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Interaction of sortilin with apolipoprotein E3 
enables neurons to use long-chain fatty acids 
as alternative metabolic fuel
 

Anna K. Greda1,10, Jemila P. Gomes1,2,10, Vanessa Schmidt-Krueger    2, 
Ewa Zurawska-Plaksej2,3, Raphaela Fritsche-Guenther4, Ina-Maria Rudolph    2, 
Narasimha S. Telugu5, Cagla Cömert6, Jennifer Kirwan    4, Séverine Kunz    7, 
Michael Rothe8, Mogens Johannsen    9, Sebastian Diecke    5, Peter Bross    6 & 
Thomas E. Willnow    1,2 

Sortilin (SORT1) is a lipoprotein receptor that shows genome-wide 
association with hypercholesterolaemia, explained by its ability to control 
hepatic output of lipoproteins. Although SORT1 also shows genome-wide 
association with Alzheimer disease and frontotemporal lobe dementia, the 
most prevalent forms of age-related dementias, sortilin’s contribution to 
human brain lipid metabolism and health remains unclear. Here we show 
that sortilin mediates neuronal uptake of polyunsaturated fatty acids 
carried by apolipoprotein E (apoE). Using humanized mouse strains and 
induced pluripotent stem cell-based cell models of brain lipid homeostasis, 
we demonstrate that internalized lipids are converted into ligands for 
peroxisome proliferator-activated receptor alpha inducing transcription 
profiles that enable neurons to use long-chain fatty acids as metabolic fuel 
when glucose is limited. This pathway works with apoE3 but cannot operate 
with the Alzheimer disease risk factor apoE4, which disrupts sortilin’s 
endocytic activity. Our data indicate a role for the lipoprotein receptor 
sortilin in metabolic fuel choice in neurons, which may be crucial when 
glucose supply is limited, such as in the ageing brain.

Sortilin is a 95-kDa type-1 transmembrane receptor expressed in vari-
ous mammalian cell types, most notably in neurons of the central and 
peripheral nervous system and in hepatocytes in the liver1–3. Sortilin 
operates as an endocytic and intracellular sorting receptor, directing 
cargo between the cell surface and various compartments of biosyn-
thetic and endocytic pathways (reviewed in refs. 4–6). In the liver, it acts 
as a lipoprotein receptor controlling hepatic uptake but also release of 
cholesterol-rich lipoproteins, explaining genome-wide association of 

the encoding gene SORT1 with plasma cholesterol levels and the risk 
of myocardial infarction2,3,7–9

Recently, we showed that sortilin also acts as a lipoprotein receptor 
in the brain, facilitating neuronal uptake of apolipoprotein E (apoE), 
the major carrier for lipids in brain interstitial fluids10. ApoE is secreted 
by astrocytes and microglia and delivers essential lipids to neurons 
(reviewed in refs. 11–13). In mouse models, sortilin-dependent uptake 
of lipids works well with apoE3, the most common isoform of the lipid 
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To specifically assess neuronal respiration, we isolated synaptosomes 
from brain cortices of our four mouse strains. Synaptosomes are a 
source of neuronal mitochondria, entrapped during preparation from 
brain tissue by density gradient ultracentrifugation21. The presence 
of neuronal but absence of astrocytic marker proteins confirmed 
the purity of our synaptosomal preparations (Extended Data Fig. 1a). 
Comparing mitochondrial oxygen consumption rates (OCRs) in the 
presence of normal glucose levels, we identified a significantly higher 
maximal respiration in E3WT as compared to E3KO, E4WT or E4KO 
synaptosomes, with no statistically significant differences between 
the latter three genotypes (Fig. 1b,d and Supplementary Fig. 1). Other 
mitochondrial parameters, including basal respiration (Fig. 1c), pro-
ton leak (Fig. 1e) or ATP-linked respiration (Fig. 1f) did not show such 
interaction of genotypes. Also, western blot analysis of synaptosomal 
extracts as well as morphometric analysis of electron microscopy 
images of purified synaptosomes did not reveal any discernible dif-
ferences in mitochondrial protein content (Extended Data Fig. 1b) or 
structural appearance of these organelles (mitochondrial area and 
circularity; Extended Data Fig. 1c,d) indicative of genotype interaction.

Genetic or functional sortilin deficiency blocks the ability of 
mouse neurons to use LCFAs as metabolic fuel
To test whether metabolic fuel choices may distinguish E3WT from E3KO 
and E4 synaptosomes, we performed a substrate oxidation stress test by 
treating synaptosomes with UK5099 or etomoxir in the presence of nor-
mal glucose levels. UK5099 targets the mitochondrial pyruvate carrier, 
blocking the ability of mitochondria to use pyruvate derived from gly-
colysis as fuel22. Etomoxir is an inhibitor of CPT1A, disrupting mitochon-
drial import of LCFAs23. Treatment of E3WT synaptosomes with UK5099 
or etomoxir significantly reduced maximal respiration as compared to 
solvent-treated samples (Fig. 1g and Supplementary Fig. 2a), document-
ing the ability of neuronal mitochondria from E3WT to use both glucose 
and LCFAs as energetic fuel. By contrast, synaptosomal mitochon-
dria from E3KO (Fig. 1h and Supplementary Fig. 2b), E4WT (Fig. 1i and 
Supplementary Fig. 2c) and E4KO (Fig. 1j and Supplementary Fig. 2d) 
were sensitive to treatment with UK5099 but failed to respond to eto-
moxir. Insensitivity to etomoxir, as seen in synaptosomes from male 
mice in Fig. 1h–j, was also observed in synaptosomes isolated from 
female animals (Extended Data Fig. 2 and Supplementary Fig. 3). These 
findings documented an inability of E3KO and E4 genotypes to utilize 
LCFAs as fuel for mitochondrial energy production. The inability to con-
sume LCFAs was further addressed by testing whether synaptosomes 
were able to respire when glucose was depleted but the LCFA palmitate 
was added as an alternative fuel. In these experiments, mitochondrial 
respiration sustained in E3WT synaptosomes, but shut down com-
pletely in the three other genotypes, possibly impacting overall cell 
viability and (mitochondrial) functions even further (Fig. 2a).

To further characterize the impact of genotypes on lipid fuel use, 
we performed real-time measurement of mitochondrial respiration 

carrier in humans. However, this function of sortilin is disrupted when 
binding lipidated apoE4, as this apoE variant blocks sortilin recycling 
and ceases receptor-mediated ligand uptake into cells14,15. This observa-
tion is important as APOE ε4 represents the major genetic risk factor 
for sporadic Alzheimer disease, increasing disease risk in homozy-
gous carriers by 12-fold as compared to carriers of the common APOE 
ε3/ε3 genotype16.

So far, the physiological relevance of sortilin-mediated neu-
ronal uptake of lipids in the human brain remains unclear. However, 
such functions may well provide a molecular explanation for the 
genome-wide association of SORT1 with both Alzheimer disease17 and 
frontotemporal lobe dementia (FTD)18, the two most common forms 
of age-dependent neurodegeneration in the human population. Here, 
we used humanized mouse strains and induced pluripotent stem (iPS) 
cell-derived cell models to recapitulate aspects of the human brain 
lipid metabolism in vivo and in vitro and to elucidate the relevance of 
sortilin-dependent lipid homeostasis for neuronal health. Our studies 
identified a unique metabolic concept whereby apoE-bound polyun-
saturated fatty acids (PUFAs) internalized by sortilin are converted 
into ligands for peroxisome proliferator-activated receptor (PPAR) 
alpha, a key transcriptional regulator of enzymes involved in the use 
of long-chain fatty acids (LCFAs) as metabolic fuel for mitochondrial 
energy production19. This sortilin pathway is essential to sustain neu-
ronal energy homeostasis when use of glucose is limited, and it is lost 
in the presence of apoE4 that disrupts sortilin’s function as a neuronal 
lipoprotein receptor.

Results
Loss of sortilin or the presence of apoE4 impairs the 
respiratory capacity of neurons
To interrogate the relevance of sortilin and apoE interactions for 
brain lipid metabolism in vivo, we studied mouse strains carrying 
a targeted replacement of the mouse Apoe locus with genes encod-
ing human apoE3 (E3) or apoE4 (E4)20. In addition, the animals were 
either wild-type (WT) or genetically deficient (knockout, KO) for Sort1  
(refs. 1,14). When exploring possible metabolic phenotypes related 
to the interaction of sortilin with apoE, we focused on possible traits 
distinct in E3WT mice as compared to the other three genotypes (that 
is, E3KO, E4WT and E4KO). This strategy was based on our hypothesis 
that interaction of sortilin with apoE3 in E3WT animals sustains proper 
metabolism and actions of lipids (Fig. 1a). However, these lipid path-
ways will be lost in E3 mice genetically deficient for sortilin (E3KO). The 
same phenotypes as in E3KO should be seen in E4 animals, regardless of 
being WT or KO for Sort1, as these mouse models are either functional 
(E4WT) or genetically deficient (E4KO) for sortilin activity15 (Fig. 1a).

Given the documented impact of sortilin on apoE-dependent lipid 
homeostasis in the mouse brain10,14, we investigated genotype-specific 
consequences for neuronal energy homeostasis using real-time meas-
urement of mitochondrial respiration (Seahorse Technology, Agilent). 

Fig. 1 | Loss of sortilin or the presence of apoE4 renders neuronal 
mitochondria insensitive to inhibition of LCFA import. a, Proposed model 
of sortilin and apoE isoform-specific interactions in neuronal lipid handling. 
Normal receptor function in cellular lipid homeostasis is seen in WT mice 
expressing apoE3 (E3WT), governing cellular uptake and neuroprotective 
metabolism and action of essential lipids. Functional (E4WT) or genetic (E3KO, 
E4KO) sortilin deficiency disrupts neuronal uptake and metabolism of such 
lipids in the other three genotypes. b, Quantification of real-time cellular OCR in 
synaptosomes isolated from brain cortices of male mice of the indicated Sort1 
and APOE genotypes (12 weeks of age). Representative respiration profiles of 
E3WT, E3KO, E4WT and E4KO synaptosomes are given. OCR was measured under 
basal conditions (0–20 min) and following sequential addition of oligomycin, 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone 
and antimycin A (R/A) at the indicated time points. Respiration profiles of all six 
independent experiments are given in Supplementary Fig. 1. c–f, Quantification 
of basal respiration (c), maximal respiration (d), proton leak (e) and ATP-linked 

respiration (f) in synaptosomes of the indicated genotypes relative to E3WT  
(set to 100%). Data are given as the mean ± s.d. of n = 5–6 biological replicates 
(mice) per genotype group. Each biological replicate data point is the mean of 
n = 18–24 technical replicates. Statistical significance was tested using two-way 
analysis of variance (ANOVA) with Tukey’s multiple-comparison test. g–j, The 
dependency of mitochondrial respiration on availability of glucose or LCFAs 
was assessed as described under b in the presence of solvent control buffer 
(control) or solutions containing 8 μM UK5099 or 16 μM etomoxir (inhibitor). 
For each genotype, one exemplary experiment is shown (to the left) as well as the 
quantification of the percentage of maximal respiration compared to the control 
condition (set to 100%; to the right). Data are given as the mean ± s.d. from n = 3 
biological replicates. Each biological replicate data point is the mean of n = 10–18 
technical replicates. Statistical significance was tested using an unpaired 
Student’s t-test (two-tailed). Respiration profiles of all three independent 
experiments are given in Supplementary Fig. 2.
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in synaptosomes substituted with long-, medium- or short-chain 
fatty acids. Only LCFAs require the carnitine shuttle system, whereas 
short-chain fatty acids (SCFAs) and medium-chain fatty acids (MCFAs) 
can pass the mitochondrial membranes. These studies were performed 

under conditions of limited supply with glucose (20% of normal assay 
condition) and pyruvate (10% of normal assay condition) to mimic 
brain glucose hypometabolism. Maximal respiration increased in 
E3WT synaptosomes when substituted with palmitate (Fig. 2b and 
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Supplementary Fig. 4a). No increase in maximal respiration was 
seen in E3KO (Fig. 2c and Supplementary Fig. 4b), E4WT (Fig. 2d and 
Supplementary Fig. 4c) or E4KO (Fig. 2e and Supplementary Fig. 4d) 
synaptosomes after palmitate supplementation. The situation was 
different when glucose-deprived synaptosomes were provided with 
SCFAs as metabolic fuel. Addition of either acetic acid or butyric 
acid significantly increased maximal respiration in E3KO (Fig. 2g and 
Supplementary Fig. 5b), E4WT (Fig. 2h and Supplementary Fig. 5c) and 
E4KO (Fig. 2i and Supplementary Fig. 5d), whereas no effect was seen 
in E3WT (Fig. 2f and Supplementary Fig. 5a). We also tested the impact 
of the MCFA heptanoic acid and octanoic acid, used in treatment of 
patients with inherited deficiencies of mitochondrial import and oxida-
tion of LCFA24. MCFAs increased maximal respiration, an effect seen in 
all four genotypes (Fig. 2j–m and Supplementary Fig. 6). This observa-
tion indicated that the reduced ability of E3KO and E4 synaptosomes 
to use fatty acids as fuel was restricted to LCFAs requiring transport 
by the carnitine shuttle.

To corroborate that the differential impact of palmitate on OCR 
was explained by the ability of WT, but not sortilin-deficient, neurons to 
use LCFAs as an energy substrate, we measured tricarboxylic acid cycle 
(TCA) intermediates in E3WT and E3KO synaptosomes in the presence 
or absence of palmitate. Again, to mimic brain glucose hypometabo-
lism, the assay was performed in medium containing reduced levels of 
glucose (20% of normal assay conditions) and pyruvate (10% of normal 
assay conditions). As documented by liquid chromatography–tandem 
mass spectrometry (LC–MS/MS)-based metabolomics, supplementa-
tion with palmitate increased the concentrations of citrate, malate and 
fumarate in E3WT synaptosomes (Extended Data Fig. 3a), an effect not 
seen in E3KO (Extended Data Fig. 3b).

