Experimental autoimmune encephalomyelitis
Myelin oligodendrocyte glycoprotein (MOG)–EAE was induced in 
mice purchased from Charles River by immunizing subcutaneously 
with 200 mg of MOG 35–55 peptide in complete Freund’s adjuvant 
(Mycobacterium tuberculosis at 3.75 mg ml−1; Becton Dickinson, 
catalog no. 231141) and intraperitoneal injection twice with 500 ng 
of pertussis toxin (Sigma-Aldrich, catalog no. P7208) as described 
(73). Animals were examined daily and scored for clinical signs of 
the disease. If disease did not start within 15 days after induction or 
the clinical score rose above 4, then animals were excluded from the 
analysis. The clinical score was as follows: 0, normal; 0.5, loss of tail 
tip tone; 1, loss of tail tone; 1.5, ataxia, mild walking deficits (slip off 
the grid); 2, mild hindlimb weakness, severe gait ataxia, twist of the 
tail causes rotation of the whole body; 2.5, moderate hindlimb 
weakness, cannot grip the grid with hind paw but able to stay on a 
upright tilted grid; 3, mild paraparesis, falls down from a upright 
tiled grid; 3.5, paraparesis of hindlimbs (legs strongly affected but 
move clearly); 4, paralysis of hindlimbs, weakness in forelimbs; 4.5, 
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forelimbs paralyzed; and 5, moribund/dead. KD was provided com-
mencing at the first appearance of EAE symptoms.

Flow cytometry
Single-cell suspensions from spinal cords were obtained via mechanical 
dissociation on a cell strainer. Immune cells were separated over a 
two-phase Percoll density gradient by centrifugation. Blood was col-
lected by cardiac puncture in EDTA (80 mM), and single-​cell suspen-
sion was obtained by centrifugation over lymphocyte separation medium 
(PAA Laboratories). Staining of CD3+CD4+ T cells, CD3+CD8+ T cells, 
and CD11b+​CD45+ cells (microglia/macrophages) was performed 
using the following antibodies at a 1:200 dilution: anti-CD3e (BioLegend, 
100312; clone 145-2C11), anti-CD4 (Becton Dickinson, 553730; clone 
GK 1.5), anti-CD8 (Becton Dickinson, 100706; clone 53-6.7), anti-CD11b 
(BioLegend, 101207; clone M1/70), and anti-​CD45.2 (BioLegend, 
109814; clone 104). The addition of CaliBRITE APC (allophycocyanin)  
beads (BD) allowed for cell quantification. Flow cytometry was per-
formed using a CytoFLEX S operated by CytExpert v2.4 software 
(Beckman Coulter v2.3). Small debris was removed with preliminary 
FSC/SSC (forward scatter/side scatter) gating. Single living cells 
were obtained by doublet exclusion. Analyzed cells were defined by 
marker expression, and positively and negatively stained popula-
tions were defined using isotype controls if necessary.