Sortilin and apoE3 interact in transcriptional control of 
neuronal fatty acid metabolism in the mouse brain
To elucidate the molecular mechanisms underlying the inability of 
E3KO or E4 neurons to use LCFAs for respiration, we first quantified 
transcript levels of genes implicated in fatty acid metabolism and 
mitochondrial lipid consumption in mouse brain cortices. No interac-
tions between APOE and Sort1 genotypes were seen whereby transcript 
levels in E3WT would be significantly different from those in the other 
three genotypes (Extended Data Fig. 4). These findings argued that 
disrupted interactions of sortilin with apoE did not impact global 
brain lipid handling. The situation was different when we compared 
transcript levels in astrocytes and neurons individually sorted from 
brain cortices of the four genotypes. Purity of our cell preparations 
was confirmed by the exclusive presence of neuronal marker tran-
scripts NeuN/Rbfox3 (NeuN) and Baf53b/Actl6b (Baf53b) in sorted 
neurons (Fig. 3a) and astrocyte marker transcripts Aldh1l1 and Gfap 
in sorted astrocytes (Fig. 3b). Some apoE genotype-dependent tran-
scriptional changes were observed in astrocytes (Slc16a1, Cpt2 and 
Acadl; Fig. 3c), in line with the established impact of apoE variants on 
astrocyte metabolism25. However, an interaction of APOE and Sort1 
genotypes on transcript levels was only seen in neurons and included 
the fatty acid oxidation enzyme long-chain acyl-CoA dehydrogenase 
Acadl, and the carnitine acyltransferases Crat and Cpt1a (Fig. 3c).  

The impact on neuronal expression of Cpt1a was particular noteworthy 
as this gene encodes one of the components of the mitochondrial 
carnitine shuttle and pharmacological target of etomoxir23. Appar-
ently, sortilin and apoE3 interactions distinctly affected the fatty acid 
metabolism in neurons, but not astrocytes, a finding in line with the 
predominant neuronal expression of the receptor26.

iPS cell-derived cell models recapitulate sortilin and apoE 
interactions in human brain lipid homeostasis
Next, we established iPS cell-based cell models to recapitulate neu-
ron–astrocyte interactions in human brain lipid homeostasis. To 
this end, we used endonuclease-based strategies to introduce SORT1 
gene defects into human iPS cell lines homozygous for APOE ε3 or 
APOE ε4 (Supplementary Fig. 7a,b). Loss of sortilin expression was 
confirmed by western blotting (Supplementary Fig. 7c). APOE and 
SORT1 genotypes did not impact pluripotency of the iPS cell lines as 
shown by testing expression of pluripotency markers using immu-
nocytochemistry (Supplementary Fig. 7e,f) and quantitative PCR 
with reverse transcription (RT–qPCR; Supplementary Fig. 7d,g,h). 
To recapitulate cell-type-specific interactions in human brain lipid 
homeostasis, we differentiated the four iPS cell lines into astrocytes 
using an established protocol of retroviral-induced overexpression of 
SOX9 and NFIB27. The viral constructs also encoded mCherry to trace 
transduced cells (Extended Data Fig. 5a). All four genotypes gener-
ated astrocytes (referred to herein as induced astrocytes, iAs) that 
were comparable in appearance as well as in expression of astrocyte 
markers glial fibrillary acid protein (GFAP) and S100β, as documented 
by immunocytochemistry (Extended Data Fig. 5b) and RT–qPCR 
(Extended Data Fig. 5c). Minor differences were seen in transcript levels 
for S100β and aldehyde dehydrogenase family member L1 (ALDH1), but 
these changes did not show an interaction between APOE and SORT1 
genotypes (Extended Data Fig. 5c). Importantly, iAs of all four geno-
types produced and secreted similar amounts of apoE variants as shown 
by comparative RT–qPCR (Extended Data Fig. 5c) and western blotting 
(Extended Data Fig. 5d).

In parallel, all four iPS cell lines were differentiated into cortical 
neurons using virus-induced expression of NEUROG2 (NGN2)28. In 
addition, the retroviral constructs also encoded GFP as a transduc-
tion marker. To avoid the presence of glia in our neuronal cultures, we 
adapted the neuronal differentiation protocol by adding media con-
ditioned by human iAs instead of mouse glia (Extended Data Fig. 5g,h). 
This protocol reliably produced iPS cell-derived neurons from all 
four genotypes (referred to as induced neurons, iNs), comparable 
in cellular appearance and neuronal marker expression to neu-
rons differentiated using the standard astrocyte co-culture proto-
col (Extended Data Fig. 5e,f). No discernible genotype-dependent 
differences in expression of neuronal markers MAP2 as well TUJ1 
(TUBB3), neurofilament light chain (NEFL) and RNA binding Fox-1 
homologue 3 (RBFOX3) were seen by immunocytochemistry 
(Extended Data Fig. 5h) or RT–qPCR (Extended Data Fig. 5i). Minor 
differences in transcript levels were seen for MAP2, but these changes 
did not show an interaction between APOE and SORT1 genotypes  
(Extended Data Fig. 5i).

Fig. 2 | Loss of sortilin or the presence of apoE4 prevents consumption of 
LCFAs in neuronal mitochondria. Quantification of real-time cellular OCRs in 
synaptosomes isolated from brain cortices of male mice of the indicated Sort1 
and human APOE genotypes (12 weeks of age). OCR was measured under basal 
conditions (0–20 min) and following sequential addition of oligomycin, FCCP 
and R/A at the indicated time points. a, OCR in synaptosomes of the indicated 
genotypes cultured for 2 h in media lacking pyruvate, glucose and glutamine,  
but containing 300 μM palmitate. Data of three independent experiments are 
shown. Each data point represents the mean of 12–15 technical replicates.  
b–m, Dependency of mitochondrial respiration in synaptosomes in the indicated 
genotypes on fatty acid substitution tested as described above. Synaptosomes 

were kept in low glucose conditions (1 mM sodium pyruvate, 2 mM glucose, 1 mM 
glutamine) and either non-treated (control) or pretreated with 300 μM palmitate 
(b–e), 100 μM acetic acid or 100 μM butyric acid (f–i) or 200 μM heptanoic acid 
or 200 μM octanoic acid (j–m). For each genotype, one exemplary experiment 
is shown (to the left) as well as the quantification of the percentage of maximal 
respiration as compared to control treatment of the same genotype (set to 
100%). Data are given as the mean ± s.d. of n = 3 biological replicates (animals). 
Each biological replicate is the mean of n = 8–15 technical replicates. Statistical 
significance was tested using an unpaired Student’s t-test (two-tailed). Individual 
respiration profiles of three independent experiments for each condition are 
given in Supplementary Figs. 4–6.
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Genetic or apoE4-induced sortilin deficiency disrupts lipid fuel 
choice and synaptic activity in human neurons
To test the consequences of sortilin and apoE3 interaction for energy 
homeostasis in human neurons, we compared mitochondrial respira-
tion in E3WT, E3KO, E4WT and E4KO iNs supplemented with conditioned 
medium from iAs of the corresponding APOE and SORT1 genotypes. Max-
imal respiration was always compared in neuronal cultures untreated 

(solvent control) or treated with UK5099 or etomoxir. Mirroring pheno
types seen in mouse synaptosomes, maximal respiration decreased in 
E3WT iNs when treated with UK5099 or etomoxir in the presence of 
normal glucose levels (Fig. 4a and Supplementary Fig. 8a). By contrast, 
maximal respiration in E3KO iNs (Fig. 4b and Supplementary Fig. 8b), 
E4WT iNs (Fig. 4c and Supplementary Fig. 8c) or E4KO iNs (Fig. 4d and 
Supplementary Fig. 8d) was reduced by UK5099 but not by etomoxir. 
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Fig. 3 | Loss of sortilin or the presence of apoE4 impacts metabolic gene 
expression profiles in mouse neurons but not astrocytes. Gene expression 
patterns were compared in neurons and astrocytes isolated from the brains of 
male mice (12 weeks of age) of the indicated Sort1 and human APOE genotypes 
using fluorescence-activated cell sorting (E3WT n = 8, E3KO n = 5; E4WT and 
E4KO n = 7 mice). Individual data points and the mean ± s.d. of the entire 
genotype group are given. Statistical significance was tested using two-way 
ANOVA with Tukey’s multiple-comparison test. Each cell preparation was 
performed as an independent experiment. a,b, RT–qPCR analyses of neuronal 
markers NeuN and Baf53b (a) as well as astrocyte-specific markers Aldh1l1 and 

Gfap (b) confirm the purity of sorted neuronal and astrocyte cell preparations.  
c, RT–qPCR analyses of genes encoding enzymes in transport and metabolism  
of fatty acids document interaction of APOE and Sort1 genotypes in neurons  
but not astrocytes. Acadl, acyl-CoA dehydrogenase long chain; Acadm,  
acyl-CoA dehydrogenase medium chain; Acadvl, acyl-CoA dehydrogenase  
very long chain; Cpt1a, carnitine O-palmitoyltransferase 1A; Cpt2, carnitine  
O-palmitoyltransferase 2; Crat, carnitine O-acyltransferase; Slc16a1, solute 
carrier family 16 member 1 encoding monocarboxylate transporter (MCT) 1; 
Slc22a5, solute carrier family 22 member 5.
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To unequivocally confirm the insensitivity of sortilin-deficient  
iNs to etomoxir, we used a second independent APOE ε3/ε3 iPS  
cell line (designated E3*), either WT (E3*WT) or genetically deficient 
(E3*KO) for SORT1 (Extended Data Fig. 6a–f). When differentiated 
to iNs (Extended Data Fig. 6g,h), a robust impact of etomoxir on 
maximal respiration was seen in E3*WT (Extended Data Fig. 6i and 
Supplementary Fig. 9a) but not in E3*KO (Extended Data Fig. 6j and 
Supplementary Fig. 9b) neurons. As with mouse synaptosomes, these 
metabolic alterations were not due to structural alterations in mito-
chondria, as mitochondrial area (Extended Data Fig. 7a,b), levels of 
mitochondrial proteins (Extended Data Fig. 7c) or architecture of mito-
chondria (Extended Data Fig. 7d,e) did not show genotype interaction.

To test our hypothesis, that sortilin’s action in neuronal lipid home-
ostasis was disrupted by binding of apoE4 to this receptor (see our 
model in Fig. 1a), we compared the sensitivity of E4WT iNs to etomoxir 
in the presence of conditioned medium from either E4WT or E3WT iAs. 
As shown in Fig. 4c, maximal respiration in E4WT iNs was insensitive to 
etomoxir when neurons were exposed to conditioned medium from 
E4WT astrocytes (Fig. 4e,g and Supplementary Fig. 10a). However, sen-
sitivity to etomoxir was restored in E4WT iNs when exposed to medium 
conditioned by E3WT iAs (Fig. 4f,g and Supplementary Fig. 10b).

Jointly, our findings in mouse and human cell models corrobo-
rated our hypothesis that genetic (E3KO, E4KO) or functional (E4WT) 
deficiency of sortilin disrupts the ability of neurons to support mito-
chondrial energy homeostasis through LCFA consumption. To query 
the impact of altered metabolic fuel choice on neuronal activity, we 
compared electrical activities in E3WT and E3KO iNs using multielec-
trode arrays (MEAs). Because neurons require physical contact with 
astrocytes for synaptic maturation on MEA plates, we followed estab-
lished protocols co-culturing human E3WT and E3KO iNs with primary 
mouse astrocytes from E3WT and E3KO mice, respectively28. When fully 
supplemented with glucose, electrical activities, including burst dura-
tion, burst count and network burst count, were comparable in both 
genotypes (Fig. 4h and Extended Data Fig. 8a,b). These findings docu-
mented that sortilin deficiency per se did not impact synapse function 
in our model. To explore the impact of fuel choice on electrical activ-
ity, we next assayed mature E3WT and E3KO iNs in glucose-deficient 
media in the absence or presence of palmitate. Burst duration, burst 
count and network burst count all significantly deteriorated in E3WT 
iN cultures when treated with media lacking glucose and palmitate 
(Fig. 4i–k). Neuronal activities also decreased in glucose-deficient 
media supplemented with palmitate, but this decrease was not sta-
tistically significant when compared to media containing full glucose 

and palmitate (pre-condition; Fig. 4i–k and Extended Data Fig. 8c). By 
contrast, electrical activities significantly decreased in E3KO iNs in the 
absence of glucose, regardless of the absence or presence of palmitate 
(Fig. 4i–k and Extended Data Fig. 8d).

SORT1 deficiency decreases the levels of PUFAs and eCBs in 
human apoE3 neurons
We previously reported that levels of PUFAs and endocannabinoids 
(eCBs) were decreased in the brains of E3KO, E4WT and E4KO mice as 
compared to E3WT animals14. We suggested that this defect may reflect 
the inability of sortilin-deficient neurons to take up apoE-bound PUFAs 
and to convert them into eCBs, neuroprotective signalling mediators 
produced in neurons on demand29.

To substantiate our hypothesis and its relevance for neuropro-
tective actions of eCBs in the human brain, we performed lipidom-
ics analyses in our iPS cell-derived cell models. In detail, we cultured 
iNs of defined SORT1 and APOE genotypes for 10 days in conditioned 
medium from iAs of the same genotypes and measured neuronal lipid 
levels by LC–MS/MS thereafter. Loss of sortilin in E3KO iNs resulted in 
a drastic decrease in cellular content of PUFAs when compared with 
the isogenic E3WT line (Fig. 5a). Among other lipids, levels of ω6 and 
ω3 PUFAs were reduced, as well as levels of the eCB precursors linoleic 
acid (C18:2n-6) and docosahexaenoic acid. Sortilin deficiency also 
decreased neuronal levels of several eCBs and eCB-like metabolites, 
including 2-arachidonoylglycerol, synaptamide and linoleoyl ethan-
olamide, and caused a concomitant increase in levels of anandamide 
(Fig. 5a). Depletion of PUFA and eCB contents in E3KO neurons was 
not due to alterations in levels of these lipids released by iAs as the 
concentrations of the tested lipids were comparable in conditioned 
media from E3WT and E3KO iAs (Fig. 5b). Importantly, SORT1 deficiency 
did not alter the concentrations of most PUFAs and eCBs in E4KO iNs 
when compared with isogenic E4WT neurons (Extended Data Fig. 9), 
a finding in agreement with apoE4 rendering WT neurons functionally 
deficient for sortilin.

Loss of sortilin or the presence of apoE4 impairs 
PPAR-dependent gene expression in human neurons
eCBs and eCB-like metabolites exert their cellular functions through 
various molecular mechanisms, including by acting as ligands for tran-
scription factors of the PPAR gene family30,31. To query the consequence 
of decreased PUFA and eCB levels in E3KO iNs, we performed com-
parative expression profiling of PPAR target genes in E3WT and E3KO 
iNs. Using a microarray-based strategy to assess transcript levels of  

Fig. 4 | Loss of sortilin or the presence of apoE4 causes metabolic and 
functional defects in human neurons. a–d, Quantification of real-time cellular 
OCR in induced human neurons: E3WT (a), E3KO (b), E4WT (c) or E4KO (d). 
Neurons were cultured in the presence of medium conditioned by astrocytes of 
the same genotypes. OCR was measured under basal conditions (0–20 min) and 
following sequential addition of oligomycin, FCCP and R/A. In addition, neurons 
were treated with solvent control buffer or solutions containing 8 μM UK5099 or 
16 μM etomoxir at the indicated time points (inhibitor). OCR measurements were 
normalized (norm.) to the cell count (per 1,000 cells) in each well, determined 
after completion of the assay using Hoechst dye (see Methods for details). For 
each genotype, one exemplary experiment is shown as well as the quantification 
of the percentage of maximal OCR as compared to the control buffer treatment 
of the same genotype for the entire dataset (set to 100%). Data represent the 
mean ± s.d. of n = 3 biological replicates. Each biological replicate is the mean 
of n = 10–15 technical replicates. Statistical significance was tested using an 
unpaired Student’s t-test (two-tailed). Individual respiration profiles for all 
three experiments are given in Supplementary Fig. 8. e,f, Induced human E4WT 
neurons were cultured in the presence of media conditioned by E4WT astrocytes 
(E4WT iAsCM; e) or E3WT astrocytes (E3WT iAsCM; f) for 8 days. Subsequently, 
real-time cellular OCR was determined in the absence (−) or presence (+) of 
16 μM etomoxir (inhibitor). One exemplary respiration profile for each condition 
is shown. Each data point represents the mean of 20–23 technical replicates. 

Individual respiration profiles for all five independent experiments are given in 
Supplementary Fig. 10. g, Maximal OCR determined in experimental conditions 
shown in e and f documents rescue of sensitivity to etomoxir in E4WT neurons 
when treated with conditioned media from E3WT (E3WT iAsCM) but not from 
E4WT (E4WT iAsCM) astrocytes. Statistical significance was tested using an 
unpaired Student’s t-test (two-tailed). h, MEA analysis of burst duration, burst 
spike count and network burst count in E3WT and E3KO iNs, cultured in 25 mM 
glucose, 0.23 mM sodium pyruvate and 2 mM glutamine (days 31–38 of culture). 
Individual biological replicates (n = 36 for E3WT, n = 35 for E3KO) of three 
individual differentiation experiments are shown. Individual data points and the 
mean ± s.e.m. for each genotype group are presented. Statistical significance was 
tested using an unpaired Student’s t-test (two-tailed). i–k, MEA analysis of burst 
duration (i), burst spike count (j) and network burst count (k) in E3WT and E3KO 
iNs (days 37–38 of culture) cultured in media without glucose or pyruvate, in the 
presence (PA) or absence (−) of 100 µM palmitate for 48–72 h. Neuronal activity in 
each well was compared to the pretreatment condition (25 mM glucose, 0.23 mM 
sodium pyruvate, 2 mM glutamine) with or without palmitate for 6 h. Individual 
biological replicates (n = 12; n = 11 for E3KO (PA)) of two individual differentiation 
experiments are given. Data are presented as the mean ± s.e.m. with individual 
data points. Statistical significance was determined using a paired Student’s 
t-test (two-tailed).
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84 PPAR targets, we identified 30 transcripts that were dysregulated in 
E3KO compared to isogenic E3WT iNs (Fig. 6a,b). Most of these genes 
showed reduced transcript levels when neurons lacked the receptor 
(Fig. 6c). With relevance to lipid homeostasis, decreased transcript 
levels included those encoding ACADL, carnitine transporter SLC22A5, 
as well as fatty acid transport proteins SLC27A1, SLC27A5 and SLC27A6. 
Sortilin deficiency also decreased transcript levels of PPARA (encoding 
PPARα), a master transcriptional regulator of cellular lipid metabolism19 
(Fig. 6d). No impact on transcription was seen for genes encoding PPAR 
family members PPARδ and PPARγ (Fig. 6d). Importantly, no effect 
of sortilin deficiency on any of the above genes was seen comparing 
transcription profiles in E4KO and E4WT iNs, corroborating functional 
sortilin deficiency in the presence of apoE4 (Extended Data Fig. 10).

One transcriptional target of PPARα with obvious relevance to 
mitochondrial LCFA consumption was CPT1A. Levels of CPT1A tran-
script (Fig. 6e) and CPT1A protein (Fig. 6f,g) were significantly higher 
in E3WT as compared to E3KO, E4WT or E4KO iNs, with no statistically 
significant difference between the latter three genotypes. Loss of 
PPARα-induced expression of CPT1A provided a possible molecular 
explanation for the insensitivity of E3KO or E4 neurons to etomoxir. 
Alterations in fatty acid handling in neurons lacking sortilin were 

also substantiated when testing expression of fatty acid binding pro-
teins (FABPs) in E3WT and E3KO iNs. Loss of sortilin coincided with  
reduced levels of FABP7, a known sortilin interactor15 and intracellular 
carrier for PUFAs and eCBs (Fig. 6h), and with a concomitant compensa-
tory increase in levels of FABP6, an alternative intracellular fatty acid  
carrier32 (Fig. 6i).

Impaired LCFA fuel use in sortilin-deficient neurons is rescued 
by induction of PPARα activity
To ultimately confirm that loss of lipid-induced transcriptional activity 
of PPARα contributes to the inability to metabolize LCFAs, we treated 
E3KO iNs with the PPARα agonist bezafibrate33. As expected, induction 
of PPARα activity by bezafibrate increased transcript levels of its targets 
PPARA and CPT1A in E3KO iNs (Fig. 7a). Importantly, bezafibrate treat-
ment also conferred sensitivity to etomoxir in E3KO iNs as documented 
by a bezafibrate-induced decrease in maximal respiration in cells 
treated with etomoxir as compared to control iNs treated with etomoxir 
in the absence of bezafibrate (Fig. 7b,c and Supplementary Fig. 11). 
Similarly to the situation in E3KO, bezafibrate treatment also increased 
PPARα activity in E4WT and E4KO iNs (Fig. 7d,g) and established sen-
sitivity to etomoxir (Fig. 7e,f,h,i and Supplementary Figs. 12 and 13).  
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Fig. 5 | SORT1 deficiency decreases the levels of PUFAs and eCBs in human 
E3 neurons. a, Concentrations of selected lipids in iPS cell-derived cortical 
neurons were determined using LC–MS/MS. Neurons (day 12 of culture) were 
APOE ε3/ε3 and either WT (E3WT) or genetically deficient for SORT1 (E3KO). 
Individual biological replicates (n = 17 for E3WT, n = 9 for E3KO) of 2–3 individual 
differentiation experiments are given. b, Concentrations of selected lipids in the 
cell supernatant of iPS cell-derived E3WT and E3KO astrocytes (days 21–28 of 

culture) were determined using LC–MS. Individual biological replicates (n = 4–13, 
depending on the analysed lipid) of 4–6 individual differentiation experiments 
are shown. Individual data points and the mean ± s.d. of the entire genotype 
group are shown. Statistical significance was tested using an unpaired Student’s 
t-test (two-tailed). ARA, arachidonic acid; 2-AG, 2-arachidonoylglycerol; DHA, 
docosahexaenoic acid; LEA, linoleoyl ethanolamide.
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Fig. 6 | Sortilin deficiency disrupts PPAR-dependent gene transcription and 
expression of fatty acid binding protein 7 in apoE3 iNs. a–c, Expression 
 levels of PPAR target genes in iPS cell-derived neurons treated with iPS cell-
derived astrocyte-conditioned media were tested using the Human PPAR  
Targets RT2 Profiler PCR Array. Neurons (day 12 of culture) were APOE ε3/ε3  
and either WT (E3WT) or genetically deficient for SORT1 (E3KO). One exemplary 
experiment from a total of n = 2 individual biological replicates is shown.  
a, Expression levels are given as a heat map with levels in E3KO presented as log2 
fold change compared to E3WT (set to 0). The blue and yellow spectra indicate 
downregulated and upregulated genes, respectively. b, Scatterplot analysis 
comparing log-transformed relative expression for all tested PPAR target genes 
in E3WT and E3KO neurons. The central diagonal line indicates unchanged 
gene expression, while the outer diagonal lines indicate the 2-fold regulation 
threshold. Genes with >2-fold differences in transcript level between groups are 
presented as blue and yellow dots, indicating downregulated or upregulated 
genes, respectively. c, Selected list of genes downregulated by >2 fold in E3KO 
compared to E3WT neurons. Data from two independent experiments are shown. 
d, RT–qPCR analysis of the indicated genes in E3WT and E3KO human neurons 
treated with iAsCM (day 12 of culture). Individual biological replicates (n = 8–9, 
depending on the analysed gene) of two individual differentiation experiments, 
as well as mean ± s.d. of the entire genotype group, are shown. Data were 
normalized to GAPDH and expressed as relative to the E3WT group from the same 

differentiation experiment. Statistical significance was tested using an unpaired 
Student’s t-test (two-tailed). e, CPT1A transcript levels in human neurons of the 
indicated SORT1 and APOE genotypes treated with iAsCM were tested using  
RT–qPCR. Individual data points (n = 15 for E3WT and E3KO, n = 6 for E4WT and 
E4KO) from 2–4 individual differentiation experiments, as well as mean ± s.d. 
of the entire genotype group, are shown. Statistical significance was tested 
using two-way ANOVA with Tukey’s multiple-comparison test. f,g, Levels of 
CPT1A protein were determined in total lysates of human neurons (day 12 of 
culture) of the indicated SORT1 and APOE genotypes treated with iAsCM using 
western blotting (f) and densitometric scanning of replicate blots thereof 
(g). Detection of GAPDH served as the loading control. Data in g represent 
data points from individual biological replicates (n = 6) of 2–3 individual 
differentiation experiments. Individual data points and the mean ± s.d. of 
the entire genotype group are shown and given as relative to E3WT (set to 1). 
Statistical significance was tested using two-way ANOVA with Tukey’s multiple-
comparison test. h,i, Levels of FABP7 (h) and FABP6 (i) as determined by western 
blotting in total lysates from human neurons of the indicated SORT1 and APOE 
genotypes. For each panel, one exemplary western blot and quantitative analysis 
from densitometric scanning of replicate blots (normalized to GAPDH) are 
shown. Values represent the mean ± s.d. of n = 5 biological replicates (from two 
individual differentiation experiments). Statistical significance was tested using 
an unpaired Student’s t-test (two-tailed).
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Of note, the ability of bezafibrate to promote LCFA consumption in cells 
lacking the endocytic receptor sortilin argued that these experimental 
conditions reflect the consumption of intracellular lipid stores.

In conclusion, our data identified a new concept in neuronal 
energy homeostasis and the central role of the apoE receptor sortilin 
in this process (Fig. 7j). We propose that endocytic uptake of lipidated 
apoE3 by this receptor delivers PUFAs to neurons to be converted into 
ligands for the transcriptional activator PPARα. As shown in established 
cell lines before, apoE3 uptake also requires the interaction of sortilin 
with the carrier FABP7, facilitating intraneuronal lipid transport15. 
PPARα-dependent induction of metabolic gene expression enables 
neurons to use LCFAs as metabolic fuel under basal as well as under 
glucose-restricted conditions. This pathway is lost in the presence of 
apoE4 that disrupts sortilin’s endocytic ability, resulting in impaired 
PUFA uptake and loss of PPARα activation. Ultimately, neurons exposed 
to apoE4-containing lipoproteins are unable to efficiently utilize LCFAs 
as metabolic fuel. Instead, they revert to PPARα-independent mito-
chondrial import of medium-chain and short-chain fatty acids, ener-
getically less favourable substrates to support energy production.

Discussion
Healthy neurons largely rely on glucose for energy production, con-
tributing to a substantial portion of the metabolites consumed by the 
human body. However, availability of glucose becomes limited during 
various stress conditions, such as brain ageing34–39. Reduced metabo-
lism of glucose is also a feature of the brain in Alzheimer disease40–42 
and FTD43,44, aggravating the deterioration of neuronal functions. Lim-
ited availability of glucose enforces a switch in neurons to alternative 
metabolic fuels, including ketone bodies45 and fatty acids46. Lipids as 
metabolic fuel came into recent focus with studies showing that the 
inability of neurons to mobilize fatty acids from triglycerides, due 
to neuron-specific triglyceride lipase deficiency, results in respira-
tory dysfunction and a decrease in ATP production, albeit at normal 
glucose metabolism47,48.