ATP sensor quantification
Optic nerves were acutely isolated from Thy1-ATeam ATP sensor 
mice (31) fed KD or SD from 8 to 12 weeks of age. Nerve ends were 
pinned to the bottom of the incubation chamber (ALA Scientific) 
using 3% agarose, and nerves were constantly superfused with car-
bogen-bubbled artificial CSF (124 mM NaCl, 2 mM CaCl2, 2 mM 
MgSO4, 1.25 mM NaH2PO4, 23 mM NaHCO3, 2 mM glucose, 4 mM 
3HB, and 6 mM sucrose) at 37°C. The fluorescence lifetime imaging 
(FLIM) and intensity measurements of the ATP sensor ATeam1.03YEMK 
were performed by a two-photon laser scanning microscope (LaVision 
TriMscope II setup) equipped with a pulsed laser (Cronus), a 20× 
immersion objective (Zeiss 20×/1.0 W Plan-Apochromat), and a 
FLIM X1 module (LaVision Biotech). The lifetime signal of the do-
nor fluorophore of the ATeam1.03YEMK (mseCFP, excitation at 840 nm) 
was acquired via a GaAsP/hybrid detector (Hamamatsu) in time-​
correlated single-photon counting mode (TCSPC), while the acceptor 
fluorescence intensity was detected using a second GaAsP detector. 
Both nerves of each animal were scanned subsequently by xyz tile 
scanning over a volume of 491 m by 196 m by 10 m (voxel size 
of 0.192 m by 0.192 m by 1.000 m). Using a 495-nm beam split-
ter, photons were simultaneously directed to the FLIM detector 
( < 495 nm, donor lifetime) and to the GaAsP detector (>495 nm, 
acceptor intensity). To perform temporal deconvolution, the instru-
ment response function was acquired using second harmonic sig-
nals at 420 nm. Data were stitched, and the lifetime was calculated 
following temporal deconvolution by a double exponential decay 
fitting the fluorescence decay at each z plane. The lifetime reported as 
average-​weighted lifetime (aw-LT) was determined using a custom 
MATLAB script (83). The aw-LT for each group (SD versus KD) 
was calculated for each nerve by averaging over all z planes. The low 
photon yield in our samples discouraged pixel-wise analysis or 
region of interest–based approaches. Each z plane was binned to 
one decay (assuming double exponential decay). The ratio of fluores-
cence resonance energy transfer to cyan fluorescence protein fluores-
cence (F/C-ratio) of acceptor and donor fluorophore intensities was 

determined using sum projection of the TCSPC for each z plane fol-
lowed by averaging over all z planes.

Statistical analysis
Sample size for each experiment is shown in the figure legends. No 
inclusion or exclusion criteria were used. Studies were conducted 
blinded to investigators and/or formally randomized. Statistical eval-
uation was done using GraphPad Prism (GraphPad Inc.). Normality 
was tested using the Kolmogorov-Smirnov test. We applied either 
unpaired two-sided Student’s t test for pairwise comparisons, ANOVA 
for comparisons of more than two groups, or Mann-Whitney test for 
nonparametric comparisons, as stated in the figure legends. ANOVA 
was combined with a posttest to evaluate individual groups. For all sta-
tistical tests, significance was measured against an alpha value of 0.05. 
All error bars show means ± SEM or median ± interquartile range as 
indicated in the figure legends. P values are shown as *P < 0.05, 
**P < 0.01, and ***P < 0.001.

For label-free protein quantification of proteomic data, the freely 
available software ISOQuant (www.isoquant.net) was used for post-
identification analysis including retention time alignment, exact mass 
and retention time and ion mobility clustering, peak intensity nor-
malization, isoform/homology filtering, and calculation of absolute 
in-sample amounts for each detected protein (71). Only peptides with 
a minimum length of six amino acids that were identified with scores 
above or equal to 5.5 in at least two runs were considered. FDR for 
both peptides and proteins was set to 1% threshold, and only pro-
teins reported by at least two peptides (one of which unique) were 
quantified using the TOP3 method (70). The parts per million abun-
dance values [i.e., the relative amount (w/w) of each protein in re-
spect to the sum over all detected proteins] were log2-​transformed 
and normalized by subtraction of the median derived from all data 
points for the given protein. As described recently (69), significant 
changes in protein abundance were detected by moderated t statistics 
across all technical replicates using an empirical Bayes approach 
and FDR-based correction for multiple comparisons, realized in the 
Bioconductor R packages limma (84) and q value (85). The relative 
abundance of a protein was accepted as altered for q < 0.05. The 
exact q values are reported in table S1. PCA calculation was based 
on complete cases, i.e., proteins quantified in each replicate of all 
cell types to prevent potential clustering effects of missing values.

The statistical evaluation of metabolome and transcriptome data 
was performed in R with the DESeq2 package (86). Metabolites or 
genes with at least 0.5 LFC and Padj of less than 0.05 were considered as 
differentially regulated. The exact values are reported in tables S6 to S8.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abo7639
View/request a protocol for this paper from Bio-protocol.
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