The use of LCFAs as neuronal fuel under basal as well as 
glucose-restricted conditions is also documented by findings in this 
study. As shown in substrate oxidation stress tests, blockade of mito-
chondrial import of LCFAs by etomoxir decreases maximal respiration 
in E3WT mitochondria, even in the presence of sufficient glucose 
supply. This effect is seen in mouse synaptosomes (Fig. 1g) and human 
neurons (Fig. 4a). These findings argue that LCFA consumption helps 
to raise neuronal energy production to meet maximal demand, even 
if sufficient glucose is available. Induced expression of genes related 
to LCFA consumption in neurons sorted from E3WT mouse brains, as 

compared to E3KO and E4 neurons (Fig. 3), further substantiate the 
relevance of this pathway for in vivo brain lipid metabolism under 
normal (that is, full glucose) conditions.

The demand for lipid fuel becomes heightened in situations of lim-
ited glucose supply, as shown by mitochondrial stress tests performed 
with 20% of normal glucose levels. Under these conditions, E3WT mito-
chondria are able to use LCFAs to increase neuronal energy production 
(Fig. 2b), an ability blunted in E3KO and E4 mitochondria (Fig. 2c–e). 
Finally, in situations of glucose depletion, respiration is maintained 
in E3WT, but completely shut down in E3KO and E4 synaptosomes 
(Fig. 2a). Along these lines, electrical activity is comparable in E3WT 
and E3KO neurons fully supplemented with glucose (Fig. 4h). Following 
glucose depletion, E3WT neurons can use LCFA consumption to sustain 
electrical activity, an ability absent in sortilin-deficient cells (Fig. 4i–k).

Taken together, our findings support a model whereby LCFAs help 
to increase neuronal energy production to meet maximal demand 
under basal glucose conditions, and that this fuel becomes essential 
for vital neuronal functions as supply with glucose decreases. As puri-
fied synaptosomes lack the ability to acutely induce gene expression in 
response to changing experimental conditions, their ability to consume 
fatty acids of various chain lengths in mitochondrial stress tests is 
defined by the enzyme repertoire expressed in the mouse brain at the 
time of sample preparation. Accordingly, neurons in the E3WT brain 
express enzymes to metabolize LCFAs (and MCFAs) but not SCFAs,  
a less favoured lipid fuel. The converse situation holds true for E3KO 
and E4 neurons, reflecting a switch to the use of SCFAs that is already 
inherent to the brain of these animals in vivo. Of course, these data do 
not dispute the ability of E3WT neurons to transcriptionally induce 
pathways to consume SCFAs, if required to do so. Similarly to males, 
synaptosomes prepared from female mice also show an interaction 
of apoE and sortilin genotypes in defining sensitivity to etomoxir 
(Extended Data Fig. 2). Although these data do not allow us to conclude 
that neuronal mitochondria from female mice are indistinguishable 
from male samples in every aspect tested in this study, we currently 
have no evidence to suggest gender-specific differences in sortilin and 
apoE interaction in neuronal energy homeostasis.

Recent findings document metabolic distinctions between 
mitochondria in neuronal soma versus axonal endings49, a question 
not addressed in our study. As food for thought, we see comparable 
mitochondrial phenotypes in mouse synaptosomes (that is, synaptic 
mitochondria) and in induced human neurons (mainly somatic mito-
chondria). Although comparing mitochondria from human and mouse 
models, our findings suggest that the need for LCFAs as metabolic fuel 
is a feature seen in mitochondria in soma and axonal endings.

Fig. 7 | Rescued use of LCFAs as metabolic fuel in human E3KO and E4 neurons 
by PPARα agonist bezafibrate. a, Transcript levels of CPT1A and PPARA in 
human E3KO neurons were tested using RT–qPCR. Cells have not been treated 
(0) or pretreated with the indicated concentrations of bezafibrate. Individual 
data points from n = 6 biological replicates (three individual differentiation 
experiments) and the mean ± s.d. of the entire genotype group are shown. 
Statistical significance was tested using one-way ANOVA with Bonferroni’s 
multiple-comparisons test. b,c, The dependency of mitochondrial respiration on 
PPARα activity was assessed by pretreatment of human E3KO iNs with bezafibrate 
for 48 h before substrate oxidation stress test in the presence of solvent control 
buffer or a solution containing 16 μM etomoxir. OCR measurements were 
normalized (norm.) to the cell count (per 1,000 cells) in each well, determined 
after completion of the assay using Hoechst dye (see Methods for details). One 
exemplary experiment using 100 µM bezafibrate in the presence or absence of 
etomoxir is shown (b) as well as the quantification of the percentage of maximal 
respiration as the mean ± s.d. from n = 3 biological replicates (n = 10–15 technical 
replicates) of etomoxir-treated versus non-etomoxir-treated E3KO neurons in the 
absence or presence of the indicated concentrations of bezafibrate (c). Statistical 
significance of data in c was tested using an unpaired Student’s t-test (two-tailed). 
Individual respiration profiles for 3–5 experiments per condition are given in 

Supplementary Fig. 11. d–i, The dependency of mitochondrial respiration on 
PPARα activity was assessed by pretreatment of human E4WT (d–f) or E4KO (g–i) 
neurons with 100 µM bezafibrate for 48 h. Panels d and g document CPT1A and 
PPARA transcript levels as tested in a above. Individual data points from n = 6 
biological replicates (three individual differentiation experiments) and the 
mean ± s.d. of the entire genotype group are shown. Panels e, f, h and i depict 
substrate oxidation stress tests in the presence of solvent control buffer or a 
solution containing 16 μM etomoxir (as detailed in b and c). One exemplary 
experiment using 100 µM bezafibrate in the presence or absence of etomoxir 
is given (e and h) as well as the quantification of the percentage of maximal 
respiration as the mean ± s.d. from n = 3 biological replicates (n = 8–12 technical 
replicates) of etomoxir-treated versus non-etomoxir-treated E4 neurons in the 
absence or presence of bezafibrate (f and i). Statistical significance was tested 
using an unpaired Student’s t-test (two-tailed). Individual respiration profiles for 
four experiments per condition for E4WT and three experiments per condition 
for E4KO are given in Supplementary Figs. 12 (E4WT) and 13 (E4KO). j, Model of 
sortilin and apoE isoform-specific interaction in facilitation of PPARα-dependent 
mitochondrial respiration of LCFAs. This pathway is operable with apoE3  
(left schematic) but lost with apoE4 (right schematic). E, apoE; FABO, fatty acid 
beta oxidation.
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What may be the molecular pathway whereby sortilin determines 
alternative metabolic fuel choices in neurons? Using targeted lipid-
omics, we show that loss of sortilin activity in human E3KO neurons 
coincides with a drastic reduction in neuronal levels of PUFAs and their 
bioactive derivatives, most notably eCBs and eCB-like metabolites 
(Fig. 5a). These findings recapitulate data shown by us in mouse brains 
before14. Loss of PUFAs is attributed to a prominent role of the recep-
tor in neuronal uptake of lipidated apoE, providing essential lipids for 

cellular lipid metabolism and action10,14. Several apoE receptors have 
been documented in neurons, including the low-density lipoprotein 
receptor, the low-density lipoprotein receptor-related protein 1 and 
the apoE receptor 2 (reviewed in ref. 12). Loss of sortilin activity in 
gene-targeted mice increases circulating levels of apoE in the brain, 
due to impaired cellular clearance of the carrier10. Sortilin deficiency 
also reduces apoE uptake in primary mouse neurons by approximately 
70%10. Such pronounced clearance defects have not been reported 
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in other apoE receptor-deficient models. As well as by quantity, sor-
tilin may also distinguish itself from other apoE receptors by func-
tionality as it interacts with FABP7 (ref. 15). FABP7 is a brain-specific 
lipid chaperone for cytosolic trafficking of PUFAs and eCBs50–52. 
FABP7-dependent trafficking is required for biosynthesis of eCBs 
from PUFAs, and for their delivery to nuclear PPARs for regulation of 
gene transcription53–56. Sortilin is essential for proper sorting and stable 
expression of FABP7 in established cell lines15, a mechanism now sup-
ported by data in human neurons (Fig. 6h). Thus, sortilin is in a unique 
position among the various apoE receptors to link extracellular (that 
is, apoE) and intracellular (that is, FABP7) PUFA transport processes  
in neurons.

Given the drastic decrease in PUFA and eCB levels in E3KO iNs as 
compared to isogenic E3WT cells, impaired activation of PPARα is a 
likely reason for alterations in mitochondrial lipid handling in this geno-
type. This conclusion is supported by decreased levels of synaptamide, 
2-arachidonoylglycerol and linoleoyl ethanolamide (Fig. 5a), known 
ligands of this transcription factor57,58. Impaired activity of PPARα 
in human neurons lacking sortilin is substantiated by the reduced 
expression of multiple transcriptional targets with relevance to lipid 
handling, most notably CPT1A, the mitochondrial importer for LCFA 
(Fig. 6a–g). Importantly, the insensitivity to etomoxir seen in E3KO 
and E4 iNs can be rescued by bezafibrate, supporting impaired PPARα 
activity as the likely molecular cause of the mitochondrial import 
defect for LCFAs (Fig. 7a–i). Conceivably, absent transcriptional activa-
tion of PPARα targets other than CPT1a may contribute to metabolic 
imbalance in sortilin-deficient neurons, a possibility that warrants 
further investigation.

The metabolism of neurons is intimately linked to that of astro-
cytes which support neurons with apoE-bound lipids and other metabo-
lites. Recent studies have documented dysregulation in astrocyte 
metabolism59–62 and lipid homeostasis63,64 in response to ageing or 
apoE4. This conclusion is also supported by apoE genotype-dependent 
changes in transcriptional profiles in primary E3 versus E4 astrocytes 
seen in this study (Fig. 3). Also, prior work reported differences in 
lipid-loading comparing apoE variants65,66. Our studies do not exclude 
that differences in lipid composition may contribute to distinct 
metabolic and functional phenotypes seen in neurons exposed to 
apoE3-containing versus apoE4-containing lipoproteins. However, 
LCFA, PUFA and eCB precursors showed comparable levels in media 
conditioned by apoE3 (Fig. 5b) or apoE4 (Extended Data Fig. 9b) 
expressing WT astrocytes. These findings support our concept that 
impaired neuronal uptake and conversion, rather than reduced exog-
enous availability of fatty acids, causes major metabolic phenotypes 
seen in E3KO and in E4 neurons herein. PUFAs and eCBs have numerous 
functions in cell metabolism and action. Thus, reduced fatty acid levels 
in neurons lacking sortilin possibly impact multiple cellular activities 
related to lipid homeostasis, or even unrelated receptor actions1,67,68. 
Still, the ability of bezafibrate to rescue the sensitivity of E3KO and E4 
iNs to etomoxir argues that induction of LCFA import through CPT1A 
expression, among other metabolically relevant targets of PPARα, 
explains the metabolic phenotypes distinguishing sortilin-expressing 
from sortilin-deficient neurons.

SORT1 shows genome-wide association both with Alzheimer dis-
ease17 and FTD18, the two most common forms of age-related dementias 
in patients. This association argues for a crucial function of the receptor 
in healthy ageing of the brain. Sortilin’s role in FTD is linked to its abil-
ity to act as clearance receptor for progranulin, a major aetiological 
agent in FTD69–71, while its mode of action in Alzheimer disease remains 
unclear. As both dementias are characterized by a hypometabolism of 
glucose40–44,72, deteriorating lipoprotein receptor functions of sortilin 
in the ageing brain may well aggravate deficits in neuronal energy 
production in the older population.

An additional mechanism specific to Alzheimer disease concerns 
the detrimental impact of apoE4 on sortilin activity. Similarly to other 

receptors bound by apoE73,74, binding of apoE4 traps internalized sorti-
lin in early endosome, preventing discharge of cargo and recycling to 
the cell surface15. This noxious propensity of apoE4 is due to an increase 
in the isoelectric point, as compared to apoE3, resulting in unfolding 
of the protein in the acidic milieu of endosomes75–79. In our studies, 
phenotypes in E4WT were indistinguishable from those of E3KO, includ-
ing alterations in mitochondrial malfunction and in PPARα deficiency. 
These findings argue for loss of sortilin activity in the brain of APOE 
ε4 carriers, an assumption corroborated by rescue of sensitivity to 
etomoxir in E4WT iNs when exposed to apoE3-containing rather than 
apoE4-containing astrocyte media (Fig. 4e–g). Multiple pathological 
mechanisms have been reported for apoE4 (reviewed in refs. 80–82). 
Functional inactivation of sortilin adds another mechanistic explana-
tion to the detrimental actions of this most important genetic risk 
factor for sporadic Alzheimer disease.

Methods
Mouse models
The generation of mouse strains carrying a targeted replacement of 
the mouse Apoe locus with human APOE ε3 or APOE ε4 (ref. 20) and 
being WT (Sort1+/+) or genetically deficient for Sort1 (Sort1−/−)83 has 
been described14. Animals were housed in a controlled environment 
(12-h light–dark cycle) with access to food and water ad libitum. They 
were fed a normal mouse chow (4.5% crude fat, 39% carbohydrates). All 
animal experimentation was conducted in male mice, unless specified 
otherwise, on an inbred C57BL6/J background following approval by 
local ethics committees (X9017/17). Animals were 12 weeks of age.

Generation and culture of gene-targeted iPS cell lines
Human iPS cell lines APOE ε3/ε3 (E3WT: https://hpscreg.eu/cell-line/
BIHi005-A/, male donor; E3*WT: https://hpscreg.eu/cell-line/
BIHi043-A/, female donor) or APOE ε4/ε4 (E4WT: https://hpscreg.eu/
cell-line/WTSIi009-A, female donor) were obtained from the MDC 
Technology Platform Pluripotent Stem Cells (in-house) or the Welcome 
Trust Sanger Institute. Stem cells were cultured under feeder-free 
conditions on Matrigel-coated plates (Corning) using Essential 8 Flex 
medium (Gibco). Cells were passaged using 0.5 mM EDTA solution when 
the culture reached 80% confluency. To obtain single-cell suspensions, 
the cells were treated with StemPro Accutase (Gibco) and replated in 
medium supplemented with 10 µM of Rock inhibitor (Y27632, Cayman 
Chemical) for the first 24 h. Cell lines were regularly tested negative 
for Mycoplasma.

To generate sortilin-deficient isogenic subclones of BIHi005-A 
(designated E3KO), the SORT1 gene was targeted using transcription 
activator-like effector nucleases (TALENs) essentially as described84. 
In brief, TALEN constructs were designed to target the SORT1 start 
codon using the TALEN Targeter webtool (Cornell University, https://
tale-nt.cac.cornell.edu/node/add/talen/). Four TALEN segments were 
digested from an 832-plasmid library (Addgene) using BsmBI and 
ligated into a TALEN vector carrying a FokI endonuclease domain, and 
either GFP or RFP (SORT1 ATG left-GFP: I: CGGC, II: GGCA, III: TTCG,  
IV: GCG; SORT1 ATG right-RFP: I: CCGC, II: AGCT, III: CCCC IV: AGG). 
TALEN pairs were transfected into BIHi005-A iPS cells using Lipo-
fectamine 3000 (Thermo Fisher) according to the manufacturer’s 
instructions. Cells were subjected to fluorescence-activated cell 
sorting 48 h after transfection based on GFP and RFP expression. 
The double-positive cells were replated at low density in Essential 8 
medium to form single-cell colonies. Colonies were expanded and 
genomic DNA extracted for PCR amplification of the ATG region of 
SORT1 (forward primer: 5’-CGTTCCAGCCAATCAGTCCC-3’; reverse 
primer: 5’-AGCTTGGCGACGAAGTCC-3’). PCR products were ana-
lysed on 2% agarose gels to identify insertions or deletions, followed 
by Sanger sequencing to verify a homozygous disruption of the 
ATG. Positive clones were quality controlled for karyotype stability 
and cryopreserved.
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To generate sortilin-deficient isogenic subclones of HPSI0913i- 
diku_1 cells (named E4KO), we utilized the CRISPR–Cas9 genome- 
editing system as described in STAR protocols85. In brief, a single 
guide RNA targeting exon 4 of SORT1 was designed using the Synthego 
knockout guide design tool (https://design.synthego.com/). The single 
guide RNA sequence (5’-GCCAAATTCAGTCCGAATAA-3’) obtained 
from Integrated DNA Technologies (https://eu.idtdna.com/) and com-
plexed with Hi.Fi Cas9 to form ribonucleoprotein particles, which  
were transfected into HPSI0913i-diku_1 cells using the Neon trans-
fection 10 µl kit (Thermo Fisher Scientific), according to the manu-
facturer’s instructions. Editing efficiency was estimated 48 h after 
transfection by Sanger sequencing, and data were analysed using 
the Synthego ICE tool. To isolate single-cell clones, we used the auto-
mated Iota Sciences IsoCell platform. Targeted clones were identified 
by Sanger sequencing and inference of CRISPR edit analysis, quality 
controlled for karyotype stability and tested regularly as negative 
for Mycoplasma.

A sortilin-deficient clone of APOE ε3/ε3 iPS cell line HMGU001-A/
BIHi043-A, designated E3*KO (https://hpscreg.eu/cell-line/
BIHi268-A-31/), was generated as described for E4KO above.

Bioenergetic assays in synaptosomes
Mice were euthanized by cervical dislocation and the brain cortices 
dissected on ice. The cortices were manually homogenized in gra-
dient buffer (0.32 M sucrose, 5 mM Tris-HCl, 5 mM EDTA, 0.25 mM 
dithiothreitol) using a glass Dounce homogenizer (Bellco Glass, 
1984-10002). Nuclear material was removed by centrifugation at 
1,000g for 10 min at 4 °C. The supernatant was applied onto a Percoll 
density gradient with 23%, 10% and 3% Percoll in gradient buffer. The 
gradient was centrifuged at 29,000g for 15 min at 4 °C using a Sorvall 
SS-34 rotor. The gradient fraction at the interface between the 23% 
and 10% Percoll containing synaptosomes were collected and pro-
tein concentration determined by Pierce Bradford Protein Assay Kit 
(Thermo Fisher Scientific, 23200).

Twenty micrograms of synaptosomal protein in a volume of 80 µl 
was added to each well of a Seahorse XFe96/XF Pro Cell Culture Micro-
plate (Agilent Technologies, 103792-100) coated with polyethylenimine 
(Sigma-Aldrich, P3143). The mitochondria-loaded XF microplate was 
centrifuged at 1,900g for 20 min at 4 °C for adherence of the synapto-
somes. Pre-warmed assay media (2 mM MgSO4*7 H2O, 1.2 mM Na2SO4, 
1.3 mM CaCl2, 0.4 mM KH2PO4, 3.5 mM KCl, 120 mM NaCl) containing 
0.4% BSA, 10 mM sodium pyruvate, 10 mM glucose and 2 mM glutamine 
was added to a final volume of 180 µl. Once the probe calibration was 
completed, the probe plate was replaced by the XF microplate. Three 
baseline measurements of OCR were measured before sequential 
application of 6 μM oligomycin, 4 μM FCCP and 2 μM antimycin A 
in combination with 2 μM rotenone (Sigma-Aldrich, 557368). OCRs 
were measured by Seahorse XFe96 Flux Analyzer using a mix (30 s), 
wait (2 min) and measure (3 min) cycle. Each sample was measured in 
technical replicates. All experiments were conducted independently 
at least three times. Basal respiration was calculated as the differ-
ences between the last OCR measurement before oligomycin injection 
and the minimum OCR measurement after addition of R/A. Maximal 
respiration was calculated as the difference between maximum OCR 
measurement after FCCP injection and the minimum OCR measure-
ment after the addition of R/A. ATP-linked respiration was determined 
as the difference by the last OCR measurement before oligomycin 
injection and the minimum OCR measurement after oligomycin injec-
tion. Proton leak was determined as the difference between minimum 
OCR measurement after oligomycin injection and the minimum OCR 
measurement after the addition of R/A.

Substrate oxidation stress test in synaptosomes
To dissect endogenous substrate consumption, 20 µg of synapto-
somal proteins were added to each well in a volume of 80 µl of a 

Seahorse XFe96/XF Pro Cell Culture Microplate (Agilent Technolo-
gies, 103792-100) coated with polyethylenimine (Sigma-Aldrich, 
P3143). The mitochondria-loaded XF microplate was centrifuged 
at 1,900g for 20 min at 4 °C for adherence of the synaptosomes. 
Pre-warmed assay media (2 mM MgSO4*7 H2O, 1.2 mM Na2SO4, 1.3 mM 
CaCl2, 0.4 mM KH2PO4, 3.5 mM KCl, 120 mM NaCl) containing 0.4% 
BSA, 10 mM sodium pyruvate, 10 mM glucose and 2 mM glutamine was 
added to a final volume of 180 µl. Etomoxir (Sigma-Aldrich, E1905) was 
dissolved in dimethylsulfoxide (DMSO) to a 40 mM stock concentra-
tion. UK5099 (Sigma-Aldrich, PZ0160) was dissolved in DMSO to a 
20 mM stock solution. For both inhibitors, 12 μl of stock solution was 
further dissolved in 3 ml of assay media (2 mM MgSO4*7 H2O, 1.2 mM 
Na2SO4, 1.3 mM CaCl2, 0.4 mM KH2PO4, 3.5 mM KCl, 120 mM NaCl) 
to achieve working solution concentrations of 80 μM UK5099 and 
160 μM Etomoxir, that were loaded into the injection ports (result-
ing in final drug concentrations of 8 μM UK5099 and 16 μM etomoxir 
in the assay medium). For the control buffer condition, 12 μl DMSO 
was added to the assay media. Once the probe calibration was com-
pleted, the probe plate was replaced by the XF microplate. Three 
baseline measurements of OCR were measured before application 
of 8 μM UK5099, 16 μM etomoxir or assay media as control. Thereaf-
ter, sequential application of 6 μM oligomycin, 4 μM FCCP and 2 μM 
antimycin A in combination with 2 μM rotenone followed. OCRs were 
measured by Seahorse XFe96 Flux Analyzer using a mix (30 s), wait 
(2 min) and measure (3 min) cycle. OCRs for each genotype were 
measured independently three times. Each sample was measured in 
at least ten technical replicates. Within each genotype group, OCR was 
normalized to the first measurement in the assay and maximal respira-
tion reported as a comparison to the control. Maximal respiration was 
calculated as the difference between maximum OCR measurement 
after FCCP injection and the minimum OCR measurement after the 
addition of R/A.

For measurement of exogenous fatty acid oxidation, 20 µg of 
synaptosomal proteins were added to each well of a Seahorse XFe96/
XF Pro Cell Culture Microplate coated with polyethylenimine. The 
samples were transferred in substrate-limited assay media (2 mM 
MgSO4*7 H2O, 1.2 mM Na2SO4, 1.3 mM CaCl2, 0.4 mM KH2PO4, 3.5 mM 
KCl, 120 mM NaCl) containing 0.4% BSA, 1 mM sodium pyruvate, 2 mM 
glucose, 1 mM glutamine and 1 mM carnitine (Sigma-Aldrich, C0283). 
The mitochondria-loaded XF microplate was centrifuged at 1,900g 
for 20 min at 4 °C for adherence of the synaptosomes, followed by 
starvation for 30 min at 37 °C. For assessment of LCFA consumption, 
palmitate–BSA substrate (Cayman Chemical, 29558) or BSA (Cay-
man Chemical, 29556) was added to a final concentration of 300 μM 
palmitate. For assessment of MCFA consumption, heptanoic acid 
(Sigma-Aldrich, 75190) or octanoic acid (Sigma-Aldrich, C2875) was 
added at a final concentration of 200 μM. For assessment of SCFA 
consumption, acetic acid (Sigma-Aldrich, 338826) or butyric acid 
(Sigma-Aldrich, B103500) was added to the final concentration of 
100 μM. Assay medium alone was used as a control for all experiments. 
For glucose deprivation conditions, neither glucose, pyruvate nor 
glutamine was added. Instead, palmitate–BSA substrate was added 
to a final concentration of 300 μM palmitate 2 h before glucose with-
drawal. Once the probe calibration was completed, the probe plate was 
replaced by the XF microplate. Three baseline measurements of OCR 
were measured before sequential injection of 6 μM oligomycin, 4 μM 
FCCP and 2 μM antimycin A in combination with 2 μM rotenone. OCR 
was measured by Seahorse XFe96 Flux Analyzer using a mix (30 s), wait 
(2 min) and measure (3 min) cycle. All experiments were conducted 
independently at least three times with each sample measured in at 
least eight replicates. The maximal respiration was reported as a com-
parison to the BSA or assay media treatment within each genotype 
group. Maximal respiration was calculated as the differences between 
maximum OCR measurement after FCCP injection and the minimum 
OCR measurement after addition of R/A.
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Metabolic analysis of synaptosomes
To dissect TCA metabolites, 1,000 µg of synaptosomal proteins were 
incubated with 300 μM 13C16 palmitate (Cambridge Isotope Laborato-
ries, CLM-3943) or assay media (control) in substrate-limited media 
(2 mM MgSO4*7 H2O, 1.2 mM Na2SO4, 1.3 mM CaCl2, 0.4 mM KH2PO4, 
3.5 mM KCl, 120 mM NaCl) containing 0.4% BSA, 1 mM sodium pyruvate, 
2 mM glucose, 1 mM glutamine and 1 mM carnitine (Sigma-Aldrich, 
C0283) for 2 h and quenched by snap freezing the samples. Metabolite 
extraction was carried out in five volumes of 80% methanol for 1 h at 
−20 °C followed by centrifugation at 21,000g at 4 °C for 10 min. The 
supernatants were transferred into new vials for drying in a vacuum 
centrifuge. Dried extracts were resuspended in 0.1% formic acid before 
analysis. Targeted measurements on the resuspended metabolite sam-
ples were performed on a UPLC-HR-TOF-MS system with an ACQUITY 
I-Class UPLC (Waters Cooperation) equipped with an ACQUITY UPLC 
HSS T3 C18 column (2.1 mm × 100 mm, 1.8 µm, Waters) and coupled 
to a Bruker maXis Impact QTOF mass spectrometer (Bruker Dalton-
ics). The mobile phase consisted of 0.1% formic acid in water (A) and 
0.1% formic acid in methanol:acetonitrile (1:1 vol/vol) (B). The flow 
rate was set to 0.4 ml min−1 at a column temperature of 50 °C with the  
following 21-min gradient: 0% B (0–2 min), 0–40% B (2–6 min), 40–60% 
B (6–6.5 min), 60–88% B (6.5–11 min), 88–100% (11–11.5 min), 100% 
B (11.5–18 min), 100–0% B (18–19.5 min) and 0% B (19.5–21 min). The 
samples were kept at a temperature of 6 °C. The QTOF-MS instrument 
operated in electrospray ionization negative mode, using a capillary 
voltage of 2.5 kV. The nebulizer gas pressure was 1.2 bar, and the drying 
gas flow and temperature were 8.0 l min−1 and 220 °C. The injection 
volume was 10 µl, and a mass range of 50–1,000 m/z and a sampling 
rate of 4 Hz were used. Calibration was performed at the end of each 
run using sodium formate. A mixture of TCA metabolites was included 
to verify the retention. Bruker Compass Target Analysis (3.1) was used 
for processing data for extracted ion chromatograms and peak area. 
Bruker Compass Data Analysis (4.1) was used for inspection of the data.

Substrate oxidation stress test in iPS cell-derived human 
neurons
On day 7 of differentiation, cortical iNs were dissociated into a cell 
suspension using Accutase and plated at a density 1 × 105 cells per 
well in Matrigel-coated Seahorse XFe96/XF Pro 96-well microplates 
using 100 μl per well of Seahorse XF DMEM medium supplemented 
with 10 mM glucose, 10 mM sodium pyruvate, 2 mM glutamine and 
10 µM Rock inhibitor. Once the probe calibration was completed, the 
probe plate was replaced by the XF microplate. Three baseline meas-
urements of OCR were carried out before injection of 8 μM UK5099 
or 16 μM etomoxir. Seahorse XF DMEM assay medium was used as 
control. Thereafter, 6 μM oligomycin, 4 μM FCCP and 2 μM antimycin 
A in combination with 2 μM rotenone were injected sequentially. OCRs 
were measured by Seahorse XFe96 Flux Analyzer using a mix (30 s), 
wait (2 min) and measure (3 min) cycle. OCRs for each genotype were 
measured independently at least three times with each sample being 
measured in at least eight technical replicates. The total cell numbers 
in the XF microplate wells were determined by fluorescence imaging 
with Hoechst on a designated area of the well using BioTek Instrument 
Cytation 5. Within each genotype group, respiration was normalized 
to the first measurement, and the maximal respiration was reported 
as a comparison to the control condition. Maximal respiration was 
calculated as the difference between maximum OCR measurement 
after FCCP injection and the minimum OCR measurement after the 
addition of R/A.

To test the impact of the PPARα agonist bezafibrate (Sigma-Aldrich, 
B7273) on neuronal respiration, the drug was dissolved in DMSO to a 
10 mM stock solution that was stored at −20 °C. On day 5 of neuronal 
differentiation, half of the cell medium was replaced with medium 
containing bezafibrate to achieve a final concentration of 10 µM, 50 µM 
or 100 µM. After 48 h of incubation, iNs were dissociated with accutase 

and plated in Matrigel-coated Seahorse XFe96/XF Pro (Agilent) 96-well 
microplates at a density of 1.5 × 105 iNs per well, and subjected to a sub-
strate oxidation stress test using 16 μM etomoxir as described above.

Statistical analysis of bioenergetic assay data
Seahorse XFe96 Flux Analyzer data were processed in Wave 2.6.1 soft-
ware (Agilent Technologies) following the manufacturer’s guidelines. 
Raw data were exported from the Wave Software to Prism 10 (GraphPad) 
for statistical analysis. The number of samples per group is referring 
to independent analyses (individual animals or neuronal cell cultures) 
indicated in the corresponding figure legends. The unpaired, two-tailed 
Student’s t-test was used to determine statistical significance between 
the mean values of two groups. Two-way ANOVA with Tukey’s post hoc 
test was used to compare the mean values of all four genotypes.

Electron microscopy
Neurons and isolated synaptosomes were fixed at room temperature 
for 2 h with 4% (wt/vol) formaldehyde, 2.5% (vol/vol) glutaraldehyde 
(Sigma-Aldrich G5882) in 0.1 M HEPES pH 7.4, followed by 2 days of 
fixation at 4 °C. Thereafter, the samples were washed with Milli-Q 
water and pellets, obtained by centrifugation for 5 min at 300g, were 
embedded in 3% (wt/vol) aqueous agarose (Sigma-Aldrich A4018). 
Agarose-stabilized samples were cut into 0.5–1-mm3 cubes and pre-
pared for electron microscopy.

Neuronal samples were processed using a modified version of 
the rOTO protocol as described (https://www.protocols.io/view/
preparation-of-biological-tissues-for-serial-block-36wgq7je5vk5/
v2/). In brief, the samples were postfixed on ice for 1 h with osmium 
tetroxide reduced with potassium ferrocyanide in 0.1 M sodium caco-
dylate buffer pH 7. The final concentration was 1% (vol/vol) osmium 
tetroxide and 1.5% (wt/vol) potassium ferrocyanide in 0.1 M sodium 
cacodylate buffer. The reduced osmium solution was washed with 
Milli-Q water and the samples were incubated in 0.1% (wt/vol) aque-
ous thiocarbohydrazide. After rinsing with water, the samples were 
incubated for 30 min at room temperature in 1% (vol/vol) osmium 
tetroxide. Final contrast was achieved by incubating in 2% (wt/vol) ura-
nyl acetate for 30 min at room temperature. After dehydration through 
a graded series of acetone, embedding was done in Durcupan ACM 
resin (Sigma-Aldrich). The blocks were polymerized for 48 h at 60 °C. 
Synaptosome samples were postfixed for 2 h at room temperature 
using 1% (vol/vol) aqueous osmium tetroxide. Then, the samples were 
rinsed with Milli-Q water and incubated for 2 h at 4 °C in 2% (wt/vol)  
uranyl acetate. Dehydration using a graded ethanol series followed 
by propylene oxide incubation and resin infiltration with Polybed812 
epoxy resin (Polysciences). Blocks were polymerized for 48 h at 60 °C.

Ultrathin 80- nm resin sections were sectioned using a Reichert 
Ultracut S ultramicrotome and picked up on Formvar-coated transmis-
sion electron microscopy grids. Reynolds Lead Citrate 3% (Delta Micros-
copies) was used for post-staining of the sections. Synaptosomes were 
imaged using a Zeiss EM910 80-kV Transmission Electron Microscope 
equipped with a 11 M Quemesa CCD camera (EMSIS). Neurons were 
imaged using the Helios 5 Hydra CX Dual Beam system (Thermo Sci-
entific) operating at 2 kV and 0.4- nA beam current. Micrographs were 
recorded using the CBS detector for back-scattered electrons and 
acquisition was done with the MAPS software package, version 3.27 
(Thermo Scientific).

Generation of human iPS cell-derived astrocytes (iAs)
Human astrocytes were generated from iPS cells as described27. Briefly, 
iPS cells were dissociated with Accutase and replated at a density of 
5 × 105 cells per well in Matrigel-coated six-well plates using E8 Flex 
media supplemented with 10 µM Rock inhibitor (Y27632, Cayman 
Chemical). One day later (day −1), lentivirus vectors were added in fresh 
E8 Flex medium containing 8 μg ml−1 Polybrene (Millipore). The next 
day (day 0), the medium was replaced with E8 Flex medium containing 
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doxycycline (2.5 μg ml−1; Cayman Chemical), which was kept in the 
medium until the end of the experiment. On days 1 and 2, cells were 
cultured in expansion medium (DMEM/F12, 1% N2, 1% Glutamax and 10% 
FBS), containing 1.25 μg ml−1 puromycin and 200 μg ml−1 hygromycin 
to select for cells containing lentivirus vectors expressing Sox9 and 
Nfib (provided by the MDC Technology Platform Pluripotent Stem 
Cells). On days 3–5, the expansion medium was gradually exchanged 
to FGF medium (Neurobasal medium containing 2% B27, 1% NEAA, 
1% Glutamax, 1% FBS and 8 ng ml−1 human FGF (PeproTech), 5 ng ml−1 
human CNTF (PeproTech) and 10 ng ml−1 human BMP4 (PeproTech)). 
On day 6, the cell medium was replaced with fresh FGF medium before 
the cells were dissociated with Accutase and replated in 2 × 105 cells per 
well on Matrigel-coated six-well plates on day 7 using FGF medium (sup-
plemented with 10 µM Rock inhibitor until day 8). From days 10 to 17, 
half of the medium was exchanged every second day with maturation 
medium (1:1 DMEM/F12 and Neurobasal medium containing, 1% N2, 1% 
Glutamax, 1% sodium pyruvate, 5 μg ml−1 N-acetyl cysteine, 500 μg ml−1 
dbcAMP, 5 ng ml−1 EGF-like growth factor, 10 ng ml−1 CNTF and 10 ng 
ml−1 BMP4 (PeproTech)). On days 18 and 19, the medium was switched 
to NB-B27 (Neurobasal medium containing 2% B27 and 1% Glutamax). 
Astrocytes were kept in culture for up to 30 days, by replacing half of 
the medium every 2 days.

Conditioned medium to supplement iPS cell-derived human neu-
rons was generated from astrocytes between days 21 and 28 of culture 
by collecting half of cell medium from each well every second day. 
Media samples from multiple wells collected the same day were pooled 
and centrifuged at 300g for 5 min to remove cell debris. Before adding 
to neurons, the conditioned medium was diluted at a 1:1 ratio with fresh 
NB-B27 medium and supplemented with 10 ng ml−1 human BDNF, 10 ng 
ml−1 human NT3 and 4 mM cytosine β-D-arabinofuranoside. If not used 
immediately, conditioned media were stored at 4 °C for a maximum 
time of 3 days before addition to iNs.

Generation of human iPS cell-derived neurons
iNs were generated from iPS cells as described previously28. Briefly, 
iPS cells were dissociated with Accutase and replated at a density of 
5.5 × 104 cells per cm2 in Matrigel-coated 24-well or 12-well plates or 
4.3 × 104 cells per cm2 in Matrigel-coated six-well plates and 100-mm 
dishes using E8 Flex media supplemented with 10 µM Rock inhibi-
tor (Y27632, Cayman Chemical). The next day (day −1), iPS cells were 
transduced with lentivirus vectors in fresh E8 Flex medium containing  
7 μg ml−1 Polybrene (Millipore). One day after infection (day 0), 
the medium was replaced with F12-N2 (DMEM/F12, 1% N2, 1% NEAA 
(Gibco)), containing 2 μg ml−1 doxycycline, 10 ng ml−1 human BDNF 
(R&D Systems), 10 ng ml−1 human NT3 and 0.2 μg ml−1 mouse laminin 
(Thermo Fisher). Doxycycline was retained in the medium through 
the experiment. On day 1, the medium was replaced with fresh F12-N2 
medium containing 1 μg ml−1 puromycin to select vector expressing 
Ngn2 (kindly provided by T. Sudhof, Standford Medicine). At day 2, 
astrocyte-conditioned medium (iAsCM), prepared as described above, 
was added and half of the medium exchanged with fresh iAsCM every 
second day. Alternatively, on day 2, primary glia dissociated in NB-B27 
medium (supplemented with 2 μg ml−1 doxycycline, 10 ng ml−1 human 
BDNF, 10 ng ml−1 human NT3 and 4 mM cytosine β-D-arabinofuranoside) 
were added and half of the medium replaced every 2–3 days. iNs were 
kept for up to 12 days in culture.

Lipid analyses of cultured human neurons
For fatty acid profiling, 30 mg of cell lysates were hydrolysed with 
100 µl 10 mol l−1 NaOH within 60 min at 80 °C in the presence of butyl-
ated hydroxytoluene. The samples were neutralized with 100 µl acetic 
acid (58%). A 50 µl aliquot was diluted at a 1:10 ratio with methanol 
containing deuterated internal standards (C12:0-d23, C18:0-d35, 
C18:2-d4, C20:4-d11, C20:5-d5, C22:0-d43, C22:6-d5, C24:0-d4; 10 ng 
each; Cayman Chemical). HPLC measurements were performed using 

an Agilent 1290 HPLC system with binary pump, autosampler and col-
umn thermostat equipped with a Phenomenex Kinetex-C18 column 
(2.6 µm, 2.1 × 150 mm; Phenomenex) using a solvent system of acetic 
acid (0.05%) and acetonitrile. The solvent gradient started at 5% ace-
tonitrile and was increased to 98% within 23 min and kept until 26 min 
with a flow rate of 0.4 ml min−1 and 1 µl injection volume. The HPLC was 
coupled with an Agilent 6470 triple-quadrupole mass spectrometer 
with electrospray ionization source and operated in negative multiple 
reaction monitoring mode. At least two mass transitions were detected 
for each fatty acid.

For eCB profiling, 10 mg cell lysates were homogenized in 300 µl 
distilled water. Then, 25 µl citric acid (0.4 mol l−1), 10 µl of internal  
standards (10 µg ml−1 docosahexaenoic acid-ethanolamid-D4, 
anandamid-D4, EPA-ethanolamid-D4; Cayman Chemical) and 1 ml ethyl 
acetate were added. The samples were shaken for 10 min, centrifuged 
for 3 min at 3,500 rpm and the upper phase recovered. Next, 1 ml ethyl 
acetate were added to the lower (sample) phase, followed by shaking 
for further 10 min and centrifugation for 3 min at 3,500 rpm. Again, 
the upper phase was recovered and both supernatants combined. The 
solvent was removed to dryness at 40 °C under a stream of N2, before 
the residue was resuspended in 100 µl acetonitrile and eCB measured. 
HPLC measurement was performed using an Agilent 1290 HPLC system 
with binary pump, autosampler and column thermostat equipped 
with an Agilent Poroshell EC120-C18 column (2.7 µm, 2.1 × 100 mm 
column; Agilent) using a solvent system of ammonium format (5 mM) 
and formic acid (0.05 %) in water and methanol. The solvent gradient 
started at 5% methanol and was increased to 95% within 11 min under 
gradient conditions and kept until 15 min with a flow rate of 0.4 ml min−1 
and a 5 µl injection volume. The HPLC was coupled with an Agilent 6495 
triple-quadrupole mass spectrometer with electrospray ionization 
source and operated in positive multiple reaction monitoring mode. 
Two mass transitions per compound were detected. All concentrations 
were calculated using Agilent Mass Hunter software with individual 
calibration curves for each compound. All standards were purchased 
from Cayman Chemical.

Analysis of electrical activity of iNs using MEAs
For MEAs, iPS cells were plated at a density of 4.3 × 104 cells per cm2 on 
Matrigel-coated 10-cm dishes and differentiated to iNs as described 
above. On day 2, cells were dissociated using Accutase and replated at 
5 × 105 or 2.5 × 105 cells per well on Multi Channel Systems 24-well plates 
(24W300/30G-288) in NB-B27 medium supplemented with 10 µM Rock 
inhibitor (Y27632, Cayman Chemical). On day 3, half of the medium was 
replaced with primary mouse astrocytes at a density 0.5–0.625 × 105 
cells per well. Astrocyte-enriched cultures were prepared essentially 
as described86. Afterwards, half of the medium was replaced every  
2–3 days. Neuronal electrical activity was assessed using the MEA 
system (MCS) starting from day 14, with recordings taken every 2 days. 
When network bursts were detectable in most of the wells (∼day 38), 
half of the medium was replaced with NB-B27 medium containing 
25 mM glucose, 0.23 mM sodium pyruvate and 2 mM glutamine in the 
absence or presence of 100 μM palmitate. After 6 h of incubation, elec-
trical activity was recorded (pretreatment condition). Following this, 
the entire medium was replaced by NB-B27 medium lacking glucose, 
sodium pyruvate and glutamine (Neurobasal-A medium containing 2% 
B27, 2 μg ml−1 doxycycline, 10 ng ml−1 human BDNF, 10 ng ml−1 human 
NT3 and 4 mM cytosine β-D-arabinofuranoside), in the absence or 
presence of 100 μM palmitic acid. MEA recordings were performed 
after every 24 h for 3 days.

Spontaneous electrical activity of neurons cultured on MEA plates 
was recorded at 37 °C using Multiwell-Screen software (Multi Channels 
Systems v.2.0.11.0) for 5 min. Before recording, cells were allowed to 
stabilize for 5 min. Signals were sampled at 20 kHz, with a 3,500- Hz 
low-pass and 100- Hz high-pass filter. A spike was detected when the 
signal went above or below 5% of the baseline noise’s standard deviation 
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during quiet periods. Neuronal burst activity was characterized by the 
following criteria87: a minimum duration of 50 ms with more than four 
spikes counts; the maximum interval to start and end burst was 50 ms; 
the minimum interval between bursts was 100 ms. A network burst 
was recognized when a burst was recorded in at least three channels 
simultaneously, with a minimum of six channels participating in the 
activity. Data analysis was limited to active electrodes that detected at 
least ten spikes per minute, with a minimum amplitude of 20 μV. The 
results were analysed using Multi Channel Analyzer (Multi Channel 
Systems, v.2.0.6.0), where signals from all active electrodes in each well 
were averaged for plotting. The number of wells for each condition is 
indicated by an n value.

Protein expression analysis
Mouse synaptosomes or iPS cell-derived cell types were lysed in RIPA 
buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 0.1% SDS 1% NP-40) containing complete protease inhibitor 
cocktail (1×; Roche). Protein concentrations were determined by BCA 
Protein Assay Kit (Pierce) and equal amounts of proteins or equal 
volumes of iAsCM were subjected to standard SDS–PAGE, followed by 
transfer to PVDF membranes. Where applicable, No-Stain Protein Label-
ling Reagent (Invitrogen) was used to confirm equal transfer between 
samples. Membranes were blocked for 45 min with 5% milk powder 
in TBS containing 0.5% Tween-20 and incubated primary antibodies 
(Supplementary Table 1) overnight at 4 °C, followed by incubation 
with horseradish peroxidase-conjugated secondary antibody (diluted 
at 1:5,000) for 90 min at room temperature. Immunoreactive bands in 
cell extracts were visualized using ECL Western Blotting Detection Rea-
gent (Amersham) on iBright CL1500 Imaging System (Invitrogen). For 
mouse synaptosomal extracts, immunoreactive signals were visualized 
using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 
Scientific). Densitometric analyses were performed using Fiji software.

Immunocytochemistry
For immunocytochemical analysis, cells were plated on Matrigel-coated 
13-mm-diameter glass slides in 24-well plates. For analysis, the cells 
were washed with PBS and fixed in 4% paraformaldehyde in PBS for 
20 min, followed by treatment in PBS-based blocking/permeabilization 
solution containing 0.1% Triton X-100 and 5% donkey serum for 1 h at 
room temperature. Primary antibody dilutions (Supplementary Table 1) 
were applied overnight at 4 °C in PBS. Thereafter, the cells were washed 
twice in PBS and once in PBST, followed by incubation with Alexa 
Fluor-conjugated secondary antibodies for 2 h at room temperature 
(Supplementary Table 1). For nuclear staining, DAPI (Thermo Fisher) 
diluted in PBS was used. All images were acquired on a Zeiss LSM 780 
or LSM 800 confocal microscope and analysed using Fiji software.

Analysis of gene transcription levels
Total RNA was extracted from tissue or cells using RNeasy Mini/Micro 
Kit (Qiagen), treated with RNase-Free DNase Set (Qiagen), and reverse 
transcribed using the High Capacity RNA-to-cDNA Kit (Applied Bio-
systems) according to the manufacturers’ protocols. qPCR were 
carried out using the TaqMan Fast Advanced Master Mix (Applied 
Biosystems) and TaqMan assays using QuantStudio 7 Flex Real-Time 
PCR System (Applied Biosystems) or QuantStudio 6 Pro Real-Time 
PCR System (Applied Biosystems). TaqMan assay details are listed 
in Supplementary Table 2. The fold change in transcript levels was 
calculated using the cycle threshold (CT) comparative method (2−ΔΔCT) 
normalizing to CT values of the internal control gene GAPDH/Gapdh. 
Samples were run in triplicates and non-template reaction served as 
negative controls.

To assess the pluripotency of iPS cell lines, the TaqMan hPS cell 
Scorecard Assay (Applied Biosystems) was used according to the manu-
facturer’s instructions. RNA extraction and cDNA reverse transcription 
of 1 µg of total RNA was performed as described above. The scorecard 

assay was run in a 384-well format on the QuantStudio 7 Flex Real-Time 
PCR System using the Standard Curve Method. Gene expression data 
were analysed using the web-based hPS cell Scorecard Analysis Soft-
ware (Thermo Fisher Scientific).

The expression of 84 PPAR target genes was assessed using the 
Human PPAR Targets RT2 Profiler PCR Array (Qiagen; 384-well format) 
according to the manufacturer’s instructions. RNA was extracted using 
the RNeasy Mini/Micro Kit (Qiagen), treated with RNase-Free DNase 
Set (Qiagen) and reverse transcribed with RT2 First Strand Kit (Qiagen). 
qPCR was performed using RT2 SYBR Green ROX qPCR Mastermix 
(Qiagen) on a QuantStudio 7 Flex Real-Time PCR System (Applied 
Biosystems). The comparison of transcript levels was calculated using 
the 2−ΔΔCT method normalizing to CT values of internal control gene 
GAPDH. Data analysis was conducted with the web-based GeneGlobe 
Data Analysis Center (https://geneglobe.qiagen.com/). Changes in 
mRNA levels in E3KO and E4KO cells were assessed as compared to the 
respective isogenic WT controls. Genes with more than a 2-fold differ-
ence in expression were considered to be differentially expressed. Two 
arrays were run for each E3WT-versus-E3KO and E4WT-versus-E4KO 
comparison, and genes showing the same changes in both arrays were 
chosen for further validation with TaqMan RT–qPCR assays.

Gene expression analysis in sorted mouse neurons and 
astrocytes
A detailed description of cell sorting of mouse cortices has been pub-
lished88. Briefly, brain regions were dissected, enzymatically digested 
with papain and applied to LS columns for myelin removal (Miltenyi 
Biotec). The resulting cell suspension was labelled with the following 
antibodies: microglia/macrophages (CD45-BV421; 1:200 dilution, BD 
Biosciences, 563890), endothelial cells (CD49a-FITC; 1:200 dilution, 
Miltenyi Biotec, 130-107-636), oligodendrocytes (O4-PE; 1:200 dilution, 
Miltenyi Biotec, 130-117-357) and astrocytes (ACSA2-APC, 1:100 dilu-
tion, Miltenyi Biotec, 130-116-245) before sorting with BD Aria Fusion. 
The individual cell populations were tested for purity using qPCR 
probes for astrocytes testing for Gfap (Mm01253033_m1) and Aldh1l1 
(Mm03048949_m1) and for neurons using NeuN/Rbfox3 (Mm01248771_
m1) and Baf53b/Actl6b (Mm00504274_m1). Gene expression analyses 
were performed using the following probes: Acadl (Mm00599660_
m1), CRAT (Mm00483985_m1), Cpt1a (Mm-01231183_m1), Cpt2 
(Mm00487202_m1), Acadvl (Mm00444293_m1), Acadm (Mm00431611_
m1), Slc16a1 (Mm01306379_m1) and Slc22a5(Mm00441468_m1). Gapdh 
(Mm99999915_g1) served as the housekeeping gene.

Analysis of mitochondria structure
For quantification of the amounts of mitochondria in iNs, the cells 
were cultured on Matrigel-coated 13-mm-diameter glass slides in 
24-well plates and incubated with 100 nM MitoTracker Red CMXRos 
(Invitrogen) for 30 min. After staining, cells were washed with fresh 
medium and fixed in 4% paraformaldehyde in PBS for 20 min. Images 
were acquired using a Zeiss LSM 800 confocal microscope. z-stack 
images (14 slices; interval 0.2 μm) were analysed using Fiji software. To 
measure cell body area, GFP signal was used to manually track each cell 
body shape. Images of mitochondria were binarized and thresholding 
parameters adjusted based on the MitoTracker signal. The particle 
analysis function was used to measure mitochondria area obtained 
by pixels that make up the MitoTracker signal. The fraction of the total 
GFP-positive cell area occupied by MitoTracker Red+ mitochondria was 
obtained by dividing total mitochondria area by cell area.

Mitochondrial morphology was assessed using electron micro
scopy images. Quantitative analysis of mitochondrial shape was 
performed in Fiji by manually outlining individual mitochondria to 
measure mitochondrial area and circularity. A total of 299–347 mito-
chondria from 60–62 images per genotype were analysed for synapto-
somes, and 39–78 mitochondria from 5–6 images per genotype were 
used for neurons.
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APOE genotyping
Genomic DNA was extracted from stem cells using Wizard Genomic 
DNA Purification Kit (Promega). APOE genotyping was carried out using 
the TaqMan SNP Genotyping Assay and TaqMan Genotyping Master Mix 
(Applied Biosystems) on a QuantStudio 7 Flex Real-Time PCR System 
(Applied Biosystems). Genotypes were determined based on single 
nucleotide polymorphism rs429358 that defines the ε3 and ε4 alleles 
of human APOE (assay ID C_3084793_20; Applied Biosystem). FAM and 
VIC reporter dyes were used for allele discrimination.

Statistical analysis
Statistical analyses were performed using GraphPad Prism. The applied 
statistical tests and the number n (sample size) are indicated in each 
figure legend. Data are presented as the mean ± s.d., unless otherwise 
stated in the respective figure legends. Where applicable, outliers were 
determined using Grubbs’ test or the ROUT method (Q = 1).

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

Data availability
All uncropped images of immunoblots are published alongside the 
paper. Additional data on dose range findings will be made available 
by the corresponding author on request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Structural analysis of mitochondria in synaptosomal 
preparations of mouse brains. (a) Western blot analysis of neuronal (PSD95) and 
astrocytic (ALDH1L1, GFAP, TREM2, S100B) marker proteins in total lysate and  
in synaptosomal preparations of two E3WT mouse brains (right panel) is  
shown. Coomassie staining was used as a control for equal protein loading (left 
panel). The migration of molecular weight markers in the gels is indicated  
(in kDa). Immunosignals for neuronal but not astrocytic markers in synaptosomal 
preparations confirm absence of glia contamination in these preparations. Data 
were acquired from two preparations. (b) Western blot analysis of respiratory 
chain subunits and mitofusin 2 (MFN2) in synaptosomes isolated from mouse 
brains as in panel a (n = 3 animals per group). Five μg synaptosomal lysate were 

loaded in each lane. Detection of GAPDH served as loading control. No apparent 
differences in protein levels are seen comparing genotypes. The experiment was 
performed in 2-3 independent synaptosomal preparation. (c) Representative 
electron microscopic images of synaptosomes isolated from E3WT, E3KO, E4WT, 
or E4KO brain cortices of male mice showing trapped neuronal mitochondria. 
Scale bars: 100 nm. (d) Morphometric analyses deduced from electron 
microscopic images exemplified in (c), document comparable values for area of 
individual mitochondria in the genotype groups, but a subtle effect of APOE, but 
not Sort1 genotype circularity. A total of 299-347 mitochondria on 60-62 images 
were analyzed (one EM preparation per genotype). Statistical significance of data 
was tested using two-way ANOVA with Tukey’s multiple comparison test.
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Extended Data Fig. 2 | Loss of sortilin or the presence of apoE4 renders 
neuronal mitochondria from female mice insensitive to inhibition of long-
chain fatty acid import. The dependency of mitochondrial respiration on 
availability of glucose or long-chain fatty acids was assessed in synaptosomes 
isolated from the brains of female mice either E3WT (a), E3KO (b), E4WT (c) or 
E4KO (d) (12 weeks of age) by determination of real-time oxygen consumption 
rates. The experimental setup replicates the one described in Fig. 1g-j for male 
mice and includes measurements in the presence of solvent control buffer 

(control) or solutions containing 8 μM UK5099 or 16 μM etomoxir (inhibitor). 
For each genotype, one exemplary experiment is shown (to the left) as well as 
the quantification of % maximal OCR compared to the control condition (set to 
100%; to the right). Data are given as mean ± s.d. from n = 3 biological replicates. 
Each biological replicate data point is the mean of n = 10-18 technical replicates. 
Statistical significance of data was tested using unpaired Student’s t test  
(two-tailed). Individual respiration profiles of three independent experiments 
are given in Supplementary figure S3.
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Extended Data Fig. 3 | Sortilin deficiency blocks consumption of long-chain 
fatty acids in the TCA cycle. Levels of the indicated tricarboxylic acid cycle 
metabolites in E3WT (a) and E3KO (b) synaptosomes were assessed by LC-MS 
in the presence of buffer (control) or after treatment for 2 hours with 300 μM 
potassium palmitate. All experiments were performed under low glucose 

conditions (1 mM sodium pyruvate, 2 mM glucose, 1 mM glutamine). Peak area 
for each metabolite is reported as mean ± s.d. of n = 5 biological replicates (mice) 
for E3WT and n = 6 for E3KO. Statistical significance of data was tested using 
paired Student’s t test (two-tailed). This experiment was repeated six times.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Gene expression patterns in mouse cortices related 
to mitochondrial consumption of long-chain fatty acids. Cortical gene 
expression patterns were studied in male mice (12 weeks of age) of the indicated 
Sort1 and human APOE genotypes using quantitative RT-PCR (n = 8-18 animals 
per group, depending on the gene analyzed). Individual data points as well as 
the mean ± s.d. of the entire genotype group are given. Statistical significance 
of data was tested using two-way ANOVA with Tukey’s multiple comparison test. 
Acadl, acyl-CoA dehydrogenase long chain; Acadm, acyl-CoA dehydrogenase 
medium chain; Acadvl, acyl-CoA dehydrogenase very long chain; Acsl5, acyl-CoA 

synthetase long chain family member 5; Cd36, fatty acid translocase; Cpt1a, 
carnitine O-palmitoyltransferase 1 A; Cpt1c, carnitine O-palmitoyltransferase 
1 C; Cpt2, carnitine O-palmitoyltransferase 2; Crat, carnitine O-acyltransferase; 
Slc16a1, solute carrier family 16 member 1 encoding monocarboxylate 
transporter (MCT) 1; Slc16a3, solute carrier family 16 member 3 encoding MCT4; 
Slc16a7, solute carrier family 16 member 7 encoding MCT2; Slc22a5, solute carrier 
family 22 member 5; Slc27a1, solute carrier family 27 member 1encoding fatty 
acid transport protein 1 (FATP1); Slc27a6, solute carrier family 27 member 6, 
encoding FATP6.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Co-culture models of neuron-astrocyte interaction 
in human brain lipid metabolism. (a) Protocol used for generation of human 
astrocytes (iAs) from induced pluripotent stem cells (hiPSCs). (b) Representative 
immunofluorescence images of human iAs of the indicated SORT1 and APOE 
genotypes visualized for native mCherry, encoded by the viral transduction 
constructs (red), and immunostained for glial fibrillary acidic protein (GFAP, 
green) or S100 calcium-binding protein B (S100β, green). Scale bars: 50 μm 
and 150 μm, respectively. Individual stainings were replicated in samples from 
2-8 differentiation experiments. (c) RT-qPCR analysis of selected astrocyte 
marker genes in human iAs of the indicated SORT1 and APOE genotypes (day 21 
of culture). Individual biological replicates (n = 3 for E3WT, n = 5 for E3KO, n = 6 
for E4WT and E4KO) from 2-3 individual differentiation experiments as well as 
mean ± s.d. of the entire genotype group are shown. Statistical significance of 
data was tested using two-way ANOVA with Tukey’s multiple comparison test. 
ALDH1L1, aldehyde dehydrogenase family 1 member L1; S100B, S100 calcium 
binding protein beta. (d) Levels of secreted apoE isoforms were determined 
in 30 µl cell supernatant of human iAs (day 21 of culture) using western 
blotting. Recombinant human apoE (rec apoE, 12.5 ng) served as detection 
control. Comparative analyses with similar results were reproduced in 2-3 
differentiation experiments. (e) Protocol used for generation of hiPSC-derived 
human neurons (iNs) in co-culture with mouse primary glia. (f) Representative 

immunofluorescence images of human iNs of the indicated SORT1  
and APOE genotypes generated in co-culture with mouse primary glia  
(day 12 of culture). Neurons were visualized for native green fluorescent protein 
(GFP, green) and immunostained for microtubule associated protein 2 (MAP2, 
white) and sortilin (red). Cells were counterstained with DAPI (blue, in the 
merged images). Stainings were reproduced 2 - 5 times. Scale bar: 25 μm.  
(g) Protocol used to generate hiPSC-derived human neurons (iNs) by addition 
of iAs-conditioned medium (iAsCM). (h) Representative immunofluorescence 
images of human iNs of the indicated SORT1 and APOE genotypes grown in 
the presence of iAsCM (day 12 of culture). Neurons were visualized for native 
GFP (green) and immunostained for MAP2 (white) and sortilin (red). Neurons 
were counterstained with DAPI (blue, in the merged images). Scale bar: 25 μm. 
Staining were replicated 2-9 times. (i) RT-qPCR analysis of selected neuronal 
marker genes in human iNs of the indicated SORT1 and APOE genotypes (day 7 of 
culture). Individual biological replicates (n = 5) of three individual differentiation 
experiments, as well as mean ± s.d. of the entire genotype group are shown. 
Statistical significance of data was tested using two-way ANOVA with Tukey’s 
multiple comparison test. MAP2, microtubule associated protein 2; NEFL, 
neurofilament light chain; TUBB3, class III beta tubulin; RBFOX3, RNA binding 
Fox-1 homolog 3.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Impact of Sort1 genotypes on sensitivity of human 
neurons to etomoxir in 2nd APOEe3 iPSC line. (a) APOE genotyping of human iPS 
cell (hiPSC) lines using RT-qPCR. The scatter plot X- and Y-axes represent allele 
discrimination for APOEe3 and APOEe4 genotypes. Shown hiPSC lines (colored 
squares) are APOEe3 (E3*) and either wildtype (WT) or genetically deficient for 
SORT1 (KO). As internal controls, human samples being APOEe3/e3 (orange dot), 
APOEe3/e4 (grey dot), or APOEe4/e4 (yellow dot) were included in the genotyping. 
The white dot represents the water-only control. (b) Genome sequence analysis 
of the SORT1 gene region in genome edited iPSC line E3*. Cell line E3*KO carries 
a 2 base pair deletion (yellow) downstream of the start ATG (green) as compared 
to the isogenic E3*WT control line. Sequences were aligned to the human SORT1 
reference sequence (NCBI: FJ525881.1). (c) Western blot analyses of lysates from 
the indicated iPSC lines, documenting the presence of sortilin in E3*WT, but 
absence of protein from lines E3*KO. Detection of GAPDH served as loading 
control. Analyses were reproduced at least twice. (d) Transcript levels of 94 genes 
involved in pluripotency and lineage differentiation potential were quantified 
in two independent replicates of iPSC lines E3*WT and E3*KO. Expression levels 
are shown as heatmap with colors correlating to the fold change in expression 
of the indicated gene relative to the undifferentiated reference set. (e) Box plot 
depicting transcript levels of genes in the Scorecard Assay panel in (d) associated 
with self-renewal or ectodermal, mesodermal or endodermal differentiation 
in iPSC lines of the indicated genotypes. Sample scores are plotted in color. 
Gray box and whisker plots (e) represent undifferentiated reference datasets 
(manufacturer-defined values). Scores close to 0 indicate similarity to the 

reference set, scores greater than about 1 indicate upregulation and scores less 
than -1 indicate downregulation relative to the reference set. (f) Transcript levels 
of OCT4 and SOX2 in E3*WT and E3*KO iPSC lines were tested using RT–qPCR. 
For each line, data of 6 individual biological replicates as well as mean ± s.d. of 
the entire data set are given. (g) Representative immunofluorescence images 
of E3*WT and E3*KO iNs (day 12 of culture) visualized for native GFP (green, in 
merged) and immunostained for MAP2 (white) and sortilin (red). Scale bar:  
25 μm. (h) RT-qPCR analysis of selected neuronal marker genes in human E3*WT 
and E3*KO iNs (day 8 of culture). Individual biological replicates (n = 6) from 
one differentiation experiment as well as mean ± s.d. of the entire genotype 
group are shown. (i-j) Real-time oxygen consumption rates (OCR) were 
determined in the APOEε3/ε3 iPSC line E3*, either WT (i) or KO ( j) for SORT1. 
OCR was measured under basal conditions (0 - 20 min) and following sequential 
addition of oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP), as well as rotenone and antimycin A (R/A). In addition, neurons had 
been treated with solvent control buffer or solutions containing 8 μM UK5099 
or 16 μM etomoxir at the indicated time points (inhibitor). For each genotype, 
one exemplary experiment is shown to the left as well as the quantification 
of percentage of maximal OCR as compared to the control buffer treatment 
of the same genotype for the entire data set (set to 100%). Data represent the 
mean ± s.d. of n = 3 biological replicates. Each biological replicate is the mean 
of n = 10-16 technical replicates. Statistical significance of data was tested using 
unpaired Student’s t test (two-tailed). Individual respiratory profiles for three 
independent experiment are given in supplementary figure S9.
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Extended Data Fig. 7 | Structural analyses of mitochondria in iPSC-derived 
human neurons. (a) Representative fluorescence images of human neurons 
of the indicated genotypes (day 7 of culture) depicting native fluorescence for 
GFP (green) as well as MitoTracker Red CMXRos (red). Scale bar: 25 μm. This 
experiment was repeated in two independent differentiations. (b) Quantification 
of MitoTracker Red CMXRos-positive cell area (expressed as percentage of 
the total soma area) in human neurons. Data points represent individual cell 
measurements (n = 31 for E3WT, n = 37 for E3KO, n = 30 for E4WT, n = 32 for 
E4KO) from two differentiation experiments. Individual data points as well as 
mean ± s.d. of the entire genotype group are shown. (c) Levels of the indicated 
respiratory chain subunits and mitofusins (MFN1 and MFN2) were determined 
in 5 μg of total lysates from human neurons of the indicated SORT1 and APOE 

genotypes using western blotting (day 7 of culture). Staining of the membrane 
for total protein (No-StainTM, Thermo Fisher) served as equal loading and transfer 
control. The experiment was replicated in two independent differentiation 
experiments. (d) Representative electron microscopic images of mitochondria 
in human neurons of the indicated SORT1 and APOE genotypes from one 
differentiation experiment. Scale bars: 730 nm or 1 μm (E3KO). (e) Morphometric 
analyses of area and circularity of mitochondria, as deduced from electron 
microscopic images exemplified in (d). A subtle effect of APOE genotype on area 
is seen, but no impact of SORT1 genotype nor interaction between APOE and 
SORT1 on these parameters. A total of 39-78 mitochondria from 5-6 images per 
genotype were analyzed. Statistical significance of data was tested using two-way 
ANOVA with Tukey’s multiple comparison test.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Electrical activity of E3*WT and E3*KO induced neurons. 
(a) Spontaneous electrical activity of E3*WT and E3*KO iNs (day 37 of culture) as 
recorded using multiple electrode arrays (MEA). Exemplary raster plots from a 
5 min recording of one representative well are shown for each genotype. Each 
trace depicts one of twelve channels (with channel IDs indicated on the y-axis) 
in a representative well. The x-axis indicates time in seconds. Each black line 
represents a single spike. Red lines indicate channel bursts, while blue lines 

represent network burst detections. (b) Representative single-channel traces 
showing spontaneous electrical activity over time (30 s) in E3*WT and E3*KO iNs. 
(c-d) Exemplary 5 min MEA recordings of electrical activity of one representative 
well each for E3*WT (c) and E3*KO (d) iNs, comparing cells treated with palmitate 
in the presence of glucose (pre-treatment: glucose + palmitate) and after 48 h of 
glucose deprivation (palmitate).
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Extended Data Fig. 9 | Sortilin deficiency does not impact poly-unsaturated 
fatty acid levels in human apoE4 neurons. (a) Concentrations of selected lipids 
in iPSC-derived cortical neurons were determined using LC-MS. Neurons (day 12 
of culture) were APOEε4/ε4 and either wildtype (E4WT) or. genetically deficient 
for SORT1 (E4KO). Data from individual biological replicates (n = 13 - 23 for E4WT, 
n = 15 for E4KO) of 2 - 4 individual differentiation experiments are given. (b) 
Concentrations of selected lipids in the cell supernatant of iPSC-derived E4WT 
and E4KO astrocytes (days 21- 29 of culture) were determined using LC-MS. 

Individual biological replicates (n = 2-14, depending on the analyzed lipid) of 2 - 6 
individual differentiation experiments are shown. Individual data points as well 
as mean ± s.d. of the entire genotype group are given. Statistical significance 
of data was tested using unpaired Student’s t test (two-tailed). No statistical 
test was performed for ω-6 fatty acids level (n = 2 for E4KO). ARA, arachidonic 
acid; 2-AG, 2-arachidonoylglycerol; DHA, docosahexaenoic acid; LEA, linoleoyl 
ethanolamide; PUFA, poly-unsaturated fatty acid.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Sortilin deficiency does not impact PPAR-dependent 
gene expression in human apoE4 neurons. Expression levels of 84 peroxisome 
proliferator-activated receptor (PPAR) target genes were determined in iPSC-
derived human neurons treated with astrocyte-conditioned media using the 
human PPAR Targets RT2 Profiler PCR Array. Neurons (day 12 of culture) were 
APOEε4/ε4 and either wildtype (E4WT) or genetically deficient for SORT1 (E4KO). 
One exemplary experiment (from two independent experiments) is shown. (a) 
Expression levels are given as heat map with transcript levels in E4KO presented 
as log2 fold change as compared to E4WT (set to 0). Blue and yellow color spectra 
indicate down-regulated or up-regulated genes, respectively. (b) Scatterplot 
analysis comparing log-transformed relative expression for all tested PPAR 
target genes in E4WT and E4KO neurons. The center diagonal line indicates 

unchanged gene expression levels. The outer diagonal lines indicate 2-fold 
regulation threshold. Genes with >2-fold difference in transcript level between 
groups are presented as blue and yellow dots, indicating down- or up-regulated 
genes, respectively. (c) Selected list of genes downregulated by >2 fold in E4KO 
as compared to E4WT human neurons treated with iAs-conditioned media. One 
exemplary experiment (from two independent differentiation experiments) is 
shown.(d) RT-qPCR analysis of selected PPAR target genes in E4WT and E4KO 
human neurons treated with iAs-conditioned media (day 12 of culture). Data 
points for n = 6 biological replicates (from two differentiations) as well as 
mean ± s.d. are given. No statistical difference comparing genotypes was seen 
using unpaired Student’s t test (two-tailed).
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